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1 Introduction

Organic materials are frequently used in electronic devices due to their flexibility
and the possibility for low cost mass fabrication. A lot of successful applica-
tions already exist for thin organic films, e.g., in organic light emitting diodes
(OLEDs) [1], organic field effect transistors (OFETs) [2] or organic photovoltaic
cells (OPVCs) [3, 4, 5]. However, many effects in these devices are still not
understood. The development and optimization of new devices calls for a bet-
ter understanding of the underlying processes at the interfaces (organic—organic
or metal organic) occurring in these systems, regarding, e.g., charge transfer.
Hence, more fundamental research on the physical properties of contacts, inter-
faces, and thin films down to single molecular layers (monolayers), is necessary.

Consequently, the study of thin organic films on well defined surfaces has
received increasing attention over the last decades. Knowledge about the struc-
ture formation in these films is crucial, since it influences, e.g., the electronic
properties of the system. Of special interest for the conceptual design of or-
ganic electronic devices are interfaces between an organic material and a metal
or semiconductor surface. In this context, the structure of the first layer of an
organic adsorbate species on a substrate is decisive for the interface properties,
which was the motivation for many studies on (sub-)monolayer films on well
defined surfaces. While metal organic interfaces have already been investigated
quite extensively, the focus has recently shifted towards the investigation of
organic-organic interfaces in hetero-organic adsorbate films.

The structural ordering of the first molecular adsorbate layer can also have
a significant influence on the growth of higher layer. This is especially true for
systems, in which the vertical interactions between the adsorbate molecules and
the layer below (substrate or lower adsorbate layer) are dominant compared to
lateral intermolecular interactions. In some cases, even the structure of thick
films depends on the initial monolayer structure. To this extent, the self orga-
nized growth of molecules on well defined surfaces can be used to create specific
structures, which is a ‘bottom-up’ approach for nanotechnology [6]. This self or-
ganized growth can be influenced by the choice of substrate and adsorbate atoms
(or molecules) or by the variation of external parameters, such as the sample
temperature. Crystalline substrates generally differ by their surface structure
and the strength of interaction with molecules, leading to different potential
energy landscapes for adsorbates. Temperature on the other hand changes the
diffusivity of molecules on the surface and hence influences the balance between
growth kinetics and thermodynamics. Higher sample temperatures may enable
adsorbate molecules to overcome energy barriers and adopt structures, which
are thermodynamically more stable.



1 Introduction

In many studies large, planar, m-conjugated molecules are investigated, which
typically adsorb in a flat lying geometry on surfaces. Molecules in different lay-
ers are often bonded by vertical m-stacking in this case, which is, e.g., desirable
for the photocurrent flow in organic solar cells. A common prototype for the
investigation of large m-conjugated organic molecules on noble metal surfaces is
PTCDA, for which a quite complete picture of structural and electronic prop-
erties has been achieved within the last decade [7]. Another popular choice for
organic molecules are phthalocyanines, for which a rather unusual growth mode
based on intermolecular repulsion was found on Ag(111) surfaces [8]. This class
of molecules is the main subject of this work. Many variations of the basic
phthalocyanine molecule exist, mainly differing by the metal atom or functional
group in the center of the molecule. A different approach for tuning the molec-
ular properties is fluorination, i.e. replacing the terminating hydrogen atoms by
fluorine, which changes the electronic properties due to the large electron affin-
ity of this atomic species. Since all these variants show different intermolecular
and molecule substrate interactions, the phthalocyanine family presents an in-
teresting opportunity to customize desired surface structures.

This work shall contribute to the understanding of structure formation in
metal-organic as well as hetero-organic interfaces by investigating different ex-
emplary phthalocyanine variants on a Ag(111) surface, namely SnPc, CuPc, as
well as the fluorinated variant F1gCuPc. While CuPc and F14CuPc are rather
flat in the gas phase, SnPc exhibits a permanent vertical dipole moment due to
its bent geometry.

The organization of this work is as follows:
e All experimental methods are shortly introduced in chapter 2.

e The first experimental chapter 3 deals with the structure formation of
SnPc films on Ag(111) surfaces as an example of a metal-organic interface.
Thereby, previous scattering and spectroscopic measurements [9] were
complemented by high resolution scanning tunneling microscopy (STM).
Molecular orientations of the molecules have been determined to complete
our picture about the structure formation in this system.

e A second metal organic interface consisting of F1gCuPc on Ag(111) was
investigated in detail by electron diffraction (SPA-LEED) and STM in
chapter 4. Similarities and differences to the growth behavior of the related
system CuPc/Ag(111) are discussed here.

e Afterwards in chapter 5, we turn our attention to hetero-organic systems
formed by the two molecules CuPc and F14CuPc, also adsorbed on the
Ag(111) surface.

In part 5.1 we report results on laterally mixed films of both species.
The rather complex structure formation behavior has been investigated
by SPA-LEED. By controlling the macroscopic parameters temperature,
coverage, and stoichiometric ratio of the two components, different struc-
tural phases could be formed on the surface.

In the second part, 5.2, the vertical stacking of these two molecules is dealt



with, using SPA-LEED and X-ray Standing Wave (XSW).

e In chapter 6 we present results on a second stacked system of F15CuPc on
PTCDA/Ag(111) and discuss them in context with the system F16CuPc
on CuPc/Ag(111) and earlier results on CuPc/PTCDA/Ag(111) by Stadt-
miiller et al. [10]. The influence of the lower adsorbate layer (interlayer) on
the structure formation of the F14CuPc top layer is discussed. In addition
to the lateral structure determination, the adsorption height of the top
layer has been estimated experimentally by SPA-LEED to characterize
the vertical interaction strength at the interface.

e Finally, a summary of the most important results is given in chapter 7.

For all systems investigated in the frame of this work, calculations of elec-
trostatic and van-der-Waals potentials have been performed to help elucidating
the role of intermolecular forces on the structure formation in organic thin films.
Although organic molecules typically show a weak chemisorptive bonding char-
acter on Ag(111) surfaces which is not included in our calculations, we found
that intermolecular potentials are sufficient to explain the structure formation
in many cases.
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2.1 Low Energy Electron Diffraction

Electron diffraction was first discovered in 1927 by Davison and Germer [11]
and has been one of the best established surface science techniques for decades.
Structural informations about a sample are gained from the analysis of elas-
tically scattered electrons. The prerequisite of surface sensitivity is naturally
achieved because of the small mean free path of low energetic (10 to 100 eV)
electrons within solids of about a few Angstroms. In this energy range, the
de Broglie wavelength A = \/h?/2m.E of the electrons is in the order of inter-
atomic distances, so that measuring atomic arrangements in adsorbate layers
becomes possible. One disadvantage compared to X-ray- or neutron-diffraction
is that multiple scattering processes play a significant role in Low Energy Elec-
tron Diffraction (LEED). Hence, for a quantitative description of scattering
intensities, the rather complex dynamic LEED theory is necessary. However,
for describing the diffraction spot positions, multiple scattering effects can be
neglected. Therefore, the simpler kinematic theory, which only treats single
scattering events, is used in this work.

For scattering from a 3-dimensional crystal, diffraction spots can only be
found at discrete points (Bragg reflexes) of the reciprocal lattice G according
to the Laue conditions. On the other hand, in the case of diffraction from a
single atomic layer, the Laue condition perpendicular to the surface is com-
pletely relaxed, as no periodicity is given in this direction. This leads to crystal
truncation rods [12] with uniform intensity in the direction of K. Electron
diffraction represents an intermediate situation between the two extreme cases
described above. The electron penetration depth is finite, but not limited to a
single atomic layer. The results are lattice rods with a certain intensity mod-
ulation along K. If the lateral structure of the layer(s) closest to the surface
is different from the bulk structure, additional rods appear. Such a different
symmetry can be caused by reconstruction or simply by an adsorbate layer.

The condition for observing LEED spots can be visualized by the well known
Ewald construction, as shown in Fig. 2.1 a). The wave vector Eo of the incident
electron beam is placed with its end pointing at the (0,0) point of the reciprocal
lattice and a sphere with radius |E| is drawn around its starting point. The
scattering condition for the scattering vector component parallel to the surface,

Ky = kg — ko =Gy, (21)

is fulfilled for every point where the Ewald sphere crosses a lattice rod. As a
consequence of the relaxed 3rd Laue condition, diffraction spots are visible at
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Figure 2.1: Ewald construction for visualization of the 2D scattering condition
in a) conventional LEED and b) SPA-LEED. For wave vectors that
end at intersection points of a lattice rod with the Ewald sphere,
scattered intensity can be observed.

all electron energies in contrast to the case of bulk diffraction. If the energy is
increased, the spots move inwards and more spots become visible. In the Ewald
construction, this is visualized by an increase of the Ewald sphere radius.

In a conventional LEED system, electrons are emitted from an electron gun
onto the sample under normal incidence. A grid system is used to reject most of
the inelastically scattered electrons. The elastically scattered ones, which pass
the grids, are reaccelerated and hit a half-spherical fluorescent screen. This way,
a large part of the diffraction pattern can be observed immediately.

SPA-LEED

The LEED investigations described in this work were recorded by Spot Profile
Analysis LEED (SPA-LEED) [14]. We will shortly introduce this technique
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Figure 2.2: Setup of a SPA-LEED instrument, adapted from reference [13]

in the following. A more detailed review about SPA-LEED and many of its
applications is given in reference [13]. The SPA-LEED instrument basically
consists of a fine focus electron gun, an octopole deflection unit, an entrance
lense and a single electron detector (channeltron) with a small aperture. A
sketch of the setup is shown in Fig. 2.2. By using a channeltron detector it is
not possible to record the LEED pattern in one shot, as in the conventional
LEED unit. Instead it is recorded by scanning the reciprocal space. Therefore
the octopole deflection plates are used to continuously vary the angle of incidence
of the electrons while the beam position on the sample is kept constant. The
channeltron detector, which is located close to the electron gun, records electrons
whose path is almost the reversed path of the incident ones. During scanning,
the angle of incidence and the exit angle, under which electrons are detected,
change simultaneously, so that the angle between initial and final scattering
vector stays constant at 8°. In an Ewald construction, this scanning mode
results in a rotation of the Ewald sphere around the (0,0) spot in reciprocal
space as shown in Fig. 2.1 b). The recorded pattern thus represents a sphere
(‘modified Ewald sphere’) with origin at (0,0) and twice the diameter of the
Ewald sphere.

Major advantages of SPA-LEED over the normal LEED system are

e better resolution in k-space (Ak = 0.01 A~! in our measurements)

e lower electron beam intensity (only 0.1-10 nA are necessary because of the

sensitive channeltron detector) and therefore less beam damage, which is
a serious issue for organic layers,

e the simple fact, that the electron gun is not blocking the view on the
LEED pattern.

The high resolution allows, e.g., a quantitative analysis of spot profiles, after
which the instrument was originally named.

LEED spots are always instrumentally broadened, which limits the resolution.
Furthermore, the average domain size or terrace width leads to an additional
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broadening. This is described by the transfer width 7', which is defined as the
width on the sample that causes the same spot broadening with a perfect elec-
tron gun as the actual electron gun causes on a perfect surface. Essentially, the
transfer width can be interpreted as the maximum distance on the surface, from
which electrons can interfere coherently. For the SPA-LEED instrument used
in this work, a value of T = 1138 A was specified on an almost perfect silicon
surface. On less perfect surfaces, the spot broadening due to the instrumen-
tal limitations is negligible compared to the contribution from the finite terrace
width. Hence the transfer width can be interpreted as the average terrace width
of the crystal. However, metal crystals like the Ag(111) crystal investigated here
show considerable mosaicity which leads to a further broadening of the LEED
spots and therefore reduces the effective transfer width Tog and limits the res-
olution of the experiment. The broadening due to mosaicity scales with the
electron energy [13], which is one reason why SPA-LEED scans are usually per-
formed at low energies around 30 eV. From the FWHM of the (0,0)-spot, the
effective transfer width can be estimated as

s

Ty = —n
T FWHM’

(2.2)
which typically results in Tog ~ 500 A for our Ag(111) sample. This effective
transfer width can not be easily deconvoluted into the contributions from mo-
saicity and terrace width. Therefore, it can only be concluded, that the average
terrace width of our crystal is > 500 A.

Typically, the electron beam hits an area of the order of mm? on the sam-
ple. Hence the LEED pattern represents a macroscopic average of the sample
structure and is insensitive to local defects. Organic adsorbates often adopt
a number of different rotational and mirror domains, depending on the sym-
metry of adsorbate and substrate and the relative positions of the according
unit cells. The spot pattern will usually contain contributions from all these do-
mains which has to be considered in the LEED modeling, done with the program
Spot-Plotter [15]. Adsorbate structures are defined in the matrix notation by a
superstructure matrix M, which relates the unit cell vectors of the adsorbate,
A and 5, to those of the substrate, @ and 1;, as

(g) - @ - (Zi Z;i) (g) ' (2.3)

SPA-LEED images presented in this work are displayed by an inverted gray-
scale, i.e. regions of higher (lower) intensity appear darker (brighter). To achieve
a good resolution in a shorter time, only one quadrant in reciprocal space is
measured in many cases, with the specular (0,0)-spot in the lower right corner,
see e.g. Fig. 4.9 in chapter 4. Due to the symmetry of the pattern, this contains
the same information as the complete space.

Initially, the scans are scaled in units of the deflection voltage. For calibration,
a LEED pattern of a well known structure has to be measured. This calibration
was done at different electron energies on the system PTCDA on Ag(111), since
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Figure 2.3: Calibration factors for SPA-LEED measurements on the Ag(111)
crystal. The factors were estimated from the well known pattern of
PTCDA on Ag(111).

PTCDA grows in islands of a well known, commensurate structure on this sur-
face (cf. chapter 6). The resulting calibration factor decays exponentially with
energy, as shown in Fig. 2.3.

It should be noted, that the images contain the typical SPA-LEED distortions
at high k-values. The corresponding electron trajectories closely approach the
octopole deflection plates of the SPA-LEED system. In this close vicinity, the
electric field of the plates is not homogeneous, so that the electron paths of
primary and scattered beams are differently influenced. As a consequence, the
positions of the outer spots usually do not fit the positions of calculated spots
from a LEED model. However, the positions of the inner spots as well as the
number and qualitative arrangement of the outer spots are sufficient to find the
right model.

2.2 Scanning Tunneling Microscopy

Demonstrated by Binnig and Rohrer in 1982 [16], the Scanning Tunneling Mi-
croscope (STM) is one of the most common members of the Scanning Probe
Microscopy (SPM) family. Generally, these instruments consist of a tip that
probes a local interaction with the surface of a sample. In the case of STM,
a metal tip is placed in close proximity (a few Angstroms) to a metal or semi-
conductor sample. A bias voltage V then induces a net tunneling current [
between tip and sample. This way the two conductors, tip and sample, form a
tunneling junction with vacuum as an insulating potential barrier in between.
A schematical drawing of a tunneling junction is shown in Fig. 2.4. In the
classically forbidden region within the barrier, the quantum mechanical wave
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Figure 2.4: Schematic of a metal vacuum metal tunneling junction. The elec-
tron wave decreases exponentially within the classically forbidden
potential barrier.

function ¥(d) of an electron is described by an exponential decay
U(d) = T(0) - e (2.4)

with a decay constant s [17] and d being the z-position in the barrier, i.e.
along the surface normal. The probability to find an electron at a distance
d is proportional to |U(0)[? - e~24
can cross the barrier (i.e. tunnel) in both directions. The applied bias voltage
leads to a shift of AE = e -V between the Fermi-levels of tip and sample, so
that tunneling in one direction dominates and a net tunneling current can be
measured. For achieving atomic resolution, the apex of the tip must be as small
as possible, i.e. ideally a single atom. Due to the exponential decrease of the
tunneling probability with increasing distance, the tunneling current changes by
about one order of magnitude per A. Therefore only the apex atom contributes
significantly to I, which leads to very localized tunneling and enables high lateral
resolution. The tip can be moved relative to the sample very precisely in all
spatial directions by piezo electrics.

, which is nonzero. Therefore an electron

In the so-called constant current scanning mode, the topography of the sample
surface can be measured by scanning the tip along the surface while keeping the
measured tunneling current at a constant value (setpoint) by a feedback control.
I can be controlled by adjusting the z position of the sample, since it depends
exponentially on the distance d = Az between tip and sample. A constant
current STM image is taken by recording the tip height as a function of lateral
(x/y) position on the sample. A color code is applied to represent the different
Az values.

It is very tempting to interpret STM images as a pure geometrical topogra-
phy, but the instrument actually measures something different. The tunneling
current does not only depend on the distance, but also on the density of states
(DOS) of the electrons in the sample and the tip. Usually, the DOS of the
sample will vary as a function of z:/y position, so that it is reasonable to define

10
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a local density of states (LDOS) pg(z, E). In the Tersoff-Hamann picture [18],
the dependency of I on the LDOS at zero temperature is expressed in Eq. 2.5.

Er

Toc Y [, (00 = pg(d, Ep)eV, (2.5)
En=Fp—eV

with d being the z-position of the tip surface, i.e. the tip sample distance.
Applying a specific bias voltage V between tip and sample, all electrons in
states with energy levels E,, between the Fermi-level Er and Ep —e -V are
able to tunnel from tip to sample (or vice versa, depending on the sign of the
bias voltage) and thus contribute to I. In other words, the tunneling current
depends on the spatial distribution of the DOS, integrated over the electronic
states in an energy range defined by the applied bias voltage. Therefore, any
STM image represents a mixture of geometric and electronic structure of the
surface, namely a contour of a constant Fermi-level LDOS of the sample. Certain
adsorbate atoms or small molecules like He, O or CO can even make a negative
contribution to the Fermi-level LDOS, causing them to appear like holes in a
topographic image.

However, the states of the STM tip pr play an equally important role for
the tunneling, as I « pg - ppr. The tip contribution is e.g. necessary to un-
derstand, how atomic resolution is achieved in STM. A perturbative approach
which treats sample and tip as isolated systems was developed by Bardeen [19].
Electronic states can be delocalized on a surface, which limits the achievable
STM resolution. It was found that the high lateral resolution of the technique
can be explained if the dominant contribution to the tunneling current stems
from a d,-like or p,-like state near the Fermi-level, protruding from the apex
atom of the tip. The tunneling current is then determined by a convolution
of the tip state and the sample states. Bulk states or surface states [20, 21],
which exist at energy levels in the gap of the bulk energy bands, may dominate
the tunneling process, depending on the material. In general, tip states have a
strong effect on atomic-size features, while STM images of large structures are
essentially independent of them. In the latter case, the s-wave approximation
by Tersoff and Hamann for the orbital of the tip apex atom is valid.

Establishing a quantitative description of the tunneling problem, the situation
becomes more complicated due to interactions between tip and sample at small
distances. The wave function of one part (tip or sample) is modified by the
existence of the other. Also, forces between tip and sample occur, which can be
repulsive or attractive, depending on the distance regime. The according correc-
tions are established by perturbation theory in the Modified Bardeen Approach
(MBA). A more detailed overview about the theory behind STM imaging can
be found in literature, e.g. in reference [17].

The effect of forces in STM was recently used to achieve ultrahigh geometric
resolution by introducing small molecules into the STM junction [22, 23, 24].
These molecules act as force sensors, sensing the Pauli repulsion from the to-
tal electron density of the surface and transduce this signal into a tunneling
conductance change. The technique was called Scanning tunneling hydrogen

11
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microscopy (STHM), since it was first discovered using Hy molecules [25].

In the case of organic semiconductor molecules adsorbed on a surface, the
electronic states in the adsorbate are found at discrete energies (molecular or-
bitals). Depending on the voltage sign, electrons tunneling from occupied states
or tunneling into unoccupied states of the adsorbate contribute to the STM
contrast, respectively. Therefore, the geometrical distribution of all molecular
orbitals contributing to the tunneling current at a specific bias voltage will in-
fluence the measured STM contrast. However the orbitals that are closest to
the Fermi-level, HOMO and LUMO, clearly dominate this contribution.

STM images shown in this work have been measured in constant current
mode, either with a liquid helium cooled Createc STM, operating at ~ 5 K,
or with an Omicron STM operating at RT and at a temperature of approx.
110 K, achieved by liquid nitrogen cooling. All STM images were processed with
the WSXM program [26] in terms of background subtraction and optimizing
contrast display, but not further filtered. However, when STM images are taken
at RT and at liquid nitrogen temperature, a considerable drift due to thermal
motion can usually be found in the images. In some cases (when mentioned),
this drift was corrected using the program Gwyddion [27].

2.3 X-ray Standing Waves

X-ray Standing Waves (XSW) is an experimental technique capable of measur-
ing adsorption heights of adsorbate films on crystalline substrates [28]. The
basics of the technique will be summarized in the following, while a more de-
tailed review can be found, e.g., in reference [29].

In an XSW experiment, a monochromatic photon beam is directed onto a
singe crystalline sample, whereby the energy of the incoming wave is chosen to
fulfill the condition for a H = (hkl) Bragg reflection. Therefore, photons with
energies in the X-ray regime are necessary. In this work, we are interested in
XSW on a Ag(111) crystal, for which the (111) Bragg condition of the Ag lattice
must be fulfilled. A part of the wave is reflected at the (111) lattice planes in
this case and forms a standing wave by interfering with the incident wave. This
standing wave field extends also in a region above the sample surface and has
a periodicity equal to the spacing of the lattice planes of the Bragg reflection
di11. Since the Bragg condition is in reality not sharply defined, as is assumed
in the kinematic theory, reflected intensity can be measured in a certain small
energy range around Epgrage. Upon scanning the photon energy through the
Bragg condition, a reflectivity profile is measured as exemplarily shown in the
upper part of Fig. 2.5. The profile is asymmetric due to the photon absorption
in the crystal. During the photon energy scan, the phase ® of the standing wave
changes by half of a wavelength, i.e. by 7. At the onset of the Bragg condition,
the Ag atoms lie on a minimum of the XSW field. Scanning through the Bragg
energy, the maximum of the XSW field shifts towards the atoms so that these
absorb a part of the photons, and the reflectivity decreases. The full width at
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2.3 X-ray Standing Waves

a) Reflectivity AD=0 b) Reflectivity AD=11
: ; T e : z K T e : ,
lxsw
.
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Figure 2.5: Principle of the XSW experiment. During the scan through the
Bragg condition from a) to b), the phase of the standing wave shifts
by m. Substrate and adsorbate atoms experience changing X-ray
intensities depending on their position in the wave field.

half maximum of the reflectivity curve depends on the Bragg angle and is largest
for 90°. Here, the reflection width seen in an experiment is often dominated by
the intrinsic width of the Bragg reflection, not by the mosaicity of the sample.
This is the main advantage of the Normal Incidence XSW (NIXSW) variant,
which is used in this work.

The fact that the absorption of any bulk or surface atom depends on the
phase shift of the standing wave can be used to extract informations about the
adsorption height of adsorbate atoms or molecules on the surface. An adsorbate
atom, that lies e.g. on an intensity maximum at the onset of the Bragg condition
(see Fig. 2.5), will lie on a minimum at the end. Atoms on other adsorption
heights will lie on maxima and minima at different energies, accordingly. Since
the absorption of photons by the adsorbate atoms is proportional to the intensity
of the standing wave Ixsw, the shape of an absorption vs E curve contains
information about the adsorption height.

Experimentally, absorption curves are determined by measuring secondary
signals like electrons, emitted due to the photoelectric effect. In this case, the
absorption curve consists of the integrated X-ray Photoelectron Spectroscopy
(XPS) intensity of a specific atomic species after background subtraction, i.e.
the partial photoelectron yield Y, measured at different beam energies around
ERragg. It will therefore be called (photo-)electron yield curve in the following.
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Because of the different, well known binding energies of most atomic species,
the technique is element specific. Therefore, the adsorption heights of different
atomic species within an adsorbate molecule can be separately evaluated by
measuring and integrating only the desired part of the photoelectron spectrum.
This allows conclusions about a possible tilt or bending of a large molecule.
However, one challenge is to separate the XPS signal of the adsorbate from
contributions of satellites or surface plasmons, i.e. to find the best model for
fitting the XPS data. In many cases even signals from the same atomic species
can be separated, if the atoms have different chemical environments. Chemical
bonds to different bonding partners typically lead to slightly different shifts of
the core levels of an atom. A well known example is the case of PTCDA on the
noble metal surface Ag(111), where carboxylic oxygens and anhydride oxygens
could be analyzed separately [30].

Results of an XSW analysis

The electron yield curves obtained experimentally are fitted by the function
Y =1+ R(AE) 4+ 2/R(AE)Ff cos(®(AE) — 2 PH), (2.6)

where R is the reflectivity, AE = E — Ep;q4y is the energy difference to the
Bragg energy and @ is the phase shift of the wave field. Y is the (electron)
yield, normalized to the intensity of the incident wave. Due to the interference
of two beams (incident and reflected), the normalized electron yield can adopt
amplitudes between (1 & 1), i.e. 0 to 4. Formula 2.6 contains the two fitting
parameters FH and PH whose values range from 0 and 1.

e The coherent position P represents the average vertical position of the
atomic species relative to the nearest Bragg plane. From this parameter,
the adsorption height d¥ can easily be calculated in many cases. However
since e.g. two atoms sitting on different maxima of the standing wave
field show the same adsorption signal, the result is sometimes ambiguous.
Strictly speaking, PH corresponds to all adsorption heights

dH:PH . dcrystal + N - dcrystal (27)

with NV being a natural number. Adsorption heights can still be specified
in most cases, since typically only one of the possible values is physically
reasonable. It should be noted, that the coherent position is related to
the bulk lattice planes. The adsorption heights calculated from this, do
not take adsorbate induced relaxations of the surface atoms into account.
However, for organic molecules on Ag(111), such relaxations are typically
negligible.

e ['H is an ordering parameter called coherent fraction and describes, how
narrow the distribution of adsorption heights is. If all atoms of one species
are on perfectly the same adsorption height d”, F# would be 1. A value
of 0 on the other hand corresponds to complete disorder of adsorption
heights. In reality, the coherent fraction will never be 1, but always be
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2.4 Pair potential calculations

decreased by e.g. the mosaicity of the crystal and thermal vibrations. A
low coherent fraction can also result from multiple adsorption sites or of
a tilt or bending of the adsorbate molecules.

The results of the XSW analysis are often plotted in a polar diagram, called
Argand diagram, as vectors with a length of F'7 and an angle of 2 P¥ in radians.
If the electron yield curve contains contributions from more than one prominent
coherent position of the atomic species, the vector in the Argand diagram is
given by the sum of the vectors of the single components (FJH7 PJH) as

Fl - exp(2miPl ) =Y Ff' - cap(2riP]h). (2.8)
j

Under special circumstances, this can be used to deconvolute a signal into its
single components by a vector analysis, as will be shown in chapter 5.2.

The photoelectron yield is only proportional to the absorption yield if the
dipole approximation for the angular distribution of the photoemission is valid.
This is usually not the case for high photon energies as used here, so that
quadrupole corrections to the electron yield equation would be necessary. How-
ever, it was shown that for a measuring geometry with an angle of 90° between
the incident beam and the analyzer, multipole corrections can be neglected [31],
so that Eq. 2.6 is valid.

Usually, XSW measurements are performed on (sub-)monolayer films, since
molecules in different layers make the result impossible to interpret due to too
many different adsorption heights. However, in case of only two layers, and if the
coverage of molecules in the 2nd layer is known, the resulting coherent position
can be interpreted. An analysis of stacked hetero-organic layers is possible, if
the two types of molecules do not intermix and if they contain different atomic
species. This will be shown for the system F16CuPc on CuPc/Ag(111) discussed
in chapter 5.2.

2.4 Pair potential calculations

Pair potential (or force field) calculations are a method for modeling intermolec-
ular interactions. They will be used to explain the structure formation in organic
thin films in many places throughout this work. The calculations are performed
in a way introduced by Ingo Kroger et al. [32, 33] and by using a program de-
veloped by Benjamin Stadtmiiller. The basics of the method will be explained
in the following.

The pair potential ® between a pair of molecules is defined as the sum of the
interactions of all atoms ¢ of molecule A with all atoms j of molecule B.

=3 > (o™ + i) (2.9)

For simplicity, we only take electrostatic potentials gogl and van-der-Waals
(vdW) potentials <pf]dw into account. The electrostatic potentials are given
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by the Coulomb potential between the partial charges Z; and Z; of the atoms

as
El ZiZj
ij e

B 471’607",‘]‘7 (2.10)
with the vacuum permittivity ¢y and the distance 7;; between the atoms. To
obtain these partial charges, a Natural Bonding Orbitals (NBO) [34] popu-
lation analysis was done. The charges as well as the interatomic distances
within the molecule were taken from DFT calculations using the Gaussian pro-
gram [35] with the B3LYP functional and LANL2DZ basis set. These DFT
calculations are performed for free molecules without considering interactions
to other molecules or a substrate. Vertical distortions of the molecular geometry
upon adsorption can be taken into account for the pair potential calculations,
if according experimental data, e.g. from XSW, is available. Lateral distor-
tions are usually not precisely known. However, for the 7-conjugated molecule
PTCDA on Ag(111) it was calculated that the lateral distortion upon adsorption
is very small [36].

The vdW potential between atom ¢ and atom j is calculated by

ot = iy - ewp(=bijrig) — Cijrd,- (2.11)
The first, exponential part describes the Pauli repulsion while the second part
is an attractive London force for which 6-exp functions are used. Lpfjdw contains
the three element specific non-bonding parameters a;;. b;; and ¢;;. Parameters
b = by; and ¢ = ¢;; for pairs of equal atoms were found in literature for H, C, N,
O, F and Cu [37, 38, 39]. For Sn, b was taken from Scott et al. [38], while ¢ was
calculated via the Slater-Kirkwood equation 2.12

cij[Hartree - af] = — @iy (2.12)
Nel;,i +

@
NeFf,J

Therefore, values for the effective number of electrons Neg in the outer shell and
for the atomic polarizability « were also taken from literature [38, 40].

The parameter a was determined for F and Sn in the same fashion as done by
Kroger et al. [32, 33]. Its value was chosen so that the van-der-Waals potential
(2.11) has its minimum at a distance R equal to the known sum of the van-
der-Waals radii [41] of the atom pair. Resulting potential curves are shown in
Fig. 2.6. For F and Sn values of a = 2620 ¢V and a = 920 eV are obtained,
respectively. Parameters for the other elements were taken from Kroger et
al [32]. All vdW parameters used in this work are summarized in Table 2.1. In
case of potentials between different atomic species, the geometric means of the
corresponding vdW parameters are used.

The pair potential calculations, as presented here, are of cause an oversim-
plification of the real physical situation. Only electrostatic and van-der-Waals
interactions are taken into account. Interesting for this study is the situation
when the molecules are adsorbed on a surface. Interactions between adsorbate
and substrate like charge transfer are not accounted for. This means that in
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Figure 2.6: Van-der-Waals potentials for a) a pair of F atoms, and b) a pair of
Sn atoms. The vdW parameter a is chosen so that the minimum
matches the sum of van-der-Waals radii, indicated by the vertical
slashed lines.

general, the pair potential calculations are the better, the weaker the interac-
tion with the surface is. It has been shown, that the pair potentials describe
the structure formation of physisorbed systems like phthalocyanines on Au(111)
very well [32]. On a strongly interacting surface like Cu(111), the results will
usually differ considerably from experimentally found structures. In this work,
measurements were performed mostly on the Ag(111) surface, which is an in-
termediate situation between Au(111) and Cu(111). Phthalocyanines typically
show weak chemisorption on this surface, which means that charge transfer be-
tween the molecules and the substrate is present. This has to be considered
when correlating the calculation results to experimental findings.

More detailed theoretical considerations would require sophisticated ab initio
calculations, which are not done in the context of this work.
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element aleV] bATT cleV-AT]
i 432 39] | 452 [39] | 1.96 [39]
C | 34000 [32] | 459 [39] | 15.7 [39]
N | 9000 [32] | 4.50 [38] | 12.7 [32]

F 2620 4.6 [38] | 5.135 [38, 40]
Cu 550 [32] | 2.95[38] | 94.93 [32]
Sn 920 2.57 [38] | 163.1 [38, 40]

Table 2.1: List of van-der-Waals coefficients for pairs of equal elements used in
the pair potential calculations

2.5 Sample details and preparation

Measurements described in this work were mainly done on the (111) surface
of an fcc Ag crystal. The unit cell vectors of this surface have a length of
|d@| = |b] = apun/v2 = 2.889 A and include an angle of 120° in real space, as
sketched in Fig. 2.7 a). Three layers of a Ag(111) crystal are shown in topview

a) b)
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¢ .’k' 0 P ‘..‘_Z.SGA
§ T eeeee

" .> : - ; -> -lasu;face.>
”.>.>.>.[11-] .>.>. e
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Figure 2.7: Ag(111) surface: a) Topview, showing the surface unit cell vec-

tors and high symmetry directions. b) Sideview showing the layer
distance

and sideview. The lateral high symmetry directions, expressed in bulk units,
are (011), which is along the connection between two nearest neighbors in the
surface plane, and (211) in the perpendicular direction. Orientations of unit
cells and molecules will always be related to these directions throughout this
work. In reciprocal space, distances are given in units of [A*I] or in percentages
of the surface Brillouin Zone (BZ), whereby 2.175 A~1 = 100% BZ for Ag(111).
For XSW, the distance of the Bragg planes is of interest. In our case, this is the
layer distance in z =(111) direction, which is dy1; = %\/5 Ak = 2.36 A
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2.5 Sample details and preparation

Preparation method

Before each experiment, a clean and smooth surface was prepared by a standard
sputtering and annealing procedure. For sputtering, the sample was bombarded
with Ar* ions to remove several layers of the sample surface, including contam-
inations. Afterwards the now rather rough surface was annealed at T > 723 K.
Multiple cycles of this procedure result in a clean (111) surface with a large
average terrace width, as can easily be judged by checking the specular spot
and the 1st order silver spots in LEED.

The UHV chamber used for the SPA-LEED measurements had a base pressure
of ~ 3-107'9 mbar, enabling the surface to stay clean for a sufficient amount
of time after preparation.

On the freshly prepared sample, organic molecules were deposited by Organic
Molecular Beam Epitaxy (OMBE) from a home built Knudsen cell. With a
Quadrupole Mass Spectrometer (QMS), the Ion Current (IC) signal of a typical
fragment of the according type of molecule was monitored during deposition.
The integrated IC is taken as a measure for the deposited amount of molecules,
which enables good control over the growth of specific, desired adsorbate cover-
ages. Short 2D SPA-LEED scans were also recorded in-situ during deposition,
when necessary.

Coverages of the organic adsorbates are given in fractions of a monolayer (ML)
in this work. It should be noted, that a coverage of one monolayer corresponds
to the maximum amount of adsorbate molecules in the first layer on the surface,
i.e. to closest molecular packing. This definition is different from the classical
definition of one monolayer being equal to one adsorbate molecule per surface
atom. However, this is much more practical for (large) organic adsorbates.
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3 SnPc on Ag(111)

Phthalocyanines are a family of large, m-conjugated organic molecules, consist-
ing of four phenyl rings attached to a tetra-aza-porphyrin ring, with a molecular
formula of C3oHi6NgR. The center of the aza-porphyrin ring is occupied by a
metal atom or a functional group (R), influencing the symmetry and the prop-
erties of the molecule. In the case of tin(II)-phthalocyanine (SnPc), the center
contains a tin atom, which sticks out of the molecular frame due to its large
diameter. Therefore the molecule is non-planar, so that it exhibits a perma-
nent vertical dipole moment. Its structure, calculated from DFT, is shown in
Fig. 3.1 b) in topview and sideview.

In this chapter, the adsorption of SnPc on the Ag(111) surface will be dis-
cussed in detail. A short introduction into the system will be given, focusing
on the results of previous SPA-LEED [8, 9] and XSW [42] investigations. Af-
terwards, STM and STS measurements on SnPc structures in different surface
phases are shown and analyzed. Finally, pair potential calculations have been
performed to model the intermolecular interactions. It will be shown, that the
measured molecular arrangements can widely be explained in the context of
intermolecular potentials.

Structural phase diagram

On the Ag(111) surface, a number of different phases occur for different temper-
atures and (submonolayer) SnPc coverages, as was previously investigated by
SPA-LEED |8, 9]. These results are summarized in the structural phase diagram
in Fig. 3.1 a), showing phase boundaries and exemplary SPA-LEED images.

At room temperature, two rings of diffuse scattering intensity are visible in
the LEED pattern around the (0,0)-spot for low sub-ML coverages. The outer
ring is rather weak and does not change in size during further deposition. In
contrast, the radius of the inner ring increases with coverage. The diffuse inner
ring indicates that the molecules are disordered with respect to their orientation
and the direction to their neighbors, but they adopt a preferred intermolecular
distance. The increasing ring radius in k-space corresponds to a decreasing
intermolecular distance. This can be interpreted as repulsion between the SnPc
molecules or simply as an entropy effect, since a disordered phase has higher
entropy than a phase with ordered island growth. Since the molecules essentially
behave like a 2D-gas, this phase was named gas-like phase (g-phase). Once a
critical coverage of 0.9 monolayers (ML) is exceeded, the molecules are sterically
forced to arrange into an ordered structure. Upon increasing the coverage up
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Figure 3.1: a) The structural phase diagram of SnPc on Ag(111) after SPA-
LEED measurements from Stadler et al. [8, 9]: At RT, a ring struc-
ture occurs until a coverage of 0.9 ML is reached. Incommensu-
rate phases with a continuously shrinking unit cell appear between
0.9 ML and 1 ML. At LT, a commensurate phase exists over a cer-
tain coverage region. b) The structure of the molecule as calculated
from DFT is shown in topview and sideview, respectively.

to a complete monolayer, the adsorbate structure changes continuously. The
unit cell is shrinking in such a way, that the molecules always maximize the
distance to their neighbors. Thereby, the unit cell vectors move along lines
of the substrate lattice. The registry with the substrate is therefore described
by point-on-line (p.o.l.) [43] coincidence for this series of unit cells. Since the
entropy argument is not valid for this long-range ordered phase, intermolecular
repulsion must be the origin of this behavior.

Cooling the sample to temperatures below 220 K changes the structure for-
mation considerably in a certain coverage range. For submonolayer coverages
of at least ~ 0.5 ML, the molecules form an ordered structure at LT with a
commensurate unit cell that does not change up to 0.94 ML coverage (c-phase).
This behavior can be attributed to 2-dimensional island formation, for which
an overall attractive lateral intermolecular interaction is required. The size of
the unit cell suggests that it now contains two non-equivalent molecules. Due
to its non-planar geometry, SnPc can in principal adsorb in two non-equivalent
ways on a surface. The central Sn atom can point either towards ("Sn-down'")
or away from ("Sn-up") the surface. The differently adsorbed molecules can
easily be distinguished in STM by their center appearing as a bright protrusion
for Sn-up or as a dark hole for Sn-down molecules, respectively, as was first
shown by Lackinger et al. [44]. The occurrence of these two conformations was
confirmed by XSW [42]. Considering this geometrical structure, it was further
interpreted that one of the molecules in the c-phase unit cell is Sn-up and the
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3.1 Scanning tunneling microscopy

other Sn-down. Above 0.94 ML, no phase transition is observed upon cooling,
so that the p.o.l.-structure remains. Our interpretation is that the optimum ad-
sorption geometry in the commensurate phase corresponds to a local coverage
of 0.94 ML within the islands. When the total coverage rises above 0.94 ML,
the molecules cannot adopt their favored, commensurate structure anymore and
form a more densely packed, incommensurate structure.

This complex phase diagram is the result of the weak chemisorptive binding
of SnPc to the Ag(111) surface. Since intermolecular interactions and molecule
substrate interactions are in the same order of magnitude, the fine balance of the
different forces leads to the formation of many different structures for different
values of the external parameters temperature and coverage. A very similar
structural phase diagram was also obtained for CuPc on Ag(111) [45]. On the
weaker interacting substrate Au(111) and the stronger interacting Cu(111) on
the other hand, the resulting phase diagrams for CuPc are less complex [46].

The mere arrangement of LEED spots reveals the size and shape of a unit
cell, but it does not contain information about the positions and orientations of
the molecules inside the unit cell. For this purpose, the spot intensities would
have to be analyzed in the framework of dynamical diffraction theory, as it is
done in LEED-IV. However, such an analysis is difficult and was only performed
very seldomly on organic adsorbate systems, e.g. on deuterated benzene (CgDg)
on Ru(0001) [47] or on Cgp/Cu(111) [48].

A real space imaging technique with sufficient resolution, like STM, is there-
fore necessary to complement the SPA-LEED measurements. The following
section describes STM measurements that have been recorded in the context
of this work for a number of different coverages and temperatures, covering all
regions of the previously described structural phase diagram. The measure-
ments in the first subsection were performed on the dilute g-phase at ~ 5 K.
In the following subsections, measurements on the commensurate LT phase and
the p.o.l.-phase are reported. These were recorded at RT or temperatures of
approx. 110 K, achieved by liquid nitrogen cooling.

3.1 Scanning tunneling microscopy

3.1.1 Disordered phase at low coverages

For low submonolayer coverages, SnPc molecules are free to move almost un-
hindered by each other on the Ag(111) surface. This is, e.g., indicated by the
change of the average intermolecular distance as a function of coverage, as seen
from the increase of the ring radius in LEED. Therefore, the disordered surface
phase is 2D-gas-like and not a liquid phase, in which the molecules would ar-
range in more densely packed islands without long range order [49]. The diluted
phase will be referred to as g-phase in the following. At room temperature,
STM measurements are not possible in this phase because of the high mobil-
ity of the molecules due to their thermal energy. Cooling the sample down to
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3 SnPc on Ag(111)

low cryogenic temperatures around 5 K reduces this mobility so far, that stable
measurements are possible.

40x40 nm*; V=0.53 V; I=170 pA 26x26 nm’; V=0.34 V; =100 pA

Figure 3.2: a) STM image of a low SnPc coverage on Ag(111) showing chains of
Sn-down and isolated Sn-up molecules; b) CuPc on Ag(111) shows
no chain formation at all (courtesy of G. Kichin). High symmetry
substrate directions are marked by the white arrows in both images.

Figure 3.2 a) shows an STM image of SnPc molecules adsorbed on a single
plain terrace of a Ag(111) crystal. As can be seen at first sight, the molecules are
flat lying and appear in a cloverleaf-like shape, which is the typical STM con-
trast of phthalocyanines due to the four phenyl rings ("wings" of the molecule).
The center of the molecules is either bright or dark, which is interpreted as
adsorption in Sn-up or Sn-down geometry, respectively. Counting Sn-up and
Sn-down molecules in different STM images reveals a stoichiometric ratio of
~ 1:1 between the two geometries. The SnPc coverage © can be determined
from counting the molecules in STM images of known size to estimate the den-
sity p of molecules per area. Thereby the size A of one molecule is equal to
the size of the unit cell for 1 ML coverage. This estimation leads to an average
value of @ = A - p~ 189 A2.6.3- 10’4/}'\2 = 0.12 ML in our preparation.

All molecules are oriented in the surface plane so that the molecular axis
through one pair of opposite wings is aligned along one of the high symmetry
substrate directions. Therefore only three stable molecular orientations exist,
as can also be demonstrated by manipulating single molecules with the STM
tip like in Fig. 3.3. Three subsequently recorded images of the same molecule
are shown. By simply scanning over the molecule with a high current setpoint
of 450 pA, an in-plane rotation could be induced in between the images. Only
multiples of 30° occurred, so that one wing pair was always aligned with the
atomic rows of the substrate. The different contrast of the molecule is due to
different registries of the molecular wings with the substrate in the different
images.
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3.1 Scanning tunneling microscopy

2.5x2.5 nm’; V=-90 mV; 1=100 pA; T=5 K

Figure 3.3: Manipulation of a single SnPc molecule: Scanning with a high cur-
rent setpoint, as done in between the images, often results in an
in-plane rotation of the molecule by a multiple of 30°.

Symmetry breaking

A striking observation, is that the Sn-up molecules are usually isolated from
other molecules, while the Sn-down species tend to form close packed chains,
see Fig. 3.2 a). The molecules within these chains are equally oriented with the
molecular centers shifting in a zig-zag-like fashion around the chain axis. The
chain axes are also aligned along the high symmetry Ag(111) directions. This
behavior is in contrast to that of CuPc on Ag(111), shown in Fig. 3.2 b), which
shows no signs of chain formation. On the other hand, CuPc molecules form
chains when adsorbed on the stronger interacting Cu(111) surface, as shown
by Karacuban et al. [50]. Hence the Sn-down molecules behave similar to
CuPc/Ag(111), while the Sn-up molecules rather resemble the CuPc/Cu(111)
case. In the following, we want to understand this different behavior.

For CuPc on Cu(111), a strong charge transfer between adsorbate and sub-
strate was found [46]. This charge transfer lifts the degeneracy of the two
LUMOs by filling one of these orbitals, which reduces the symmetry of the
molecules from four-fold to two-fold. Hence a quadrupole moment is induced,
so that the interaction of the molecules with their nearest neighbors is changed.
For CuPc on Ag(111), such an effect was not found. The difference can be re-
lated to the strength of the substrate adsorbate interaction, which is larger on
the Cu(111) surface.

We can argue similarly for the SnPc/Ag(111) system. For Sn-down molecules,
the adsorption height of the Sn atoms was found to be ~ 2.3 A in all phases by
XSW [9]. Therefore a strong overlap of the wavefunction of the central Sn atom
with the Ag substrate states can be presumed, leading to considerable charge
transfer. Due to the different symmetries of substrate and adsorbate (six-fold
vs. four-fold), only one wing pair can be well aligned with a high symmetry
silver direction so that the two wing pairs can not have the same registry with
the Ag lattice. This causes differences in the charge transfer between the surface
and the wing pairs and therefore leads to a symmetry breaking of the molecules
from four-fold to two-fold, which manifests itself in a different STM contrast
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Figure 3.4: Profiles of a) Sn-up and b) Sn-down molecules, measured along [110]
and [112], respectively. Averaged curves of several linescans are

shown. (V' =0.53 V, I =170 pA)

of the opposing pairs of wings. To quantify this, average linescans across SnPc
molecules are shown in Fig. 3.4, recorded along [110] and [112], respectively.
These scans have been performed at positive bias, showing empty states. Sim-
ilar contrasts have been observed in filled state STM images as well, however
imaging empty states was found to be generally more stable. Note that the
apparent height of the SnPc molecules of &~ 1 A is rather small. However, since
the STM contrast is a convolution of electronic and geometric structure, this
does not represent the real geometrical height. The calibration of the z-piezo
crystal was done in a standard procedure by checking steps between adjacent Ag
terraces, which should be 2.36 A high. For both Sn-up and Sn-down, the two
scan directions yield different profiles. For the Sn-down molecules, the wings
that are aligned along [112] show a slightly larger apparent height in Fig. 3.4 b)
than those aligned along [110]. This resembles the two-fold symmetric contrast
of CuPc on the strongly interacting Cu(111) surface [50]. In the Sn-up configu-
ration, the Sn orbital overlap with the substrate is much smaller. Consequently,
charge transfer should be less effective. In the linescan in Fig. 3.4 a), a symme-
try breaking is also clearly visible, however. Comparing the difference spectra,
it can be seen that the apparent height difference between the wing pairs ap-
pears equally strong for Sn-up and Sn-down molecules to our surprise. However,
the fact that only the Sn-down molecules form chains still indicates that their
intermolecular attraction must be stronger than for Sn-up. The absolute val-
ues of the apparent height are slightly smaller for the Sn-up wings than for
the Sn-down wings. It could be speculated that this absolute apparent height
difference is related to the electronic structure. Differences in the LDOS could
cause a weaker attractive intermolecular interaction of Sn-up due to a smaller
quadrupole moment. This might cause the Sn-up molecules to behave similar
to CuPc on weaker interacting surfaces instead of clustering to chains like the
Sn-down molecules.

Another interesting observation is that for Sn-up the wing pair along [110] ap-
pears higher, while for Sn-down it appears lower than the pair along [112]. This
could be an indication for different adsorption sites of Sn-up and Sn-down, which
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would result in different registries of the wings with the substrate. A similar
observation was made by Wang et al. [51]. By comparing STM measurements
and calculations, the authors proposed that Sn-up is probably adsorbed with
the Sn atom on top of a silver atom, while in Sn-down, the Sn atom occupies a
bridge position. However, in a different calculation, Baran et al. [52] found the
fcc and hep hollows to be preferred adsorption sites for the Sn atoms. Thus,
the SnPc adsorption sites on the Ag(111) surface are still not unambiguously
determined.

Switching of SnPc molecules

The capacity of STM for manipulation of single SnPc molecules can be seen
from the difference between Fig. 3.5 a) and b). Two closeups of a Sn-down

Figure 3.5: Closeup of a Sn-down chain surrounded by some single molecules.
Especially bright molecular wings in the chain are marked by the
green arrows. The switching possibility from a Sn-up molecule in
a) to Sn-down in b) is demonstrated. The adsorption site of the
molecule in the lower left changes during the switching, as shown by
the blue circles in ¢) and d), which mark the same lattice point.

chain surrounded by some single molecules are shown. Between recording the
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two images, a voltage pulse of -2 V has been applied to the center of the Sn-up
molecule, which is marked by the white circle, with the STM tip. The effect was
a switching of the conformation from Sn-up to Sn-down. The value of the applied
pulse is in good agreement with the threshold of -1.9 V reported earlier for this
switching process [53]. It can also be induced for molecules located within the
commensurate islands discussed in the next section and is in general irreversible
for molecules adsorbed in the first molecular layer. The irreversibility shows that
the Sn-down state is a more stable configuration regarding interactions with the
substrate. On the other hand, switching of molecules adsorbed in the 2nd layer
is reversible, which further indicates the strong influence of the substrate. The
switching mechanism has been explained by a transient oxidization of the central
Sn atom from Sn?* to the smaller Sn3* which can travel through the molecular
frame more easily. A similar switching process was also found on a graphite
surface for chloraluminum phthalocyanine (CIAIPc) from a Cl-up to a Cl-down
conformation [54]. On this weakly interacting surface the switching is reversible
in the 1st layer. The switching process for different phthalocyanines has been
investigated in more detail by Baran and Larsson [55].

Despite the higher stability of Sn-down, equal fractions of molecules were
found in the Sn-up and Sn-down configuration at LT, as mentioned above.
XSW measurements suggested, that both configurations also occur at RT in
the g-phase [9]. For the conformational change to the more stable Sn-down con-
figuration, an energy barrier has to be overcome, for which the thermal energy
of the molecules is obviously not sufficient. Therefore the molecules stick like
they hit the surface regarding their configuration.

Interestingly for Sn-down molecules in the middle of a chain, one especially
bright wing is found, as indicated by the green arrows in Fig. 3.5 b). On the
other hand, for single Sn-down molecules and molecules at the edges of the
chains, two opposite wings are equally bright. This difference is probably the
result of intermolecular interactions in the chain, since the single bright wing is
very close to two other wings belonging to neighboring molecules. In contrast,
the according wings of the molecules at the edges of the chain possess only one
neighbor and the single molecules none.

In Fig. 3.5 ¢) and d), the substrate lattice is superimposed on a part of the
images. It is revealed that the adsorption site of the molecule in the lower left
has changed during the switching process from Sn-up to Sn-down. To visualize
this, one of the lattice points is marked by a blue circle in both images. We have
observed this behavior frequently. This further indicates, that different adsorp-
tion sites are favorable for the two different SnPc conformations. Therefore, the
switching process for free standing molecules is accompanied by a movement
of the molecules by ~ 1/2 of the row distance of the Ag surface lattice. This
finding also agrees with the arrangement of the SnPc molecules within the com-
mensurate c-phase, which will be discussed in the next subsection. Note that
the preferred adsorbate site could not be identified unambiguously.
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3.1 Scanning tunneling microscopy

3.1.2 Commensurate low temperature phase

When the SnPc coverage is increased, a commensurate phase (¢-phase) can be
observed at LT over a certain coverage regime. A minimum total coverage of
~ 0.5 ML is necessary to observe the formation of this phase in LEED at liquid
nitrogen temperature. For coverages below, only small chains of Sn-down and
single Sn-up molecules are found on the surface as discussed before. Once the
critical coverage is reached, island formation starts on the surface upon cooling
to LT, while at RT still only diffuse intensity is observed in LEED. In contrast
to the measurements described in the last subsection, the STM tip was biased
in these measurements, so that negative bias voltages correspond to tunneling
into empty states of the sample.

N R S ; |
115x115 nm? V=-1.9 V; 1=126 pA; T=110 K
Figure 3.6: STM image of 0.7 ML SnPc on Ag(111) at 110 K. Islands of differ-

ent rotational domains can be seen as well as disordered regions in
between. The white arrows mark high symmetry silver directions.

Figure 3.6 shows an STM image of a large Ag terrace covered with (0.7 =
0.1) ML SnPc at LT. Islands of different sizes and rather arbitrary shapes can
be found coexisting with disordered regions in between them. The molecules
in the islands are packed in rows aligned with the Ag substrate, so that three
rotational domains can be found. This is visualized by the white arrows in
the figure, which show the (121) directions of the substrate. One row direction
of the molecules is always found to be aligned exactly along one of these high
symmetry substrate directions.

A closer look at the structure of a single island is shown in Fig. 3.7. As
can be seen, the SnPc islands consist of both Sn-down and Sn-up molecules.
Each island can also be described by rows parallel to one of the high symmetry
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60x60 nm V=-1.9V; [=163 pA

Figure 3.7: a) STM image showing a single island of SnPc. A zoom of the
region marked by the gray square is shown in b). Sn-up and Sn-
down species can be identified within the islands. The dashed lines
indicate rows of Sn-up and Sn-down. Sn-down molecules occur as
defects in Sn-up rows (white circle) in some places.

(110) directions, along which the longer unit cell vector A = <g> <§> found

in SPA-LEED is oriented. Rows of Sn-up molecules alternate with rows of
Sn-down perpendicular to the row directions as indicated by the dashed lines.
The order of this up—down pattern is not perfect, however. In some cases, Sn-
down molecules can be found as ‘defects’ in Sn-up rows (see e.g. the molecule
marked by the circle in the figure), but not vice versa. Counting the molecules
in different images results in &~ 38% showing the Sn-up conformation, which
further confirms that the adsorption with the Sn atom pointing down is more
stable. This is in agreement with the irreversibility of the switching discussed
for the g-phase above. In contrast, the stoichiometric ratio of Sn-down to Sn-up
molecules was found to be &~ 1:1 in the gas-like phase. However, the two phases
were investigated at different temperatures. A temperature dependence of the
Sn-up ratio is possible, since different thermal energies can effect the probability
to overcome the energy barrier for the conformational change from Sn-up to Sn-
down. Alternatively, the Sn-down conformation might be more favorable in
close packed structures.

Sn-up and Sn-down molecules adopt different in-plane orientations. However,
the Sn-down defect molecules in the Sn-up rows are oriented in the same way
as the Sn-up ones. Defect-free regions are described by a chessboard-like pat-
tern with a unit cell containing one Sn-up and one Sn-down molecule, which
qualitatively fits to the area of the unit cell found in SPA-LEED |[8] and also
agrees with the findings from XSW [42|. The knowledge of the unit cell from
LEED can be used to correct the distortions in the STM images and measure
the angular orientations of the two species relative to the substrate. Results are
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(45

10x10 nm’zoom

Figure 3.8: a) Zoom of an STM image of the SnPc c-phase. The distortion is
corrected, so that the image fits the dimensions of the LEED unit cell
drawn in blue. The unit cell is also sketched in b), where the dashed
lines visualize, that the adsorption site in the center is different from
that in the corners.

shown in Fig. 3.8 a), where angles of (28.5£2)° and (9.5£2)° are found between
(110) and the diagonal axis of the Sn-up and Sn-down molecules, respectively.
Therefore the Sn-up molecules in this phase are well aligned with the substrate
like in the g-phase, while the Sn-down molecules are clearly misaligned.

Note that the island formation is not simply an aggregation of the chains
found in the g-phase, which consisted of Sn-down only. A transition from g-
phase to c-phase by depositing additional molecules onto a cooled substrate will
probably not work, since a considerable activation barrier can be expected for
the island formation. In our experiments, the deposition was always performed
at RT and followed by an annealing of the adsorbate film. The c-phase was then
found after cooling down the sample.

The structural motif in the c-phase is also quite different from the packing
in the Sn-down chains found for the disordered g-phase. In the g-phase, all
molecules show the same in-plane rotation and are oriented with one pair of
wings being perfectly aligned along a (110) direction of the substrate. This is
probably the result of the different coordination of the molecules. In the g-phase,
each molecule has at maximum two direct neighbors. In contrast, the molecules
in the c-phase islands are surrounded by eight neighbors. Hence, the total
intermolecular potentials will be quite different. These different arrangements
of the molecules can be explained by pair potential calculations as will be shown
at the end of the chapter.

If we define the unit cell such that the centers of the Sn-down molecules lie
on its corners, the Sn-up molecules will most probably be located in the middle
of the cell due to symmetry reasons. In these positions, Sn-up and Sn-down
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molecules occupy different adsorption sites with respect to the substrate lattice
(e.g. one top-site and one bridge-site), as can be seen in Fig. 3.8 b). This further
supports the indications found before in the g-phase (change of adsorption site
upon switching and different symmetry breaking of the molecules). Our find-
ings clearly show the relation between molecular geometry (Sn atom pointing
up or down) and adsorption site, caused by different molecule—substrate interac-
tions. The adsorption site preferences in turn influences the favored structural
arrangement, i.e. the size and shape of the unit cell.

3.1.3 Point-on-line phase at high coverages

Upon increasing the coverage at RT, a phase transition from the g-phase to a
point-on-line phase takes place at approx. 0.9 ML, as was shown in the structural
phase diagram in Fig. 3.1. The unit cell of this p.o.l.-phase continuously changes
between 0.9 ML and 1 ML, as the repulsing molecules are forced to come closer
together. In a very small region between 0.90 ML and 0.94 ML, a transition
to the c-phase can be observed upon cooling the sample. Above 0.94 ML, the
same LEED pattern is observed at RT and at LT.

STM images from two different preparations of SnPc submonolayers in the
p.o.l.-phase will be discussed in this subsection. The coverage in the two mea-
surements was ~ 0.9 ML and = 0.95 ML, respectively, as determined from the
unit cell size obtained by LEED measurements taken after the deposition.

P.o.l.-phase at 0.9 ML coverage

The first preparation showed the known LEED pattern of approx. 0.9 ML SnPc
at RT [8]. STM images confirmed this by showing only one type of structure
with one molecule per unit cell. However for this preparation, an interesting
observation was made upon cooling the sample. The spots of the 0.9 ML phase
remained while new spots, described by the unit cell of the c-phase, appeared.
This means that only a part of the adsorbate film transformed to the c-phase,
while the 0.9 ML p.o.l.-phase still coexisted. Indeed, both phases could also be
found in the STM images.

Figure 3.9 shows a drift corrected STM image of the 0.9 ML p.o.l.-phase
at LT. One type of domain (A) and a second domain (B), mirrored by [110],
can be found in the image. As before, the distortions in the raw STM image
have been corrected, so that the structure matches the according SPA-LEED
unit cell, drawn in blue. This SPA-LEED cell has a superstructure matrix

2.74 578
molecule. Some regions (C) between the ordered domains are covered with
disordered molecules. The adsorbate film is therefore not perfectly ordered at
this temperature.

of (4‘98 70‘05), taken from reference [9], and is large enough to contain one

All molecules within an ordered domain adopt the same orientation with
a small angle of (2 4 2)° between their diagonal axis and one of the (110)
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8.6x5.8 nm’ zoom

25x25 nm 75 V; 1=100 pA; T=108 K

Figure 3.9: Drift corrected STM image of ~ 0.9 ML SnPc on Ag(111). a) One
type of rotational domain (A), as well as its mirror domain (B) can
be seen. Areas in between (C) are filled with disordered molecules,
demonstrating that the adsorbate film is not perfectly ordered at
this temperature. Domain boundaries are illustrated by the yellow
dashed lines and the unit cell is shown in blue. A closeup of the
region marked by the black rectangle is shown in b), revealing a
translational shift between the two domains.

directions. Most molecules have adopted the Sn-down configuration, but some
Sn-up molecules can still be found.

The domain boundaries follow rather arbitrary paths. In most cases, a dif-
ferent intermolecular distance (dislocation line) is observed where two domains
meet. In the example of the domain boundary between (A) and (B), shown in
the closeup in Fig. 3.9 b), the two domains also show a small translational shift
along the boundary, as visualized by the black dotted lines.

On other parts of the sample, c-phase domains were found, as already seen in
LEED. An exemplary STM image is shown in Fig. 3.10 a). Two islands of dif-
ferent rotational domains can be seen, again coexisting with disordered regions.
In contrast to the measurements on the 0.7 ML film, almost all molecules were
adsorbed in the Sn-down configuration. When counting molecules in different
images, we found only &~ 9% of the molecules left in the Sn-up geometry in this
phase. The dominant structural motif is therefore not described by a chessboard-
like alternation of Sn-up and Sn-down here. However, the molecules possess two
alternating in-plane orientations, so that the structure is still described by the
c-phase unit cell discussed in the last section. The angular difference between
the two orientations is A@ = (10.6+2)°, as shown in Fig. 3.10 b). This is smaller
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Figure 3.10: a) STM image of a c-phase originating from a phase transition
from an 0.9 ML p.o.l.-phase upon cooling. In contrast to the mea-
surements in the last section, almost all molecules are Sn-down
species. Some single Sn-up molecules are marked by white cir-
cles. b) Closeup of the region marked with the black rectangle.
The unit cell (blue) contains two molecules with different molecu-
lar orientations.

than the difference found in the 0.7 ML structure, which might be correlated to
different intermolecular interactions due to the low Sn-up fraction. It seems that
the percentage of Sn-up molecules decreases within the c-phase with increasing
coverage. Such a coverage dependence of the fraction of Sn-up molecules indi-
cates that the energy barrier for the switching from Sn-up to Sn-down might be
lowered at higher coverages by some unknown mechanism, possibly related to
the surface tension in the film.

P.o.l.-phase at 0.95 ML coverages

The second preparation in the p.o.l. regime had a slightly larger coverage of
approx. 0.95 ML, as again judged from LEED images. At this coverage, no
phase transition occurred upon cooling, which was confirmed in both LEED

and STM.

Figure 3.11 a) shows a representative STM image of this preparation. At this
high coverage, the mobility of the molecules is sterically so far reduced, that
nicely resolved imaging is possible even at RT. Only one structure was found at
both RT and LT, containing very closely packed and equally oriented molecules.
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Figure 3.11: a) Image of a SnPc p.ol.-phase at 0.95 ML coverage at RT. The
molecules in the islands are very closely packed and equally ori-
ented. A closeup of the region marked by the black rectangle
is shown in b). The image was corrected, so that the structure
matches the unit cell drawn in blue, which is known from SPA-
LEED.

Fig. 3.11 b) shows a closeup of the region marked with the black rectangle.
Different in-plane orientations are not possible since the molecules do not have
any margin for rotation anymore. Similar to the measurements discussed above,
the image was corrected to fit the unit cell found in SPA-LEED for 0.95 ML,

which has a matrix of (3'28 _506224>. From the corrected image, the average angle

between the diagonal molecular axis and the [110] direction of the substrate was
found to be (0.4+1.1)°. Again, the molecules are almost perfectly aligned along
the substrate. This shows that the molecules try to optimize their interactions
with the substrate even in these closely packed incommensurate structures. At
this high coverage all molecules adopt the Sn-down geometry, which confirms
the tendency for decreasing Sn-up fractions mentioned before. Apparently the
Sn-up geometry becomes more unfavorable with increasing coverage. This could
be related to intermolecular interactions, since the density in the adsorbate film
increases in the p.o.l.-phase. Alternatively, the Sn-up geometry might only
be stable in its favored (high symmetry) adsorption sites, which can not be
sustained when the layer is closed.

3.2 Scanning tunneling spectroscopy

Scanning Tunneling Spectroscopy (STS) measurements have been performed
on molecules in the g-phase and p.o.l.-phase to investigate the local electronic
structure of the sample. For SnPc in the g-phase, STS was only performed on
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Sn-down molecules at T=5 K. Spectroscopy on Sn-up molecules results in a
switching of the molecules to Sn-down, as discussed in section 3.1.1. Before and
after each scan, a short STM image was taken to ensure that the molecule, on
which the spectroscopy was done, did not drift during scanning. For the STS
scans, the tip was placed at the desired location above the molecule in a fixed z-
distance. The bias voltage was then changed continuously from -2 V to 2 V and
back. Forward path and return path were compared to further ensure, that no
changes occurred in between. STS scans are plotted as differential conductance
(dI/dV) vs. bias voltage, so that electronic states appear as peaks in the spectra.

STS scans at
Ag surface

— SnPc wings
—— SnPc center

continuum
of states

di/dV [a.u.]

tip states

surface state

g

190 mv

T T T T T T T T T T T T T T
-2000 -1500 -1000 -500 0 500 1000 1500 2000
bias voltage [mV]

Figure 3.12: STS scans on an isolated Sn-down molecule in the g-phase at a
current setpoint of 0.18 nA. The scans were performed on the center
(green) and on the wings (red) of the molecule and are compared
to a scan on the bare silver surface (gray), as shown in the inset.

Figure 3.12 shows an example for STS scans on an isolated Sn-down molecule.
The green curve shows a scan taken above the center of the molecule, as indi-
cated in the STM image in the inset. The red curve is an average of four scans
taken at the centers of each of the four wings. Another scan, shown in gray,
was done on the bare substrate surface for comparison. It can be seen that
some states were measured on the negative bias side (occupied states) of the
gray curve. As was already mentioned in section 2.2, the tunneling current is a
convolution of sample DOS and tip DOS. Since the silver surface should appear
rather featureless, the observed states are assigned to the tip. If and how in-
tense tip states appear generally depends on the shape of the STM tip. An ideal
tip for STS would be a rather broad tip with a single protruding apex atom,
for which tip states should not be visible. Obviously our tip was not perfectly
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shaped in these measurements. Occupied states also appeared in the scans on
the molecule at the same energetic positions, but they were clearly damped. We
can conclude that these are also tip states. The Shockley surface state of the
metal substrate is visible at the Fermi-level as expected. In the red and green
curves, a small peak is present at ~ 90 meV. This state might be the strongly
damped and slightly shifted (depopulated) surface state. A shift of the surface
state due to the interaction with an adsorbed molecule has been reported e.g.
for tetracene on Ag(111) [56]. Interestingly, both the red and green curve are
almost identical and appear completely featureless apart from the mentioned tip
and surface states. No molecular states close to the Fermi-level can be identi-
fied, although the voltage range should be sufficient. For high positive bias, the
differential conductance increases strongly due to the presence of a continuum
of energetically higher unoccupied states.

a) STS scans at b) - data
— SnPc center| — offset
— SnPc wings —— background
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Figure 3.13: a) STS scans on a Sn-down molecule in a p.o.l-phase monolayer
at a current setpoint of 0.14 nA. Center and wings of the molecule
have been probed, as before. b) Fit model for the determination of
the peak positions.

Furthermore, STS measurements have been performed on a monolayer struc-
ture, which was prepared by depositing a multilayer and thermally desorbing
all but the first layer of molecules. STS scans were performed on this film to
compare them with the scans from the g-phase. The result is visualized in
Fig. 3.13 a). In the p.o.].-phase, no regions of bare silver can be found, so that
no according STS scans could be performed on the substrate for comparison.
Scans on the molecule have been taken above the center and above the wings,
as before. As for the g-phase, the scans at both positions yielded almost ex-
actly the same curves. However, compared to the g-phase scans, the scans of
the p.o.l.-phase look completely different. While no surface state or tip states
were visible, molecular states clearly appeared. The peak positions have been
estimated by fitting the spectrum with a constant offset and a number of Gaus-
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sian functions, as seen in Fig. 3.13 b). One peak is located at approx. -165 mV
on the occupied states side close to the Fermi-level. In UPS measurements, a
similar peak showed up at approximately the same energy position [57]. This
peak was found to be cut by the Fermi-level and thus partially filled. Therefore,
the peak corresponds to the SnPc LUMO, which is partially filled upon charge
transfer from the substrate and then named former LUMO (F-LUMO). Another
peak on the occupied side can be identified as the SnPc HOMO, although its
intensity is very low. Its position at ~ —1413 mV also corresponds well to the
results of two independent UPS measurements [57, 58]. The third feature is an
unoccupied state appearing at ~ 715 mV. This state most probably represents
the second to lowest unoccupied state (LUMO-1).

An STS study on the c-phase has not been done in the context of this work.
However such a study was reported by Toader at al. [58]. On the unoccupied
binding side, their results are comparable to the findings for the p.o.l.-phase
described above. One state could be clearly resolved at a position between 0.5
and 0.75 V, comparable to the LUMO+1 position in the p.o.l.-phase. The exact
position was found to depend on the tip—sample distance. The authors call this
state the LUMO, however the same molecular orbital is meant. A small peak
close to the Fermi-level on the occupied side can be found in their spectra as
well, which could be the F-LUMO mentioned above. On the occupied side, a
remarkable difference occurs. In the c-phase spectra, a large peak is observed
at ~ —0.75 V, which is not visible in our p.o.l.-phase spectra.

STS probes the local electronic structure, as given by the molecular orbitals.
However, we only know the shape of the orbitals from DFT calculations rep-
resenting molecules in the gas phase, without considering interactions to each
other or to the substrate. For molecules that are adsorbed on a metal surface,
the orbitals do not necessarily look the same. Charge transfer from the silver
surface was already discussed and also shows up in the dI/dV spectra, manifest-
ing in the LUMO shifted to the occupied states side. The differences between
the spectra might be the result of different adsorption sites or of intermolecular
interactions. The molecular environment is considerably different for the three
SnPc phases studied. In the g-phase an isolated molecule was investigated, while
the molecules in the c-phase and p.o.l.-phase are surrounded by eight neighbors.
The type of neighbors (four Sn-up plus four Sn-down or eight Sn-down, respec-
tively) is in turn different for c¢-phase and p.o.l-phase. Our results thus show
the importance of the intermolecular environment for the electronic structure
of a molecule, which can in turn influence the geometric structure formation.

3.3 Pair potential calculations for SnPc

The experimental finding that the phthalocyanine molecules show intermolecu-
lar repulsion on Ag(111) at RT was supported by pair potential calculations from
Kroger et al. [32, 33] for the interaction between two CuPc molecules. The au-
thors calculated the intermolecular potential considering electrostatic and van-
der-Waals forces in a similar way as described in chapter 2.4. In the resulting
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potential map, small attractive potential minima occur, representing favorable
locations for the second molecule. These local minima are shallow and therefore
can be overcome easily by the molecules at RT, which explains that no ordered
structure is found on the Ag(111) surface at this temperature. The molecules
are not trapped in local potential minima, but can always reach the total min-
imum when their distances are maximized. However, when the temperature is
reduced, the molecules "freeze" in the local minima, which leads to island for-
mation when the coverage is high enough. These simple calculations explain the
adsorption behavior on Ag(111), but they do not explain the tendency for chain
formation of CuPc on Cu(111), since they do not take interactions with the
substrate into account. Kroger et al. modified their calculations and accounted
for charge donation and backdonation between the Cu(111) substrate and a
CuPc molecule by modifying the partial charges within the adsorbate. This
simulates the charge transfer between molecules and surface. As a consequence,
two attractive minima appeared on opposing sides of the CuPc molecule, which
explains qualitatively why chain formation is favored over island formation for
CuPc on this substrate [32].

As mentioned before, the adsorption behavior of the Sn-up molecules on
Ag(111) resembles the CuPc on Ag(111) case, while the Sn-down molecules be-
have similar to CuPc on Cu(111). Therefore, similar pair potential calculations
have been performed in this work to model the adsorption of SnPc on Ag(111).
Charge transfer between the Ag(111) surface and SnPc (sub-)monolayer films
has been observed in UPS measurements by Haming et al. [57]. The LUMO of
SnPc was found to be partially filled as a consequence of the adsorption on the
silver surface. For the following calculation we assumed that all atoms within a
Sn-down molecule, which have a significant overlap of wave functions with the
substrate, donate an equal amount of charge. Therefore, the partial charges of
all except the hydrogen atoms were lowered by Ag = 1.5e~/41=0.037e~. The
total amount of 1.5e~ was chosen because the LUMO is not completely filled
in the UPS measurements in contrast to CuPc on Cu(111). A backdonation of
an equal amount of charge was further applied, so that the sum of all partial
charges remains zero. However, it can be assumed that charge is not donated

Figure 3.14: The STM contrast of the Sn-down molecules, showing two brighter
wings, is assumed to be the result of charge transfer into one of the
degenerate LUMOs. On the right, a ball-and-stick model is super-
imposed together with the geometrical distribution of this LUMO.

back to all atoms, but only to those that contribute to the SnPc LUMO. This
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is justified by looking at the appearance of the Sn-down molecules in the STM
images, see Fig. 3.14. One pair of opposite wings of the Sn-down molecules was
always found to appear brighter than the other pair. The reason for this must
be related to the different registry of the two wing pairs with the substrate. We
assume that the different contrasts of these wings in the STM images is caused
by backdonation of charge from the substrate. From DFT calculations for SnPc
in the gas phase, it can be seen that the two lowest unoccupied orbitals are
at the same energy position. The LUMO is hence degenerate. Since each of
the two LUMOs is mainly located on one pair of wings, we assume that back-
donation only occurs from the substrate into the atoms contributing to one of
these orbitals. The partial charges of the corresponding 26 atoms were therefore
increased by Ag = 1.5e7/26=0.058¢™~. This redistribution of charge inside the
molecule reproduces the symmetry breaking and influences the intermolecular
potentials considerably.
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Figure 3.15: Pair potential maps for a) two laterally displaced Sn-down
molecules and b) for one Sn-up and one Sn-down molecule. Charge
transfer between Sn-down and the substrate was simulated, as de-
scribed in the text.

The intramolecular structure of SnPc was adopted from DFT calculations,
optimizing the geometry. However, DFT describes free molecules in the gas
phase, where SnPc is considerably bent. When adsorbed on a Ag(111) surface
on the other hand, the molecules are rather flat except for the central Sn atom,
as shown by XSW [42]. The DFT geometry was modified to account for this
fact in the pair potential calculations.

Figure 3.15 a) shows a resulting map of pair potentials for the interaction
between two laterally displaced Sn-down molecules. The potential energy for
different lateral arrangements of the molecules was calculated as described in
section 2.4. While one molecule was placed in the center of the image, the
position of the other molecule was repeatedly changed in steps of 0.1 A along
x and y. For each distance vector AR = (Az,Ay) between the centers of
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3.3 Pair potential calculations for SnPc

the two molecules, the potential energy was calculated and is displayed by the
applied color code. Blue shades represent negative potentials, while yellow to red
regions are positive. Hence, distance vectors AR ending in blue regions of the
figure represent molecular arrangements which are energetically favorable and
therefore stable. Configurations in which two involved atoms would be closer
than 0.8 A have not been calculated. This is the case for the white regions
around the middle of each potential map. The same calculation was repeated
for different relative in-plane angles between the two Sn-down molecules from
0° to 90° in steps of 1°, yielding a set of potential maps. In Fig. 3.15 a), the
map with a relative angle of A§ = 12° is shown, which contains the deepest
energy minima of all relative orientations. As can be seen, most intermolecular
configurations are energetically unfavorable. The strong repulsive regions on the
left and right are the result of the charge redistribution described above. Some
rather localized potential minima can be found in the map. The two deepest are
located at Az = —7.5 A (7.5 A)and Ay =11.9 A (-11.9 A ) with an energy
of Fmin = —0.048 eV. These positions correspond to an intermolecular distance
of |AR| = 14.07 A.

The intermolecular potential is slightly different for the interaction between
one Sn-up and one Sn-down molecule, as shown in Fig. 3.15 b). In this case, a
relative rotation of Af = 15° yields the potential map with the deepest minima,
which are located at Az = —7.9 A (79 A) and Ay = 11.7 A (-11.7 A).
The energy minimum of Eni, = —0.059 €V is smaller than the one for two
Sn-down molecules, while the optimum binding distance of |AR| = 14.12 A is
comparable.

These calculations yield favorable relative arrangements of two SnPc molecules.
They are therefore independent of a certain structure formation. In the follow-
ing, the structures found experimentally for the different phases will be com-
pared to the according intermolecular potential maps.

g-phase

For the g-phase at low coverages and low temperatures, chains of equally ori-
ented Sn-down molecules were found. Therefore, the structure within the chains
will be discussed in terms of the pair potential between two Sn-down molecules
with a relative orientation angle of A§ = 0° as shown in Fig. 3.16 b). The
distance vector between two molecules in the chain was measured from STM
images and can be expressed by polar coordinates (R,o)—(14.3A, 27.8%), as
shown in Fig. 3.16 a). In the corresponding pair potential map, this vector ends
very close to one of the potential minima. Therefore, pure intermolecular inter-
actions describe the relative arrangement of two molecules quite well. However,
the calculation can not explain the observed alternation of distance vectors in
the chain. Two successive distance vectors are always mirrored by the chain axis
(R,a) <> (R,360° — ), so that the molecules follow a zig-zag pattern. This
is not reproduced by the calculations, since a linear chain with identical AR
vectors between all molecules would be equivalent. This also holds when the
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3 SnPc on Ag(111)

Figure 3.16: The relative orientation between neighboring molecules within a g-
phase chain is described by polar coordinates R and «, as shown in
a). In b) the pair potential map for two equally oriented Sn-down
molecules is shown. The measured distance vector of the g-phase
fits well to one of the potential minima.

potential map between a third molecule and two molecules fixed in the opti-
mum arrangement is calculated. An explanation is offered by the appearance
of the molecules in the STM image. As already mentioned before, for molecules
within the chains one wing appears brighter than the three others. This indi-
cates an unequal charge distribution in the four molecular wings, which implies
a deformation of the LUMO orbitals. That LUMO state containing the brighter
wing has lost its 2-fold symmetry due to the interaction with the substrate and
the neighboring molecules, an effect which is not considered in the calculations.
This induced asymmetry obviously favors (and hence causes) the zig-zag chain
formation.

The pair potential calculation in Fig. 3.15 above yielded an optimum angle of
12° between two Sn-down molecules, in contrast to the equal orientation found
in the chains. The reason for this difference is probably the optimization of
the interaction with the substrate by aligning the pairs of wings along high
symmetry directions.

c-phase

In the c-phase of SnPc/Ag(111), an alternating sequence of Sn-up and Sn-down
molecules was found within the islands. This can be explained by the smaller
intermolecular potential energy of Sn-down-Sn-up compared to Sn-down—Sn-
down. However, an effect of different adsorption sites might also play a role, as
discussed above. The calculated optimum angle of Af = 15° between molecules
in the two geometries fits well to the experimentally found value of 19° shown
above in Fig. 3.8.
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3.3 Pair potential calculations for SnPc

In a more sophisticated pair potential calculation, the optimum position and
70
4 8
shown in Fig. 3.17. Intermolecular interactions between a Sn-up molecule and

orientation of a Sn-up molecule inside of a ( ) unit cell was determined, as
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Figure 3.17: Pair potential calculation for a Sn-up molecule inside the c-phase
unit cell (blue rectangle): a) shows the nomenclature and results for
the used distances and angles. A detailed calculation was done only
for a small region (marked by the red square); b) shows the accord-
ing potential map for the optimum in-plane rotations of both types
of molecules. The position of the absolute minimum is marked by
a black cross.

its eight nearest neighbors (four Sn-down molecules in the corners of the unit
cell and the four nearest Sn-up molecules) have been accounted for. In this
way, the effect of the substrate is partially taken into account in terms of the
unit cell found experimentally, which is the result of all interactions within the
system. At first a fast calculation was done to narrow down the region in which
the minimum is found. Attractive potentials are only found around the center
of the unit cell, since only in this region the molecule does not overlap with
the corner molecules. In a more detailed calculation, the position (Az, Ay) of
the grid of Sn-up molecules was scanned in steps of 0.1 A while the Sn-down
molecules remained on fixed positions. This calculation was repeated for in-
plane angles fOsy.p from 0° to 90° between the diagonal axis of Sn-up and the
[011] direction, and for fs, down from 0° to 180° for the Sn-down molecules in
steps of 1° each. In Fig. 3.17 b) the map for the set of angles containing the
deepest energy minimum of all maps is shown. Optimum angles of Og,,p = 11°
and 0sy qown = 26° to [011] have been found, which agree well with the angles
of 9.5° and 28.5° found experimentally for the two species. The total energy
minimum is located exactly in the center of the unit cell, which is expected
due to the symmetry of the coordination. This good qualitative agreement
demonstrates the predictive power of our calculations. The optimum angular
difference of Af = 15° between the molecules is the same as found before for
the interaction between only two molecules.
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3 SnPc on Ag(111)

The reason for the structure formation in the c-phase can be nicely visual-
ized further by a pair potential calculation without unit cell constraints shown
in Fig. 3.18. The pair potential map between one Sn-up and one Sn-down is

Yo}
N
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Figure 3.18: Potential map for the optimum geometry found experimentally for
the c-phase, regarding the orientation of the central Sn-up molecule
relative to Sn-down and to the substrate. The adsorption sites of
the nearest Sn-down molecules in the c-phase unit cell match well
to the locations of potential minima.

shown again for a relative rotation of A = 15° between the molecules, as this
was the optimum found for the c-phase. The substrate lattice is superimposed
on the image, so that the in-plane orientation of the Sn-up molecule matches
the observed angle of 9.5° to a high symmetry direction of the substrate. In
G 3
cell, which is drawn in blue, while the Sn-down molecules are located at the
center. Due to the commensurate registry, high symmetry adsorption sites are
likely. 1If the Sn-up molecules are, e.g., placed on top-sites, then the nearest
Sn-down neighbors are on bridge sites. However the locations of both species
could also be exchanged. A hollow site for the corner molecules is less likely,
because the center of the cell would not lie on a high symmetry site in this case.
Either way, the adsorption sites of the unit cell centers match the positions of
local intermolecular potential minima quite well. Therefore, the structure in the
c-phase represents an optimum compromise between a minimized intermolecu-
lar potential and an adsorption on high symmetry adsorption sites (probably
top and bridge) along with a commensurate registry, which is favorable for the
adsorbate—substrate interaction. The mismatch between a favorable adsorbate

this model, the Sn-up molecules are located at the corners of the unit

lattice, expressed by the positions of potential minima, and a lattice commensu-
rate to the substrate is small, so that only a relatively small elastic strain has to
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3.3 Pair potential calculations for SnPc

be induced in the adsorbate film for matching the lattices. This is also supported
by the finding, that no regular dislocations are found within the SnPc domains.
If a lattice mismatch is high (above a critical value), dislocations can become
favorable over a purely strained layer, since they reduce the elastic stress [49].

p.o.l.-phase

A similar comparison between experiment and theory can be made for the molec-
ular arrangements in the p.o.l.-phase. Within this phase, the main part of the
surface is covered by Sn-down molecules only. A series of incommensurate unit
cells with point-on-line coincidence was found, containing one molecule each.
The measured arrangements are therefore compared to the potential map be-
tween two equally oriented Sn-down molecules, as done for the g-phase before.
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Figure 3.19: Potential map for two equally oriented Sn-down molecules. Unit
cells for 0.9 ML and 1.0 ML coverage are drawn in black and green,
respectively. The center molecule was rotated by 2° relative to the
substrate, as measured in STM. Two closeups are shown on the
right.

Figure 3.19 shows that in the unit cell for 0.9 ML SnPc on Ag(111) (drawn
in black), the two nearest neighbor molecules in the edges of the cell are located
close to potential minima. If the coverage is increased, the unit cell changes
continuously with the unit cell vectors moving along substrate lines until the
1.0 ML cell is reached (drawn in green). It can be seen that the intermolecular
interactions become more and more unfavorable with increasing coverage until
both vectors end in rather strong repulsive regions (see closeups on the right
side of Fig. 3.19). This explains, why the structures found for higher coverages
(close to 1 ML) are not stable at lower coverages, i.e. that no island formation
occurs for these structures. The energy penalty stemming from this unfavorable
arrangement is obviously compensated by a higher number of molecules per sur-
face area and the adsorption energy involved. This is valid for a certain coverage
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3 SnPc on Ag(111)

range up to 1 ML and explains, why this unit cell describes the maximum reach-
able molecular density on the surface. The movement of the unit cell vectors
into the positive potential regime expresses the increasing repulsion and stress
in the adsorbate film as more molecules are deposited on the surface. At some
point, the repulsive interaction is so strong, that it becomes more favorable for
additional molecules to start forming a second layer.

3.4 Conclusion

The adsorption of SnPc on Ag(111) has been investigated by STM in order
to complement previous SPA-LEED and XSW results [8]. For different cover-
ages and temperatures, structures were found which are compatible with the
phases observed in LEED. Pair potential calculations have been performed to
investigate the contribution of the intermolecular interactions to the structure
formation in each phase.

In the g-phase at low coverages, two adsorption geometries (Sn-up and Sn-
down) of the SnPc molecules were found. A chain formation of the Sn-down
molecules was observed and further investigated. It could be explained quali-
tatively by considering asymmetric charge transfer into the LUMO of Sn-down
molecules which also causes a symmetry breaking of the molecules and a defor-
mation of at least one of the LUMOs. Sn-up and Sn-down molecules were found
to prefer nonequivalent adsorption sites, which differ by half of a substrate row
distance.

For the commensurate c-phase, which is only stable at LT, the unit cell was
found to contain one Sn-up and one Sn-down molecule as expected. Pair po-
tential calculations revealed a deeper energetic minimum for the interaction be-
tween Sn-up and Sn-down compared to that between two Sn-down molecules, if
charge transfer with the substrate is included. A substrate mediated interaction
based on donation and backdonation of charge was proposed before as a possible
driving force for the structure formation in the c-phase islands [8]. The charge
accumulation in the substrate upon donation from the Sn-down molecules was
assumed to be responsible for the intermolecular repulsion, which is dominant
in the p.o.l.-phase. This repulsion is minimized in the c-phase, since the charge
transfer between Sn-up and the substrate is expected to be considerably weaker.
The orientations of the molecules relative to the substrate could be determined
from STM as well. These angles are well reproduced by the pair potential
calculations, which shows that the structure is quite favorable in terms of the
intermolecular potentials. The commensurability of the unit cell on the other
hand shows that the interaction with the substrate is simultaneously optimized
in this phase.

For higher (sub-)monolayer coverages in the p.o.l.-phase, the commensura-
bility can not be sustained due to sterical reasons. This behavior could be
visualized in terms of the intermolecular potentials, which were found to be-
come gradually more unfavorable when approaching the monolayer coverage.
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3.4 Conclusion

Hence the molecular density in the first adsorbate layer can only be increased
as long as the energy gain for the total system through the increasing adsorption
energy compensates for this effect. Not being able to remain in their preferred
(c-phase) adsorption sites, the molecules align with the substrate as well as they
can regarding their in-plane orientation and registry with the Ag lattice. This
results in the series of point-on-line structures, in which one diagonal axis of the
molecules is well aligned along the high symmetry directions of the substrate.
Almost all molecules were found to be adsorbed in the Sn-down geometry. The
Sn-up geometry is obviously not stable due to the high molecular density and/or
unfavorable adsorption sites in this phase.

It can be concluded, that the structure formation of SnPc on Ag(111) is largely
understood in terms of the interplay between molecule molecule and molecule
substrate interactions. It has been demonstrated that the intermolecular in-
teractions strongly influence the adsorbate structures formed on the Ag(111)
surface.
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Previous investigations in our group focused on the study of phthalocyanines
that differ by the choice of the central metal atom (or group). Another pos-
sibility to modify the electronic properties of a molecule is to exchange its
end groups or terminating atoms. An interesting example is perfluorinated
copper-phthalocyanine (F16CuPc), in which the outer hydrogen atoms in a CuPc
molecule are replaced by fluorine atoms. Apart from this, the structures of both
species are very similar. However, due to the high electronegativity of the fluo-
rine atoms, a considerably different intermolecular interaction can be expected
for FlGCuPC.

Before turning towards the investigation of CuPc/F16CuPc organic heterosys-
tems in chapter 5, the adsorption of each single component should be under-
stood. Therefore this chapter deals with the adsorption behavior of Fi5CuPc
on the Ag(111) surface.

Previously, the system has been investigated with STM by Huang et al. [59,
60]. Their results showed that Fi14CuPc tends to form chains of identically
rotated, flat lying molecules in the first monolayer. Two different orientations
with respect to the substrate occur. Also, neighboring chains are usually shifted
against each other. An XSW study has been performed by Gerlach et al. [61],
which yielded information about the adsorption height of the molecules. The
authors showed that Fi4CuPc is probably rather physisorbed on the Ag(111)
surface considering the adsorption heights of 3.25 A for the carbon atoms and
345 A for the fluorine atoms. These values are comparable to the adsorp-
tion height of CuPc/Au(111) [62], which is also physisorbed as confirmed by
UPS [46]. The adsorbed F15CuPc molecules are bent with the fluorine atoms
pointing away from the surface.

This can be compared with the molecular geometry for a free molecule, as
shown in Fig. 4.1. The optimized geometrical structure and the electronic struc-
ture were calculated with the program Gaussian [35], using the B3-LYP func-
tional and LANL2DZ basis set. A ball-and-stick model as well as some of the
resulting molecular orbitals are shown in Fig. 4.1. While the HOMO-1 is located
in and around the center of the molecule, the HOMO is mainly distributed at
the carbon atoms. Two degenerate LUMO orbitals exist, which are mainly lo-
cated at carbon and nitrogen atoms. The molecule is perfectly flat in the gas
phase and has a diameter of 15.6 A along its diagonal.

In the following sections, the (sub-)monolayer growth of F15CuPc on Ag(111)
is investigated by analyzing SPA-LEED measurements at room temperature and
at a low sample temperature of approx. 100 K. Additionally, STM measurements
have been performed and related to the LEED results.
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Figure 4.1: Optimized geometrical structure of FisCuPc and four exem-
plary molecular orbitals calculated from DFT (B3-LYP functional,
LANL2DZ basis set) representing molecules in the gas phase. The
first two unoccupied orbitals are located at the same energy. i.e. the
LUMO consists of two degenerate orbitals.

4.1 Structural phase diagram

SPA-LEED measurements have been performed on many different (sub-)mono-
layer films and some multilayer films. The sample preparation will be shortly
described in the following. During the deposition of F15CuPc films by OMBE
from a Knudsen cell, rather short SPA-LEED scans (45 s) were repeated at
intervals of 1 min. This enabled a very good control over the adsorbate growth,
as the formation of phases, and in particular phase changes, could be observed in
situ. Simultaneously, the ion current signal at m/z = 200 amu was monitored by
a Quadrupole Mass Spectrometer (QMS) to control the incident molecular flux.
This mass corresponds to one CgNoFy fragment of the molecule in analogy to
the well known fragment at 128 amu found for non-fluorinated phthalocyanines,
e.g. CuPc [63]. The mass signal of the intact molecules could not be monitored,
since it is outside the measuring range of our QMS. Keeping the ion current at
a fixed level, a constant deposition rate of typically &~ 0.1 ML /min was ensured.

The results of the SPA-LEED study are summarized in the structural phase
diagram in Figure 4.2. Two different phases could be distinguished. At room
temperature, diffuse, disk-like or ring-like scattering intensity around the (0,0)-
spot was observed for submonolayer coverages, indicating a disordered phase.
When a certain critical coverage was exceeded, spots and streaks appeared quite
abruptly in the LEED image, while the diffuse intensity disappeared. Further
increasing the coverage © into the multilayer regime only resulted in a higher
background intensity while the spot pattern remained the same. Another phase
transition to the same ordered pattern occurred, when the disordered phase
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Figure 4.2: Structural phase diagram of Fi6CuPc on Ag(111), showing two
phases at different coverages and temperatures as well as representa-
tive SPA-LEED images. The phase transitions occur at a coverage
of = 0.95 ML at RT, and at smaller coverages upon cooling to L-Ng
temperature.

was cooled down. This transition occurred for sub-ML coverages as low as
0.3 ML, whereby a transition temperature of Ti;ans = (153 & 10) K was found
at a coverage of &~ 0.4 ML. The only difference to the ordered RT phase is the
better signal-to-background ratio of the spot intensities, which is expected due
to the temperature dependence of phonon scattering [13]. The disorder-to-order
phase transition induced by cooling is reversible, i.e. the system can be switched
back to disorder by warming the sample up again. This behavior is similar to
that of other, non-fluorinated phthalocyanine molecules on Ag(111) [8, 45, 64].
Obviously, the reduced mobility of the molecules when cooled down leads to
a change in balance of molecule-molecule and molecule—substrate interactions.
As a consequence, ordered 2D-islands are formed at LT, while a dilute film
is formed at RT. This structure formation will be discussed in a subsequent
section, considering the intermolecular potentials.

Different temperatures of the sample can have a significant effect on the initial
structure formation. A prominent example is the adsorption of PTCDA on
Ag(111) [65], where no LEED spots were observed for a deposition temperature
of 110 K. Deposition between 147 K and 250 K resulted in the same pattern
as for RT deposition, but with elongated spots. Figure 4.3 a) shows the effect
of F15CuPc deposition onto a substrate at 100 K. Considerably more molecules
had to be deposited than at RT until LEED spots appeared. Even then the
image still showed a very high diffuse background. This behavior is considerably
different to the deposition at RT, where even submonolayers showed ordered
structures when subsequently cooled down. Obviously, the adsorbate molecules
do not have the possibility to diffuse on the surface at 100 K, or at least not
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Figure 4.3: a) SPA-LEED image of F14CuPc after deposition onto a Ag(111)
crystal held at T=100 K and b) the same deposition after warming
the sample up to RT. (E = 30 eV)

on the timescale of the experiment. Instead, they rather stick where they hit
the crystal. This leads to large surface areas covered by disordered islands. The
fact, that more molecules had to be deposited to observe LEED spots suggests
that the adsorbate does not grow in a perfect layer-by-layer mode at this low
deposition temperature. The reduced thermal energy of the molecules at LT
seems to be insufficient to easily overcome the Ehrlich-Schwoebel barrier for
diffusion across the island edges. Warming up the crystal to RT as seen in
Fig. 4.3 b) results in a better ordered pattern resembling the normal monolayer
pattern. The enhanced mobility enables the molecules to diffuse into a more
favorable arrangement. Still the spots appear broader than those of a direct RT
preparation, which could be a sign for smaller domain sizes of the superstructure.

In the following sections, the two different regions of the structural phase
diagram will be analyzed in more detail.

4.2 Disordered submonolayer regime at RT

In this section, we will have a closer look at the regime of the disordered phase.
Figure 4.4 shows a series of SPA-LEED images recorded during deposition of
F16CuPc onto the bare Ag substrate at RT. The specular spot can be seen in the
lower right corner. The first striking observation is, that the (0,0)-spot intensity
oscillates with coverage. The reason for this is the destructive interference in
the two-layer system of substrate and adsorbate, which is strongest when both
layers expose the same area to the electron beam, i.e. at a coverage of 0.5 ML.
Constructive interference can only be observed if the wavelength of the elec-
trons equals twice the step height d between the two layers, i.e. the adsorption
height of the adsorbate molecules. The interference condition can be expressed
by introducing the scattering phase S, which describes the phase difference in
numbers of the electron wavelength A, as

S =2d-cos(p)/Ae = 2d - cos(¢)\/E[eV]/150.4. (4.1)
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Figure 4.4: Sequence of SPA-LEED images recorded in-situ during deposition
of F16CuPc. (E =27.2¢V)

Here, ¢ is the angle between the propagation direction of the incident electrons
and the surface normal. For non-integer values of S, the interference will be at
least partially destructive, like in the example shown here. The phenomenon of
the (0,0)-spot intensity dependence on coverage is equivalent to the well known
RHEED oscillations [66]. The intensity of the (0,0) spike can easily be ob-
served already during deposition, which gives a first hint for the evaluation of
the exact coverage. In the example in Fig. 4.4 the intensity of the specular spot
was almost vanished after 5 minutes deposition, meaning that the coverage was
close to 0.5 ML at this time. Superstructure spots appeared after 9 minutes,
when the (0,0)-spot intensity had almost reached a new maximum. Hence, the
corresponding coverage must have been close to one monolayer. This coverage
calibration is in agreement with STM measurements which show almost closed
layers if the deposition is stopped just after the phase transition has been ob-
served. Therefore we conclude that the disordered phase is formed for submono-
layer coverages at RT. The critical coverage, for which the phase transition from
the disordered to the ordered phase at RT occurs, is at © = (0.95 £ 0.05) ML.
With this knowledge, the deposited flux of molecules as given by the integrated
ion current (IC) signal from the QMS, can be used to deposit any desired cov-
erage in the (sub-)monolayer regime with rather high precision. The fact that
for a coverage of 0.5 ML, approx. half of the amount of molecules have to be
deposited than for the monolayer, shows that the sticking coefficient of F14CuPc
on the Ag(111) surface does not change significantly during the growth of the
1st layer. This leads to the assumption that an Fi4CuPc molecule, impinging
on an island or cluster of previously adsorbed FiCuPc molecules, is not more
likely to desorb than a molecule which landed on the clean Ag surface. At RT,
those molecules that initially arrive on top of islands can easily diffuse across the
island step edges and enter the 1st layer. They hence have a similar probability
to remain on the sample than molecules directly arriving on the Ag surface.
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4 F16CuPc on Ag(111)

Intermolecular distances

The appearance and evolution of diffuse scattering intensity around the (0,0)-
spot could be observed from the sequence of images in Fig. 4.4. This ring-like
or disk-like intensity stems from the F1CuPc molecules and can be attributed
to the absence of long-range ordered adsorbate structures. Since the intensity
is uniform along the contour of the ring feature, the molecules do not adopt
a preferred orientation for submonolayer coverages at RT. Instead, randomly
oriented molecules are present on the surface, forming a dilute film. To quantify
this finding, linescans through the (0,0)-spot and the rings have been recorded
in Fig. 4.5 a) during deposition of F1sCuPc on a freshly prepared surface.
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Figure 4.5: a) In-situ linescans recorded during deposition of F15CuPc along the
direction indicated by the blue line in b). ¢) Dependence of the inner
ring radius on 1/\@

For coverages below 0.55 ML the profile of the disk-like, diffuse intensity
could be well fitted by a single Gaussian function. This scattering intensity is
the result of a distribution of different intermolecular distances on the surface.
The half width at half maximum (HWHM) of the Gaussian fitting the disk-like
intensity can be related to a characteristic real space distance R via

2w

R = Wi (42)

As the radius of the disk increased, the according real space distance d = 27/R
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decreased from =~ 26.6 A to ~ 21 A between 0.14 ML and 0.55 ML. Inter-
molecular distances around these values occurred without specific cumulation.

When the coverage was increased to values above 0.55 ML, the diffuse inten-
sity gradually became more ring-like. In the linescans, this ring manifested as
two peaks, one on each side of the (0,0)-spot. The ring radius Ry was evaluated
by fitting the according peak positions. Generally such a feature represents a
prominent distance in reciprocal space which can be attributed to a frequent real
space distance [67]. When the ring-like diffraction feature appeared, a preferred
intermolecular distance

dy =21/ Ry (4.3)

between the adsorbate molecules had developed, while there was still rotational
disorder. The increase in radius can be explained by a decrease of this distance
as the surface was filled with more and more molecules. Between 0.59 ML and
0.91 MT,, dy decreased from (20.2 + 1.4) A to (15.7 4 0.4) A. The peak width
decreased with increasing coverage, which shows that the preferred distance be-
comes better defined as the molecules have less space to diffuse on the surface.
As a result, the error bar for dy also decreased. These results indicate that
F16CuPc forms a dilute film covering the complete Ag(111) surface. Instead of
clustering to islands, the molecules maximize their distance as far as sterically
possible. Figure 4.5 ¢) illustrates, that the intermolecular distance is propor-
tional to 1/v/©. This is expected since for adsorbate films which cover the whole
surface, the inverse coverage corresponds to the area per molecule, which is in
turn proportional to R%.

The second, outer ring is less intense and does not represent the second order
of the first ring, since its radius Ry does not depend on the coverage within
the limits of measurement accuracy. The corresponding real space distance is
dy = 8.3 4 0.4 A and might be attributed to intramolecular scattering.

A disordered phase with a decreasing intermolecular distance upon coverage
increase is a typical feature for phthalocyanines on noble metal fcc surfaces.
Similar features have been found for CuPc [45], SuPc [8], TiOPc [33], HoPc [64]
and FePc [68] on Ag(111), as well as for CuPc on Au(111) and on Cu(111) [46].

Only for coverages © > 0.9 ML, the F14CuPc molecules start to arrange into
ordered structures when their movements are restricted due to sterical reasons.
The preference for disordered arrangements can either be an entropical effect
or a sign for a weak repulsive intermolecular interaction, as it is also the case
for other phthalocyanines. In the case of F14CuPc, an intermolecular repulsion
might be expected due to the negative partial charges at the terminating fluorine
atoms.

4.3 Structural investigation of the ordered phase

SPA-LEED images of the ordered F;5CuPc phase on the Ag(111) surface consist
of spots arising from three rotational domains and possibly from mirror domains.
Intensities of equivalent spots from different domains are comparable, indicating
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that none of the domains is preferred. The shape of superstructure spots gene-
rally allows first conclusions about the adsorbate layer. Here, the superstructure

a)1 0*4 7 linescans along| b)1 04> exp. data
- —[11-2] fit envelope
——[-110] |— background|
[—— main peak

intensity [a.u.]
intensity [a.u.]

-0.04 -0.02 0.00 0.02 004 -004  -002 0.00 0.02 0.04
Ak [A] Ak [A"]

Figure 4.6: a) Linescans through a spot of the F13CuPc superstructure at two
different angles showing a slight asymmetry. b) Fit model for the
linescans using a Voigt function for modeling the superstructure
peak

domains are rather large and the density of domain boundaries is only slightly
anisotropic. This could be extracted from the peak widths determined from
linescans through the superstructure spots. A representative example is shown
in Fig. 4.6 at E = 30 eV. As indicated in the inset of the figure, two linescans,
perpendicular to each other, have been recorded to reveal a slight asymmetry
of one of the hexagonal superstructure spots. Generally, superstructure LEED
spots are broadened due to finite domain sizes D, which can be estimated from
the FWHM of the peaks via

2w

D=—"_,
FWHM

(4.4)
For the example in Fig. 4.6, the peaks were modeled by a Voigt function
and yielded an average domain size of 700 A for the linescan along [112] and
624 A along [110], respectively. Both values are above the effective transfer
width of the SPA-LEED instrument, which was specified as Ty ~ 500 A in
section 2.1. This shows, that the superstructure is not or at least not strongly
affected by the mosaicity of the sample, which limits Teg. Typically, adsorbate
domains in the 1st molecular layer are not expected to grow over step edges
and are thus not larger than the terrace size. We can conclude that only one
F16CuPc superstructure domain is formed on each Ag terrace.

Annealing effect

In many cases, the ordering of adsorbate molecules on a substrate can be im-
proved by annealing the sample. The increased mobility due to thermal en-
ergy enables the molecules to overcome smaller potential barriers and find a
global adsorption minimum. Different annealing temperatures have been tried
for F16CuPc, as visualized by the exemplary SPA-LEED images in Fig. 4.7. Tt
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Figure 4.7: Effect of annealing on a monolayer of F13CuPc¢ on Ag(111): LEED
patterns were taken at RT a) as prepared, b) after annealing at
T =473 K and c) after annealing at 7' = 543 K. d) An STM image
after annealing at T—=613 K shows that the surface is still covered
by a disordered layer.

was found that annealing up to a temperature of 7= 473 K has no significant
impact on the structure formation. Annealing at even higher temperatures re-
sulted in a less ordered structure. In Fig. 4.7 c), the sample was heated up to
543 K. This resulted in a superposition of the ordered monolayer LEED pattern
with a diffuse intensity that was somewhat similar to the rings seen at lower
coverages. Two faint rings could be observed with radii almost equal to the
distance between the specular spot and the 1st and 2nd of the intense spots of
the hexagonal superstructure. The intensity of these rings was not uniform as
some new spots along the ring could be found (e.g. red circle in Fig. 4.7 ¢)).
This means that a part of the surface had become rotationally disordered as an
effect of the annealing, but some preferred angles existed.

Gradually increasing the temperature further lead to a complete loss of order
in the adsorbate layer. As no QMS signal was observed for annealing a mono-
layer structure up to 673 K, this can not be due to a reduction of the coverage
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Figure 4.8: TPD spectrum showing the signal of 200 amu at a heating rate of
1 K/s. The sample was covered by ~ 4 ML F15CuPc.

caused by thermal desorption of molecules. On the other hand when annealing
a multilayer film, QMS intensity was found for 7" > 523 K, as shown in the
TPD spectrum in Fig. 4.8. This indicates that higher layers are more weakly
bonded and can be thermally desorbed. The spectrum dropped rapidly beyond
the peak temperature of 7' ~ 620 K. However it did not completely drop to
background but ended in an exponentially decreasing tail. Therefore the total
desorption process is not simply described by zero-order or first-order kinetics.
Instead, the shape of the curve might be explained by components from higher
layers, following zero-order kinetics, and from the 2nd layer with a higher des-
orption energy, following higher order kinetics. The first layer does not desorb
at T < 673 K, but becomes disordered. The STM image in Fig. 4.7 d) shows
such an F;6CuPc film after annealing up to 7' = 613 K. Depositing additional
molecules on top of a disordered monolayer did not restore the order, neither did
cooling. These results indicate that the molecules in the 1st layer are probably
destroyed rather than desorbed by annealing.

A gradual loss of order in the Fi5CuPc film could also be clearly observed
when the sample was scanned by SPA-LEED for > 2 h. Obviously beam damage
is considerably strong for F1CuPc on Ag(111), even at the rather low electron
beam intensities used in SPA-LEED. 2D diffractograms shown in this chapter
were therefore typically scanned over ~ 1 h.

4.3.1 LEED model

From the arrangement of LEED spots, the structure of an adsorbate can be
evaluated. Therefore, LEED spots for different structural models have been
calculated and compared to the measured pattern, until a satisfying agreement
was achieved. The left side of Fig. 4.9 shows a SPA-LEED image of the ordered
phase at LT. Single SPA-LEED scans have been summed up for ~ 1 h to achieve
good statistics. On the right side, the same image is shown superimposed with
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Figure 4.9: a) Ordered F16CuPc structure at T=100 K; Crystallographic direc-
tions of the Ag substrate are indicated. b) shows the same image
including calculated spots from a structural model (red circles). Re-
ciprocal unit cell vectors are indicated by the blue arrows.

spots calculated for our final unit cell model. This unit cell is rectangular and
well oriented along the substrate, with the smaller unit cell vector in reciprocal
space A* being aligned along one of the Ag (112) high symmetry directions.
Two facts can be observed from the inspection of the image:

e Spots located on lines parallel to A* and passing through the (0,1) and
(0,2) superstructure spots are smeared out to streaks, so that the three
rotational domains together form two hexagon-like features. However,
maxima can clearly be seen within the streaks.

e Only every 4th spot of the LEED model along the vector A* is visible in
the measured image.

The LEED model describes the positions of the strong hexagonal spots as well
as the spots (maxima) within the streaks. Whether the unit cell is commen-
surate or incommensurate could not be definitely distinguished. In Fig. 4.9, a
commensurate unit cell described by the matrix

mi11 Mi2 21 0

M= (m21 mzz) B (3 6) (4.5)
was applied and will be used in the following. In real space, the length of the
unit cell vectors are |A] = 60.69 A and |B| = 15.02 A, and the unit cell area is
911.37 A2. However, due to the large size and the streaky as well as the extin-
guished spots, unusually high error bars of Amqy; = 0.5 and Ama; = Amagg = 0.2
must be taken into account for the matrix elements. One argument for a com-
mensurate structure is that LEED spots are visible up to rather high orders,
which is usually not the case for incommensurate structures. The occurrence
of the zero matrix element mys = 0 means that unit cell vector A is aligned
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along an (011) direction, and consequently, that the unit cells of mirror do-
mains coincide with rotational domains for this structure. We have further set
ma1 = 2 - Mag, ensuring that Bis along a (11?) direction. These two criteria
have to be met also if an incommensurate unit cell is applied to the structure.
The observed streaks are not described by the LEED model, but the positions
of maxima along the streaks agree well with spot positions in the model.

4.3.2 STM measurements

To explain the two striking observations from the LEED pattern (spot extinc-
tions and streaks), STM measurements have been performed and will be dis-
cussed in the following. At room temperature, the molecules were too mobile to
be imaged with STM, when the coverage was still in the disordered submono-
layer regime. In LT images like Fig. 4.10 a) on the other hand, the predicted

Figure 4.10: a) c) Subsequently recorded STM images (not distortion corrected)
of F16CuPc/Ag(111) at submonolayer coverage and T=108 K. Dis-
ordered regions and islands coexist on the surface. d) A 2D-FFT of
the image mainly resembles the diffuse ring-like intensity already
seen in LEED.
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islands (marked with "A") could clearly be seen at submonolayer coverages.
The adsorbate film was not perfectly ordered, since a large part of the surface
was still covered with disordered molecule clusters (region "B") that agglom-
erated to ordered islands in some regions. The areas in between (region "C")
appeared empty, but probably contained a low density of very mobile molecules
that were moved by the tip during scanning. This can be judged by the ap-
parent height in this region which was the same as the height of the molecules
in the ordered areas. As a consequence of the mobility of the molecules, which
was still considerably high, the disordered regions changed continuously during
scanning. This could easily be seen by scanning the same region multiple times
as done in Fig. 4.10 a)—). A two-dimensional fast Fourier transform (2D-FFT)
of the first image is dominated by a ring-like feature representing the disordered
regions, as shown in Fig. 4.10 d). The molecules are rotationally disordered, but
their intermolecular distance is rather well defined. Hence the FF'T resembles
the diffuse LEED images of the submonolayer phase at RT. The FFT is slightly
distorted, since the distortion in the STM image has not been corrected. Some
spots and faint streaks are also present in the FFT, originating from the island
in the upper left of the STM image. These features are similar to the ordered
SPA-LEED image, if one considers that only one of the three rotational domains
is present in the imaged surface area.

If more molecules were deposited onto the crystal, the fraction of ordered
regions at LT increased, until the layer was closed. When the coverage was
close to one monolayer, the same ordered structure could also be imaged at RT.
Figure 4.11 shows three equivalent domains, located on different terraces and

z[AIRY)
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4 o U R g b s T,
63x75 nm*; V=-2.8 V; I=140 pA; T=108 K

Figure 4.11: a) Islands of three rotational F14CuPc domains, located on differ-
ent terraces, demonstrate the influence of the hexagonal substrate
symmetry. b) A 2D-FFT of the image is in excellent agreement
with the SPA-LEED results.
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rotated against each other by 120°. Thus, the formation of ordered adsorbate
structures is influenced by the three-fold substrate symmetry. Again, STM
image and its 2D-FFT are slightly distorted. Nevertheless, the FFT agrees very
well with the SPA-LEED data of the ordered phase. This confirms that the
STM images are representative of the typical adsorbate structure.

The degree of accordance between the SPA-LEED and the STM results could
be quantified further by comparing linescans through the LEED pattern and
FFT of STM images. Figure 4.12 shows linescans (black curves in ¢) and d)),
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Figure 4.12: Comparison of a) SPA-LEED and b) STM-FFT results. In the
regions marked in blue and red, linescans along the streaks have
been recorded for both methods, as shown in ¢) and d).

recorded along the streaks through the (0,1) and (0,2) spots of the superstructure
as marked by the red and blue rectangles in a). The better statistics in the
linescans helps to identify the rather weak spots. Also, it is confirmed that
some spots are extinguished and not just weak, as can be seen for example in
the 1st order scan around ky = +0.45 A~1. These linescans are compared with
linescans through the according regions of an FFT of an STM image (orange
curves). A good qualitative agreement between SPA-LEED and STM-FFT is
found in most cases in particular regarding the peak positions.
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The structure formation of the molecules was further analyzed by STM as
discussed in the following. An image of a single rotational F15CuPc domain is
shown in Fig. 4.13. It can be seen, that the domain consists of molecular rows

28.1°

=/ 29.3° ~
2 §
~

60x60 nm’: V=-1.2 V; =70 pA: T=108 K

Figure 4.13: a) Drift corrected STM image of a large F14CuPc island showing
rows of well ordered molecules that are aligned with the silver sub-
strate. Domain walls, indicated by the dashed lines, are found
every second row. b) shows a closeup including the proposed unit
cell drawn in blue. The measured in-plane angles within the two
types of rows (domains) are given below.

along which all molecules adopt the same in-plane rotation angle and a well
defined intermolecular distance. FExcept for some point defects or small defect
regions, the molecular layer was well ordered. The cloverleaf-like shape of the
molecules was nicely resolved with the center of the molecules appearing as a
depression for both imaging at positive and at negative bias voltages. The reason
is that the the molecular orbitals close to the Fermi-level, which dominate the
LDOS contrast, have no significant occupation probability at the central copper
atom. This can be seen from the DFT calculations for free molecules in the gas
phase, shown in Fig. 4.1. Hence, the apparent height in the STM images does not
represent the topology of the molecules. Apparent depressions at the molecular
center are also commonly found for other planar phthalocyanine molecules on
metal substrates (e.g. ZnPc/Ag(111) [69], NiPc/Au(111) [70]), for which there
is also no considerable occupation probability of electrons in molecular states
near the Fermi-level at the metal atom.

Neighboring rows of FjsCuPc were always glided against each other along
a (211) direction of the substrate and two different molecular orientations ap-
peared within an island as shown in Fig. 4.13. In most cases, the in-plane angle
changed every second row, so that a pair of rows will be called a row domain in
the following with domain walls (marked by the dashed lines) where the in-plane
angle changes. A segment of four rows can be described by a glide mirror sym-
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metry with a domain wall acting as the symmetry axis. Therefore, a repeating
unit that describes most of the surface expands over one molecule along the
rows and over four molecules in the perpendicular direction, i.e. (011). This
fits nicely to the dimensions found for the LEED unit cell (see discussion of the
adsorption model below).

The dislocations and different rotations of the molecules within the rows are
probably induced by a mismatch between the substrate lattice and the favored
intermolecular arrangement, given by intermolecular potential minima. If the
molecules are forced to arrange in formations that are unfavorable with respect
to their intermolecular interactions, the adsorbate layer is stressed. As a con-
sequence, regular dislocations may appear, which minimize the surface tension
of the film. In other systems, this results in defect lines, i.e. an increased dis-
tance between two rows. If such regular dislocations are not found, it might
be that one of the two interactions (molecule-substrate or intermolecular) is
very dominant, or that the optimum intermolecular geometry matches a com-
mensurate surface registry by chance. In the case of F14CuPc on Ag(111), the
molecule-substrate interaction is physisorptive or weakly chemisorptive, so that
the molecule-molecule interaction strength could be in the same order of mag-
nitude. However, the high density of domain walls observed in STM indicates
a considerable mismatch to the substrate lattice.

Spot extinctions

The structure found here, which consists of a repeating unit of four rows, is the
reason for the spot extinctions in LEED as will be discussed in the following.
The structure factor F' of the unit cell can be calculated as the sum of the
scattering factors of the four molecules inside the cell. The nomenclature is
explained in Fig. 4.14, the calculation is performed in equation 4.6.

y

Y=Y, Ay,
V=Y, tAy,

Ys=Y:tAy,

\

X104 x+12  x,+3/4

Figure 4.14: Nomenclature for the structure factor calculations. Equal distances
of the four molecules inside the unit cell are assumed.
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Here G = (h,k,1) is the reciprocal lattice vector and r; = (x;,y;,2;) is the
position vector of the molecule j within the unit cell. Ay; = y; — y1 describes
the dislocation of the molecule j = 2...4 in the y-direction (i.e. one of the (211)
directions) compared to molecule 1. In z-direction (i.e. (011)), a perfect peri-
odicity with equal distances of 1/4 of the unit cell length between neighboring
molecules is assumed. The form factors f; of the molecules are further assumed
to be equal, which is not exactly true, since e.g. the molecules have different
in-plane orientations. Nevertheless this should be a valid approximation con-
sidering that the F;CuPc molecules are rather symmetric, flat lying objects.
The spots along the direction of A* are reflected by the case of k = 0, i.e. zero
order of B*. Structure factors for some exemplary values of h are calculated in
equation 4.7.

k=0,h=0:[.] =1+ 2mt/Ah g o=2mi/2h 4 gm2mi8/ih _ g
k=0h=1:[.]=1+e V/2m ¢4 3/2m _

F=0h=2:[]=14e T +eM 4 e =0 (4.7)
k=0h=3:[.]=1+e 3/2mi 4 o=3mi | —9/2mi _ ()

hm Oh =4[] =14 e 27 ey 67 _ g

As can be seen, the structure factor is zero for h = 1, h = 2 and h = 3 and
non-zero for multiples of 4. This explains why only every fourth spot along
A* is not extinguished. Hence the extinctions are a result of the well defined,
equidistant intermolecular separations in x-direction, representing the inter-row
distance. For the higher orders of B*, i.e. for k = 1, k = 2 etc., the calculations
are more complicated, especially since the values of the dislocations Ay; are not
so well defined. The shifts between neighboring rows are not always the same
in every four-row-segment. Hence, the proposed unit cell does not describe the
structure perfectly. The less well defined periodicity along the high symmetry
directions (011) qualitatively explains that many LEED spots are smeared out
to streaks, which is not represented by a single unit cell. Still, our proposed
unit cell describes the dominant part of the structure, since the LEED model
spots fit to the positions of the maxima along the streaks.

Real space model

The spot extinctions described above and the sharpness and intensity of the
hexagonal spots indicate that the inter-row distance is well defined despite of
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any dislocations or different angular orientations. Therefore, we know from the
SPA-LEED results that

e the intermolecular distance along the rows is d, = |]§| =15.02 A, while
e the inter-row distance is d, = |A|/4 = 15.17 A.

These very accurate numbers can be used to correct the distortions in the STM
images due to thermal drift, imperfect piezo settings etc. From the corrected
images, the in-plane orientations of the F15CuPc molecules in the two different
row domains can be quantified. The results are angles of (28.1+3)° and (29.3+
3)° between the axis along opposite wings of the respective molecule and the
(211) substrate directions as illustrated in Fig. 4.13. These numbers indicate
that within error bars, the wings are aligned along high symmetry substrate
directions.

Combining the results from SPA-LEED and STM, we arrive at an adsorption
model as presented in Figure 4.15. The rectangular unit cell is drawn in blue

Figure 4.15: Real space model for the monolayer structure of FisCuPc on
Ag(111). The unit cell (blue rectangle) is known from the LEED
results while the in-plane rotations and relative orientations of the
molecules have been estimated from STM experiments. Domain
walls are indicated by the black dashed lines. The adsorption sites
of the molecules are arbitrarily chosen.

on the lattice of the Ag surface. Four F14CuPc, visualized by ball-and-stick
models, are placed in the unit cell at relative positions according to the STM
results with domain walls given by the black dashed lines. While the in-plane
angles of the molecules relative to the substrate are also known from STM,
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the exact adsorption sites are unknown and have been chosen arbitrarily in the
model. This model represents the predominant structure for the adsorption of
F16CuPc islands on Ag(111), although units of different periodicity along (011)
also occur, as described above.

The structure found here is essentially the same as reported previously by
Huang et al. [59]. However, these authors proposed a unit cell with a super-
structure matrix of (230 g based on STM and LEED. The discrepancy to our

results is easily explained, since SPA-LEED allows measuring unit cells with a
much higher precision than a conventional LEED or an STM.

4.3.3 Origin of the structure formation

Pair potential calculations have been performed to model the intermolecular in-
teractions between two F16CuPc molecules, similar to the calculations for SnPc
described in chapter 3. The results can easily explain the intermolecular re-
pulsion observed for the submonolayer RT phase, as seen in Fig. 4.16 a). The

E [eV

F..CuPc + F,.CuPc

25 20 -15 -10 -5

10 15 20 25 t15 -10 0
Az [A]

oA’

Figure 4.16: Pair potential calculations for two F16CuPc molecules in a) lat-
eral and b) stacked geometry. Attractive and repulsive regions are
represented by the blue and red colored regions, respectively.

map shows the pair potential for two identically oriented and laterally displaced
molecules on the same height (Az = 0). While the first molecule was fixed in
position, the second one was scanned across the x/y plane with a step size of
0.1 A. The color code displays the resulting potential energy at each point as
seen in the legend of the figure. Only regions of positive potential are found,
representing energetically unfavorable geometries. Different relative in-plane
angles of the molecules from 0° to 90° in steps of 1° were tried but also yielded
strictly repulsive results. The potential approaches its minimum of zero as the
intermolecular distance increases. This qualitatively explains the observations
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for the low coverage regime at RT described above. Due to the intermolecular in-
teractions considered in the calculations, the molecules do not cluster to ordered
structures but tend to distribute evenly across the sample surface to maximize
their distance. This manifests in the ring structure observed in LEED. When
the coverage increases, the average intermolecular distance decreases. Above
a certain critical coverage, the rotations and movements of the molecules are
sterically hindered, forcing them to arrange in ordered structures. FEach ad-
ditional molecule that adsorbs in the first layer results in a more unfavorable
situation regarding the intermolecular potentials as the average intermolecular
distance decreases, leading to stronger repulsion. The energy gain for the total
substrate/adsorbate system must therefore be the result of molecule—substrate
interactions, described by the adsorption energy of the molecules. When the
maximum coverage in the first layer is reached, it becomes more favorable for
additional molecules to adsorb in the 2nd molecular layer. The same mechanism
is true for other phthalocyanines showing repulsion at RT. Compared to CuPc,
an F1gCuPc film can reach a lower critical molecular density on Ag(111) before
adsorption in the 2nd layer starts. This is apparent from the area per molecule
of the corresponding monolayer unit cells, which is 191.6 A? for CuPc [45] and
227.8 A? for F15CuPc, respectively.

A repulsive intermolecular interaction dominates the adsorbate arrangement
at RT. When the system is cooled down on the other hand, the molecules form
ordered structures already in the submonolayer regime. This means that the
molecules cluster to islands, as was confirmed by STM. Hence, their total inter-
action must be switched to attraction. Obviously a new balance of forces has
arisen as a consequence of the reduced temperature.

A similar behavior was found by Kréger et al. [45] for the structure for-
mation of CuPc on Ag(111). The CuPc molecules also show repulsion at RT
and attractive interaction at LT leading to island formation. In contrast to
F15CuPc, the pair potential map of two CuPc molecules shows small attractive
regions [32, 33]. Kroger et al. explained that these minima represent shallow
local potential minima. At RT, the thermal energy of the CuPc molecules is
high enough to overcome the diffusion barriers and cross the potential wall in
the direction of increasing distances. At LT on the other hand, the molecules
can become trapped in the local minima, resulting in island formation.

In case of F14CuPc on Ag(111) the situation is different. The pair potential
map shows only strictly repulsive regions, so that no attractive local minima
exist due to intermolecular interactions considered in our calculation. However,
the fact that the structure formation behavior is rather similar to CuPc/Ag(111)
suggests that the energy environment of the F16CuPc¢ molecules should also be
similar.

An idea to explain this problem was found by calculating the pair poten-
tial maps separately for electrostatic potential and van-der-Waals potential.
Fig. 4.17 a) shows a map of the electrostatic potential between two equally ori-
ented F1CuPc molecules. The arrows indicate distance vectors to the nearest
neighbors along the row direction, i.e. (211) as they were found in the experi-
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Figure 4.17: Pair potential calculation for two F1CuPc molecules, considering
a) only electrostatic and b) only van-der-Waals interactions. The
arrows indicate distance vectors to the nearest neighbors along the
TOWS.

ment. The absolute value of the vectors of 15.02 A was taken from SPA-LEED
as described above, while the angles between the molecular diagonal and (211)
were measured in Fig. 4.13 b). Tt can be seen that the vectors clearly end in
repulsive electrostatic potential regions. The electrostatic interaction becomes
attractive only for rather small intermolecular distances, for which in turn the
van-der-Waals potential is strongly repulsive due to the Pauli repulsion, as seen
in Fig. 4.17 b). Therefore, the total potential of electrostatics + van-der-Waals,
which was already shown in Fig. 4.16, does not contain any attractive regions.
However, in Fig. 4.17 b) it is striking, that the distance vectors end almost ex-
actly in local minima of the van-der-Waals potential. It is unlikely that this is
mere coincidence. It seems that the actual potential landscape at LT is rather
well described by the van-der-Waals potential minima.

Possible explanations would be that either
e the electrostatic repulsion is decreased at LT, or

e an additional attractive interaction exists, which is not included in the
calculations, or

e the used vdW parameters (see Table 2.1) are not correct.

In the first two cases, the effect (additional interaction or weakened electrostatic
interaction) does not necessarily occur at LT only. It can also be present at RT,
where the thermal energy of the molecules is too high for a trapping of the
molecules in potential minima in analogy to the argumentation for CuPc.

Charge transfer between adsorbate and substrate is a common phenomenon
that can lead to different distributions of partial charges in the molecules and
considerably alter the electrostatic interactions. This is a possible reason for the
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discrepancy between the experiment and our calculations. However, the adsorp-
tion heights of carbon (3.25 A) and fluorine (3.45 A) atoms in F1CuPc/Ag(111)
measured by Gerlach et al. via XSW [61] rather indicate physisorption than
chemisorption. Hence, a large overlap of van-der-Waals radii with the substrate
atoms appears unlikely.

On the other hand, the same authors report a strong upward bending of
the fluorine atoms in the molecule, based on different coherent positions and a
small coherent fraction of the C atoms of F¥/(C) = 0.41. These results point
to a bending of the adsorbed molecules that is not the case for free Fi5CuPc
molecules. Such a strong deformation is usually only observed on strongly in-
teracting surfaces. For Fi13CuPc on Cu(111) [61], an even stronger bending of
the molecules was found, while the molecules remain flat on Au(111) [71]. As
the degree of bending scales with the adsorbate—substrate interaction strength
(increasing from Au to Ag to Cu), the reason seems to be either a direct in-
teraction between the fluorine atoms and the substrate or a substrate mediated
interaction. Gerlach et al. proposed that the upward bending of the fluorines
could be due to partial rehybridization of the carbon atoms from sp® to sp®
upon adsorption, which would change the C-F bonding angle. Since adsorption
heights for nitrogen and copper are not available, a reasonable pair potential cal-
culation for a bent geometry similar to the SnPc calculation in chapter 3 could
not be done. However, it is obvious that rehybridization as well as a strong
bending of the molecule can have a significant influence on the electrostatic and
van-der-Waals interaction, which might explain the observed contradiction of
experimental and theoretical finding. Most likely it is not only a mere upward
bending of the fluorine atoms, since this would only induce a small vertical
dipole moment, which in turn adds an additional repulsive contribution to the
intermolecular potential.

It can be speculated further about another effect explaining the molecular
bending. In an LDA-DFT study on atomic fluorine adsorption on metal sur-
faces [72], it was found that a positively charged F* ion will be bound more
weakly and with a larger equilibrium distance to the surface than an F~ ion,
which is the typical adsorption state. This was found to be the result of a
reduced image charge attraction due to screening and of an increased Pauli
repulsion. These results should be transferable to some degree to molecular
adsorbates containing fluorine atoms. A charge transfer from the fluorine end
groups to other parts of the molecule or to the substrate could explain the
bent geometry with the F atoms pointing away from the surface due to similar
mechanisms. Such a charge transfer might be responsible for a change of the
interaction potential landscape, leading to lateral attraction between Fi5CuPc
molecules.

The 3rd possible reason for the discrepancy between experiment and calcula-
tions could simply be a wrong set of vdW parameters. These parameters were
mainly taken from literature, as described in chapter 2.4. Typically, these para-
meters are derived for small molecules like Fa. Using these parameters for larger
molecules is an approximation that could lead to considerable systematic errors.
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As a consequence, the vdW potential could, e.g., be underestimated compared
to the electrostatics. Since the pair potential calculations were found to produce
satisfying results for the interactions of PTCDA, CuPc [32], tetracene [56] and
SnPc, this error would probably be found in the vdW parameters for fluorine.

Figure 4.16 b) shows the pair potential map for two F14CuPc molecules in a
stacked geometry. This time the position of the second molecule is changed in
the y/z plane while the x position of both molecules as well as their rotation
in the x/y plane is equal. It can be seen that the interaction is repulsive,
if the y position of both molecules is similar. This is easily explained, since
atoms with equal partial charges oppose each other in such a configuration.
The situation is different when the shift between the molecules is Ay = £3.9 A.
At these positions, energy minima of E,,; = —2.02 eV are found. The reason
is that now mostly oppositely charged atoms face each other, leading to an
attractive Coulomb interaction between the molecules. The positions of the
minima correspond to an ideal layer distance of |Az| ~ 3.0 A if the molecules
are interpreted as being adsorbed in different layers.

4.3.4 Growth of the 2nd layer

F16CuPc grows in a layer-by-layer mode (Frank-van der Merwe) on Ag(111) at
least up to the 3rd layer. This means that the Ehrlich-Schwoebel barrier for
diffusion across FigCuPc island edges must be rather small. An STM image
of a preparation with an FigCuPc coverage between 1 ML and 2 ML is shown
in Fig. 4.18. The surface is covered with a close packed first layer of F15CuPc,
except for some holes and disordered regions as seen in the image. In the 2nd
layer, F16CuPc also tends to form rows of flat lying molecules, aligned along
the same substrate directions than the first layer rows. If the coverage of the
2nd layer is not too high, an intermolecular distance along the rows, which is
twice as large as that in the close packed rows of the 1st layer, is preferred. It
turned out to be impossible to record higher resolved images of multilayer films,
since the molecules are too weakly bound and are easily moved by the STM tip.
However, the 2nd layer has been analyzed in more detail in reference [59]. The
authors showed that F1CuPc molecules adsorb on top of 1st layer molecules
with a relative rotation of ~ 45° within the limits of measurement accuracy.

Since the interaction between the 1st and 2nd organic layer should be rather
physisorptive, this adsorption model can be tested by calculating the pair poten-
tial between two vertically displaced F1CuPc molecules. For this calculation,
an out-of-plane separation of Az = 3 A, which was the optimum stacking dis-
tance found in Fig. 4.16 b), was applied between the two molecules. Apart from
this, the calculation was done in the same way as in Fig. 4.16 a); i.e. the second
molecule was scanned across the z/y plane for relative in-plane angles from 0°
to 90°. Two of the resulting potential maps are shown in Fig. 4.19. For equal
orientation of the molecules A@ = 0°, the potential is strongly repulsive if the
2nd molecule is located on top of the other. This changes when the 2nd molecule
is rotated stepwise. The absolute minimum is found for Af = 45° with the sec-
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Figure 4.18: STM image of an F5CuPc coverage >1 ML. Molecules in the 2nd
layer are found to adsorb with the same alignment to the substrate
than those in the first layer. Some holes and disordered regions in
the first layer are visible.

ond molecule located at the center of the map. This finding agrees very well
with the STM results mentioned before, even though only the interaction with
one of the molecules in the first layer has been taken into account. For a more
realistic analysis, interactions with the neighboring molecules in the first layer
would have to be calculated in addition, which is too time consuming for our
purposes. Nevertheless, the result already confirms that the F14CuPc molecules
preferably adsorb on top of first layer molecules and are rotated by 45° to reduce
repulsion. This kind of geometry resembles the configuration typically adopted
by "double-decker" phthalocyaninato (Pce) molecules [73, 74].

Adsorption of F;sCuPc on Au(111) and Cu(111)

A very similar structure compared to that on Ag(111) was reported for the
adsorption of monolayer films of F;sCuPc on the Cu(111) surface [75] from
STM measurements. Molecular rows with two different in-plane orientations
were also found. One difference is that in this system, the orientation often
changes from row to row instead of every second row. Therefore, the domain
wall periodicity is less well defined than on Ag(111).

On the Au(111) substrate on the other hand, results for two different phases
have been published. While Chen et al. [76] have reported a row structure similar
to that on Ag(111) and Cu(111), de Oteyza et al. [71] have found the molecules
to agglomerate with a higher degree of order. All molecules showed the same
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Figure 4.19: Pair potential map for the interaction of two FisCuPc molecules
with a separation of Az = 3 A: a) For equal orientation of the
molecules, a repulsive region occurs at the center of the map. b)
The absolute minimum is found for both molecules lying on top of
each other with a relative angle of 45°.

orientation and similar dislocations between all rows could be seen in their STM
measurements. However, the discrepancy could simply be the result of different
sample temperatures, since the former measurements were done at T=77 K
while the latter were performed at RT. A phase transition from one ordered
phase to another upon cooling would explain the different results. Considering
the structure formation tendency of Fi14CuPc, the reported RT phase might
also be the structural motif within a larger row domain. The average size of row
domains might change drastically upon cooling as a consequence of the reduced
thermal mobility accompanied by a change in the force balance. A coexistence
of two different phases is another possibility, especially since STM measurements
are very localized. Different phases do not necessarily occupy similar parts of
the surface, so that minority phases can easily be missed by STM. Images from
the publications of Wakayama, Chen et al. and of de Oteyza et al. are shown
in Fig. 4.20.

We have recorded a SPA-LEED image of ~ 1 ML F15CuPc on Cu(111) shown
in Fig. 4.21, which is consistent with the STM results by Wakayama. The
observed LEED pattern resembles that on Ag(111), since a similar set of strong
hexagonal spots and streaks shows up at the same positions in k-space. The
major difference is that the streaks are much more smeared out, so that no
maxima are visible along the streaks. This can be understood from the STM
image in Fig. 4.20 a). On the Cu(111) surface, the four row segment that
describes the unit cell well for F16CuPc on Ag(111) appears less frequently,
since the periodicity along the (011) directions of the substrate is even more
undefined. As hardly any periodicity is preferred, the diffracted intensity is
almost completely smeared out in these directions.
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Figure 4.20: STM images of the F14CuPc monolayer structure a) on Cu(111)
from Wakayama [75], b) on Au(111) at T=77 K from Chen et
al. [76] and c) a different structure on Au(111) at T=RT from de
Oteyza et al. [71].

A comparison of the adsorption behaviors on Au(111), Ag(111) and Cu(111)
emphasizes that the strength of the molecule-substrate interaction is the key
for the different structure formations. On the weakly interacting Au substrate,
the molecules adopt a structure that is dominated by the intermolecular inter-
actions, possibly resulting in larger row domains. For the stronger interacting
substrates Ag(111) and Cu(111), different rotations and dislocations are regu-
larly induced in order to reduce the total surface energy of the system.

Comparison with other adsorbate systems

LEED patterns showing well defined streaks have also been found for other
molecules on metal or semiconductor surfaces. Murphy et al. [77] investi-
gated Ni(II)diphenylporphyrin (NiDPP) on a substrate of silver evaporated onto
Si(111). The authors found a dimer row structure in STM and streaks in LEED
consistent with FFT of their STM images. These streaks were attributed to
disorder along the molecular rows due to non-equivalent rotations or bending
of phenyl rings. Another example is the adsorption of calcium fluoride (CaF3)
on Si(001) studied by Suturin et al. [78]. The authors also find streaky LEED
patterns that are explained by a low correlation between adjacent chains of
molecules.

It can be concluded that streaks in a LEED pattern of a surface structure are
typically the result of a more or less undefined periodicity in one dimension. In
the direction perpendicular to the streaks, the periodicity is well defined. This is
the case for chains or rows of molecules, as they are usually well ordered along
the chain or row, but do not necessarily show a good inter-row correlation.
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Figure 4.21: SPA-LEED image of ~ 1 ML F15CuPc on Cu(111). The pattern is
similar to that on Ag(111), but the streaks are more smeared out.

The occurrence of dislocations between adjacent rows along or perpendicular
to the row direction is usually a result of the molecule-substrate interactions.
On stronger interacting substrates misfits occur more frequently, because it is
energetically favorable for the molecules to adsorb on specific adsorption sites.
These sites are in general not compatible with the periodicity of the adsorbate
lattice that is favored due to intermolecular interactions. As a compromise,
more or less regular dislocations or other misfits occur to relax the strain in the
system. On weakly interacting substrates, the adsorbate-substrate interactions
are often not dominant. In this case, the molecules rather arrange in structures
that represent a minimum of their intermolecular interaction potential.

4.4 Conclusion

In summary, the adsorption of (sub-)monolayers of Fi1sCuPc on Ag(111) has
been investigated for different coverages at RT and at LT to study the effects
of fluorination on the adsorption behavior of phthalocyanine molecules. Two
distinct phases have been found and discussed. A phase transition between a
disordered and an ordered phase occurs at a critical coverage of © ~ 0.95 ML
or upon cooling a submonolayer film below ~ 153 K. The disordered phase at
RT is the result of the repulsive intermolecular interactions as confirmed by pair
potential calculations. The transition to the ordered phase on the other hand
is the result of the molecules being sterically forced into ordered arrays upon
increasing the coverage or of a change in the total force balance of the system
upon cooling.

The structure of the ordered phase was investigated in detail by SPA-LEED

and STM. A unit cell with the epitaxy matrix (21 0

3 6) was found to describe
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the dominant spot pattern in LEED. This unit cell contains four non-equivalent
molecules, which is the result of the row structure in the islands found in STM.
Neighboring rows are displaced along their chain direction, which is [211], [112]
or [121] in the respective rotational domains. Two different in-plane orientations
of the molecules within the rows were found, so that the dominant structure
could be described by row domains with domain walls between every second
row and a glide mirror symmetry. The axis through one pair of opposite wings
encloses an angle of ~ £30° with the row direction and thus is aligned with one
of the high symmetry (011) directions of the substrate. The streaky part of the
LEED image, which is not explained by the unit cell, was found to be the result
of the poorly defined periodicity perpendicular to the row directions. Missing
spots in the LEED pattern have been explained by extinctions caused by the
four molecules in the unit cell.

Compared to the non-fluorinated CuPc, the structural motif found here is
more complicated. In CuPc films on Ag(111), all molecules are equally oriented,
resulting in unit cells containing only one molecule. This is true for the p.o.l.-
phase as well as for the commensurate c-phase [45]. The F15CuPc molecules
experience a rather strong electrostatic repulsion when they are forced to come
closely together. Therefore a close packed FisCuPc film is more stressed than
an according CuPc film. This probably causes the observed dislocations and
different orientations of the F14CuPc molecules in order to reduce the stress.
Consequently, F6CuPc orders in a more complicated epitaxy than CuPc.

The results presented have been compared to the adsorption behavior of
F16CuPc on other surfaces and also to different molecules on metal substrates.
This leads to a general qualitative understanding of the structure formation of
F16CuPc on Ag(111), also in the context of intermolecular (pair-)potential cal-
culations. However, compared to the results for SnPc, the intermolecular forces
are not as dominant in F16CuPc/Ag(111), since a substrate induced weakening
of the electrostatic interaction between the molecules had to be considered for
explaining the structure formation at LT.
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5 CuPc/F;CuPc hetero-organic
interfaces on Ag(111)

In this chapter, the co-adsorption of the two organic semiconductors CuPc and
F16CuPc on the Ag(111) surface will be examined. CuPc was chosen, since its
exclusive adsorption on this surface is already well studied with SPA-LEED,
PES and XSW [45]. Also, it has been successfully used in different organic
electronic devices |3, 79, 80]. CuPc molecules show intermolecular repulsion on
Ag(111) at RT leading to dilute phases, but form commensurate sub-ML islands
at LT, which requires an overall attractive interaction. This behavior as well
as the resulting structural phase diagram is very similar to SnPc/Ag(111) [8].
The only major difference is that the LT phase contains just one CuPc molecule
per unit cell. This is due to the fact that CuPc is a flat molecule, even when
adsorbed on the Ag(111) surface as can easily be seen in STM [81]. SnPc¢ on
the other hand is non-planar and can be adsorbed in two different geometries
as was shown in chapter 3.

The exclusive adsorption of the other component, F15CuPc, has been dis-
cussed in detail in chapter 4. In the following, the focus will be on hetero-organic
systems composed of these two types of molecules. Laterally mixed layers, i.e.
mixtures of both molecules within the first monolayer, are analyzed by SPA-
LEED in the first section. Afterwards, stacked systems of F14CuPc on closed
monolayers of CuPc on Ag(111) will be discussed, considering SPA-LEED and
XSW results.

Predictions from pair potential calculations

We will start our investigations with pair potential calculations for the interac-
tion of CuPc¢ and F14CuPc molecules in order to make predictions about the
structure formation. In the later sections, the experimental results will be com-
pared to the calculations described here.

The geometrical structures of both molecules are rather similar. Both are
planar in the gas phase and only differ in the type of terminating atoms bonded
to the four phenyl rings (fluorine vs hydrogen). This leads to a slightly larger
diameter of Fi4CuPc compared to CuPc. However, the main difference is in
the electronic structure. Due to fluorination, the molecular orbitals close to the
Fermi-level are lowered, which leads to an increased electron affinity (82, 83, 71].
Consequently, F15CuPc is an n-type semiconductor (acceptor) while CuPc is p-
type (donor).
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The different electronic structures lead to different distributions of partial
charges within the two types of molecules, which considerably influences the
intermolecular interactions. Figure 5.1 a) shows a map of pair potentials for one
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Figure 5.1: Pair potential calculations for CuPc (center of image) and F1sCuPc
in a) lateral and b) vertically stacked geometry. Blue colors represent
attractive regions of the intermolecular potential as given by the
color code in the legend.

CuPc with one laterally displaced F14CuPc molecule. The pair potential was
calculated for different lateral arrangements of the molecules in analogy to the
calculations for SnPc shown in Fig. 3.15. Here, the CuPc molecule was placed in
the center of the image, while the position of the F15CuPc molecule was scanned
in steps of 0.1 A along # and y. This calculation was done for relative in-plane
angles of the F1gCuPc molecule to the CuPc molecule from 0° to 90° in steps of
1°. It can be seen that the intermolecular potential is strictly attractive, which
is mainly caused by the electrostatic attraction between the terminating atoms
in the acceptor—donor pair. Only when the molecules get too close, the potential
becomes strongly positive due to the Pauli repulsion. The absolute minimum of
all calculations can be found for equal in-plane angles of the molecules as shown
in Fig. 5.1 a). Eight equivalent minima due to symmetry reasons are found
with a depth of Epy = —0.294 ¢V. The distance of [AR| = 14.31 A between
the CuPc center and the minima corresponds to the optimum binding distance
with respect to the intermolecular interactions considered in the calculations.
These energy minima are considerably deeper than the minimum of £ ~ 30 meV
found for the interaction of two CuPc molecules [32]. The potential map of two
F16CuPc molecules on the other hand shows no attractive regions at all, as could
be seen in Fig. 4.16 a). Therefore, it can be expected that mixed structures of
both types of molecules will be favored over a phase separation into pure CuPc
and F1CuPc islands.

Figure 5.1 b) shows a similar calculation for CuPc and F16CuPc in a stacked
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geometry. A fixed value of Az = 0 as well as equal rotation in the z/y plane
was assumed and the position of the F15CuPc molecule was scanned in the
y/z plane instead. The resulting intermolecular potential is attractive except
for the weakly repulsive corners of the image. Four deep energy minima of
Epot = —3.34 €V can be found at slight shifts of 0.7 A between the molecules
along the y-axis. This suggests that F1CuPc molecules will adsorb flat-lying
rather than tilted when deposited on a CuPc monolayer, since a w-stacking of
two F16CuPc molecules, as would be found in a tilted geometry, was found
to result in shallower energy minima in Fig. 4.16 b) and hence should be less
favorable. The positions of the potential minima correspond to a preferred layer
distance of Az =~ 3.1 A, which will be compared to experimental results later.

5.1 Laterally mixed layers of F;;CuPc and CuPc

Laterally mixing two (or more) types of molecules in different ratios is a potential
method for producing layers with customized structural or electronic properties.
As an example for the investigation of lateral co-adsorption, we mixed CuPc
with F16CuPc on the Ag(111) surface. Closed (mono-)layers of mixed films were
investigated for many different stoichiometries of CuPc¢ and F16CuPc, so that
Ocupce + O, scupc & 1 ML. It should be noted that due to the slightly different
sizes of the two types of molecules and the different final structures, closing the
1st layer will result in different molecular densities of the film depending on
the stoichiometry. The closest packed layer is called a monolayer structure in
each case. In all measurements, the molecules were deposited subsequently onto
the Ag(111) surface. Deposition was monitored by short 2D in-situ SPA-LEED
scans similar to the procedure described for F15CuPc/Ag(111). Also the QMS
signals of the molecular fragments at m/z = 128 amu for CuPc¢ and 200 amu
for F15CuPc were recorded, respectively.

The results are summarized in a rather complex diagram of structural phases,
depending on the exact stoichiometry (coverages of both molecules) and on
temperature as shown in Fig. 5.2. The sample temperature is plotted versus
coverage, whereby both the CuPc and the F;5CuPc partial coverages are given
in fractions of the total coverage on the x-axis. By varying these parameters,
different regions were found, which can be roughly divided into

e an Fi5CuPc-rich region for Ocype/Orotal < 27%,
e a CuPc-rich region for Ocypc/Ototal > 55%, and
e an intermediate region in between.

For each region, a number of different measurements has been done at RT and at
low temperature around 100 K. In each case, the LEED pattern did not change
fundamentally upon cooling, although in most cases more spots were visible
at LT. This is due to the reduced mobility of the molecules leading to better
ordered layers, and due to the increased Debye Waller factor and the reduced
thermal scattering background [13]. In all regions the influence of the deposition
sequence was also checked by depositing either CuPc or F14CuPc first, but no
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Figure 5.2: Structural phase diagram of mixtures of F1CuPc and CuPc with a
total coverage of Ocype + O zcupe =1 ML. Different stoichiometries
have been investigated at RT and at LT. The phase diagram can be
roughly divided into three regions.

considerable effect was found.

Integrated ion current signals from the QMS during deposition were used
for determination of the coverage of each compound. For calibration of the
deposition rate, the integrated ion current from deposition of a known cover-
age was used. For CuPc, such a reference coverage could be determined very
precisely (£0.02 ML), because CuPc passes through a series of well defined,
distinguishable, point-on-line structures between 0.89 ML and 1 ML coverage
on Ag(111) [45]. For F15CuPc, the only possible reference point is the coverage
at which LEED spots appear at RT. This transition was ascribed to a coverage

of ~ 0.95 ML in chapter 4, but with a larger uncertainty.

5.1.1 Intermediate phase

We start with an analysis of the intermediate region of the structural phase
diagram, since it is the easiest to describe. Furthermore, the structural motif
described here can be found to some degree in the other regions as well. The
phase formation behavior was analyzed by in-situ SPA-LEED measurements, as
shown in the following.

Fig. 5.3 shows a series of SPA-LEED images recorded at intervals of 1 min
during the deposition of CuPc onto a sample covered by 0.23 ML F;5CuPc.
The formation and transition of phases can be followed in the images. Before
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0.,,.=0.08 ML
E=24eV

Figure 5.3: Sequence of short 2D SPA-LEED scans monitoring the deposition
of 0.7 ML CuPc onto a sample initially covered by 0.23 ML of
F16CuPc. The circles mark spot groups that change during the
phase transition.

depositing CuPc, only diffuse intensity from the dilute F15CuPc film was visible
as described in chapter 4. The first important observation is that rather intense
LEED spots appeared already after deposition of small amounts of CuPc be-
tween 0.08 ML and 0.16 ML. The total coverage ©cypc + Op,gcupc Was still far
from a closed layer at this point. This shows that ordered hetero-organic islands
were formed already at submonolayer coverages (and at RT), which can only be
expected when the intermolecular interaction between the different molecular
species is attractive. Repulsion, as it is observed for both species when adsorbed
without the other at RT, would lead to a phase separation or to a disordered
dilute mixed film. The adsorption behavior of the single species was discussed
for F16CuPc in chapter 4 and for CuPc in Ref. [45]. Hence, the intermolecular
potential considerably influences the growth mode in the submonolayer regime.
The LEED pattern remained the same from 0.16 ML to 0.54 ML in the example
in Fig. 5.3. At Ocype = 0.62 ML, the spot pattern started to change quite
abruptly, indicating a phase transition when the total coverage approaches a
closed layer. Some of the changed spot groups are marked in Fig. 5.3. In the
following discussion, we will concentrate on the sub-ML phase first.
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Submonolayer coverages

The LEED pattern that forms in the submonolayer regime (of total coverage)
has been analyzed in detail. Generally, most LEED spots of the superstructure
in this phase are very intense already at RT, as seen in Fig. 5.2. Only some
spots, including the twelve innermost spots around the (0,0)-reflex, are rather
faint and can be seen more clearly when the sample is cooled down. No further
change in the LEED pattern can be observed at LT. The high spot intensity
compared to the background indicates that the adsorbate film is highly ordered.
Typically, ordered phthalocyanine domains are often separated by coexisting
disordered regions, as was e.g. observed for SnPc/Ag(111) in chapter 3. Such
disordered regions reduce the signal-to-background intensity ratio of the super-
structure spots. Therefore, we expect that only few disordered regions exist in
the intermediate region discussed here, which would further confirm the rather
strong intermolecular interactions between CuPc and Fi4CuPc, favoring the
growth of ordered islands.

LEED model

Some of the superstructure LEED spots appeared elongated in many prepara-
tions. However, we will postpone the discussion of this observation until the
closed monolayer films are analyzed. If the elongations are neglected, the whole
LEED pattern can be described by a single unit cell, as shown in Fig. 5.4. The

Figure 5.4: 2D SPA-LEED image showing the spot pattern of a mixed system
of 0.44 ML of CuPc plus 0.47 ML of F14CuPc on Ag(111). On the
right, LEED model spots indicated by the red circles are superim-
posed. Unit cell vectors and high symmetry substrate directions are
indicated by the white arrows.

image on the right side is superimposed with spots calculated from a LEED
model (red circles), whereby the white arrows represent the reciprocal unit cell
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vectors A* and B*. This superstructure is commensurate with respect to the
substrate, as expressed by

A a 2 —6\ (ad

(5)-6)-C )6 o
with @ and gbeing the unit cell vectors of the substrate. In real space the super-
structure unit cell vectors have a length of |A] = |B| = 20.84 A and include an
angle of 92.2°. Thus, the cell has a thombic shape. The unit cell area of 434 A2
suggests that it contains two non-equivalent molecules. Considering the stoichio-
metric ratio of the two types of molecules and their intermolecular attraction,
the dominant structure is probably a 1-to-1 phase of one CuPc¢ molecule and one
F16CuPc molecule in an alternating "chessboard"-like arrangement. According
to surface crystallographic conventions, a primitive rhombic cell is rather de-
scribed by a centered rectangular Bravais lattice. The respective centered cell

Ms> is given by
A+ B\ _ a\ _ (10 0\ (d
(g_fr)MZ@(a 12)(5)

in this case. Interestingly, the My unit cell describes a c¢(2 x 2) superstructure

of the (g g) unit cell of the c-phase of CuPc on Ag(111) at LT described by

Kroger et al. [45]. This finding suggests that the molecules in this mixed phase
form a similar lattice as those in the CuPc LT phase, with the difference that
every second one is now F14CuPc and possibly has a different in-plane rotation
angle.

(5.2)

Since the content of the unit cell is not accessible from SPA-LEED, a more
sophisticated pair potential calculation has been carried out in order to specify
the most probable molecular orientations (see Fig. 5.5). The x/y potential map

—6

8 6
the calculations for the c-phase of SnPc in Fig. 3.17. Therefore, intermolecular

interactions to its eight nearest neighbors (four CuPc molecules in the corners
of the unit cell and the four next F1gCuPc molecules, i.e. all molecules drawn
in Fig. 5.7 below) were taken into account. In this way, the constraints of the
commensurate structure, which in the end arise from the molecule substrate
interactions, are considered. In a detailed calculation, the position (Az, Ay) of
the grid of F15CuPc molecules was scanned across the region marked by the red
square in Fig. 5.5 a) in steps of 0.1 A while the CuPc¢ molecules remained on
fixed positions. This calculation was repeated for in-plane angles ¢ from 0° to
90° relative to Ag[011] for both the CuPc and the F15CuPc molecules in steps
of 1° each.

for one F14CuPc molecule inside a unit cell was calculated in analogy to

In Fig. 5.5 b), the map containing the deepest energy minimum is shown.
The CuPc molecules are rotated by 52° to a high symmetry substrate direction
while the F14CuPc molecules are rotated by 62°. As can be seen, only a small
region yields attractive potentials due to the sterical confinement of the center
molecule. The optimum position is exactly in the middle of the unit cell, which
can be expected because of the symmetry of the arrangement of molecules.
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XAl

Figure 5.5: Pair potential calculation for F14CuPc inside a 1-tol phase unit cell
(shown in blue): a) shows the nomenclature of the used distances and
angles. A detailed scan was done only for a small region (marked
by the red square); b) shows the according potential map at the
optimum in-plane orientations of both molecule types. The position
of the absolute minimum is marked by a black cross.

This finding agrees well with the SPA-LEED results, since this position is equal

to the position that the molecule would occupy in the (g g) unit cell of the

commensurate CuPc c-phase.

Generally, the commensurate arrangement of phthalocyanine molecules into a
(g g) unit cell seems to be favorable on the Ag(111) surface, as this unit cell is
found for many phthalocyanines on this surface, e.g. CuPc [45], HoPc [64], par-
tially fluorinated ZnPc (ZnPcFg) [84] and FePc [68]|. This adsorption structure
is probably the result of a site specificity of the bonding to the Ag(111) surface,
which is similar in all these systems. In a study on the metal-free HoPc [64, 33],
it was shown that the attractive interaction with the substrate is mediated by
the nitrogen atoms in the aromatic body of the molecule. The same mechanism
might be responsible for the structural motifs favored by other phthalocyanines,
as long as there are no other dominant interactions (e.g. permanent dipole
moments or strong electrostatic repulsion). For Fi4CuPc/Ag(111) we found a
large unit cell in chapter 4 containing four molecules with a unit cell vector
A =21-d. Therefore the distance between the FigCuPc molecules along (011)
is larger than it would be in a (g 2)
tor). This is probably a consequence of the electrostatic repulsion, influencing
the structural motif.

unit cell (by 1/4 of a surface unit cell vec-

In the case of F15CuPc plus CuPc on Ag(111), the deviation of the in-plane
orientation of Af = 10° between the two molecular species, induced by the unit
cell constraints, can be understood as a compromise between the intermolecular
and the adsorbate-substrate interactions as follows. The pair potential calcula-
tion without unit cell constraints shown in Fig. 5.1 a) yielded a total minimum
for equal in-plane orientation of the molecules. However, the energy minima
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do not coincide with commensurate adsorption sites in this case. For a relative

0.3
0.2
0.1
0.0
-0.1
-0.2

-0.3

Figure 5.6: The pair potential map of CuPc and FigCuPc with a relative in-
plane rotation of 10° and without unit cell constraints. The vectors
to the nearest neighbors found from SPA-LEED coincide very well
with intermolecular potential minima.

rotation of 10° on the other hand, the unit cell vectors fYCupc and ECUPC of

the g g unit cell, which describe the positions of the nearest neighbors in

the 1-to-1 phase, match the minima of the intermolecular potential quite well.
This is visualized in Fig. 5.6, where the Ag substrate lattice is shown superim-
posed on the potential map between a central CuPc molecule and an FiCuPc
molecule, rotated by 10°. The black arrows represent the unit cell vectors with
‘g(jupc‘ =14.45 A and |§cupc\ =15.02 A. Both vectors are only slightly longer
than the optimum intermolecular distance of 14.31 A found in 5.1 a). Therefore
the experimentally observed configuration represents an optimum compromise,
similar to the findings for the c-phase of SnPc, as was shown in Fig. 3.18. At
these adsorption sites, the energies of interaction of a molecule with the sub-
strate as well as the interaction with its nearest neighbors are both minimized.
The small mismatch between preferred adsorbate and substrate lattice enables
a commensurate registry, because only a small elastic strain is induced upon
matching the two lattices. A similar observation was made for the y-phase of
tetracene on Ag(111) [56], where the positions of intermolecular potential min-
ima were found to be compatible with a point-on-line registry of the molecules.
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Adsorption model

The resulting adsorption model is visualized in Fig. 5.7. The molecules are

(1? ;;

52° 62° f}

15 o)

Figure 5.7: Real space model for the sub-ML 1-to-1 phase of CuPc and F;5CuPc
in the intermediate region: The unit cell as measured by SPA-LEED
is shown in blue. One molecule of each type per unit cell is suggested.
The adsorption sites are arbitrarily chosen while the in-plane orien-
tations are taken from pair potential calculations. The red dashed
unit cell belongs to the commensurate LT phase of CuPc on Ag(111),
the black one is a ¢(2 x 2) superstructure thereof.

represented by ball-and-stick models taken from Gaussian DFT calculations
and are drawn on the same scale as the surface model. As already anticipated,
two molecules fit very nicely into the Mj unit cell (blue rhombus). Adsorption
sites of the molecules are not known from SPA-LEED and are arbitrarily chosen
in the model. However, if the molecules arrange in the optimum intermolecular
geometry as given by the calculations above, then the molecule in the center
occupies the same adsorption site as the corner molecules. This is visualized
by the red dashed rectangle showing the unit cell of the c-phase of CuPc on
Ag(111). The in-plane orientations of the molecules are adapted from the pair
potential calculations described above.

Interestingly, the F1CuPc molecules order quite differently in the mixed film
compared to a pure Fi5CuPc film, as described in chapter 4. Probably the
commensurate adsorption geometry, which is generally favorable for most ph-
thalocyanines on Ag(111), is not adapted by pure F15CuPc islands due to the
electrostatic repulsion between the molecules. This hindrance vanishes when the
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5.1 Laterally mixed layers of F16CuPc and CuPc

F16CuPc molecules are mixed with CuPc species, so that their final structure is
changed.

The correctness of the in-plane angles, taken from the pair potential calcula-
tions, could be verified by STM in analogy to the measurements for SnPc and
F16CuPc discussed in chapters 3 and 4, but this was not done in the context
of this work. Measuring exact adsorption sites with STM is very challeng-
ing, since atomic resolution has to be achieved for both layers (adsorbate and
substrate) simultaneously. Nevertheless, such measurements have been suc-
cessfully performed for some systems like PTCDA on Ag(111) [85] or CuPc
on PTCDA/Ag(111) [10]. Another potential method might be Surface X-ray
Diffraction (SXRD) [86]. The probability for multi scattering events of X-rays is
very low which enables an analysis of the relative diffraction intensities with the
kinematic theory. However, performing SXRD on organic layers proved to be
difficult because of the low interaction cross section of the X-rays, which results
in a rather low signal intensity from a thin organic layer, and because of the
much higher demands on the quality of the Ag surface in particular regarding
a small roughness. Successful studies have been reported only very rarely, e.g.
in Ref. [87].

Closed monolayers

As was seen in Fig. 5.3, a phase transition occurs when the total adsorbate
coverage approaches a closed monolayer as the commensurate mixed chessboard-
like phase described above vanishes. To analyze this transition, we will have a
closer look at preparations with different coverages.

We have mentioned earlier that in many preparations some of the LEED spots
were elongated along one of the high symmetry directions [110], [011] or [101] of
the silver substrate. Fig. 5.8 shows two LEED images of mixed films with total
coverages of 0.75 ML and 0.9 ML, respectively. For 0.75 ML in Fig. 5.8 a), the
spots exhibited a Gaussian shape and were well described by the commensurate
1-to-1 unit cell. In the pattern in Fig. 5.8 b) at 0.9 ML on the other hand,
many spots appeared elongated, indicating that a part of the film had already
started to transform into a new structure. This elongation was not caused by
an anisotropic domain size of the superstructure, as can be seen in the linescan
in Fig. 5.8 d). Here, clearly two peak components were found for the LEED
spot enlarged in Fig. 5.8 ¢), which means that the spots were split and not
broadened. Thus a part of the film had undergone a phase transition and both
phases coexisted on the sample. The stronger spot component represents the
commensurate phase described above, which still describes the dominant part
of the adsorbate film at this coverage.

When the first layer is closed, the phase transition is completed and a new
spot pattern evolves, as shown in Fig. 5.9. Here, the total coverage of the mixed
film was 1.0 ML. A part of the prominent spot groups closely resembles the spot
patterns found for the point-on-line phase of CuPc on Ag(111) [45]. The blue
circles indicate LEED model spots for such a CuPc p.o.l.-like phase with a matrix
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Figure 5.8: a), b) SPA-LEED images of laterally mixed films of CuPc and
F16CuPc with total coverages of 0.75 ML and 0.9 ML. ¢) Closeup of
a group of superstructure spots. As indicated by the dashed arrow,
a linescan has been recorded along the elongated spot as shown in
d), including a fit model.

of (g% _50%%6) We can therefore conclude that the molecules have formed a

close packed film with similar intermolecular distance vectors than for a close
packed CuPc film. Additionally, we found 1/v/2-order spots in analogy to the
findings for the commensurate 1-to-1 pattern discussed before. The adsorbate
structure is therefore described by a chessboard-like ¢(2 x 2) superstructure of

a CuPc p.o.l-like phase. In Fig. 5.9, a matrix of (igg _55§;9> was applied for

calculating the corresponding LEED model spots marked in red, which is the
according primitive unit cell.

This behavior can easily be explained by similar arguments as for the struc-
ture formation of CuPc/Ag(111). The doubled unit cell size indicates that
CuPc molecules and F15CuPc molecules alternate in a chessboard-like pattern
throughout the submonolayer and monolayer coverage regime, adopting similar
structures as a pure CuPc film at LT. At submonolayer coverages the molecules
occupy commensurate adsorption sites due to site specific interactions with the
silver substrate. In analogy to CuPc/Ag(111) at LT, the molecules are forced
to deviate from their favored adsorption sites when the total adsorbate coverage
approaches 1 ML due to sterical reasons, since the Pauli repulsion increases.
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5.1 Laterally mixed layers of F16CuPc and CuPc

Figure 5.9: Two LEED models for a mixed film of CuPc and F;sCuPc with a
total coverage of 1 ML. The blue circles mark spots of a CuPc-p.o.L.
phase, while the red circles represent a c(2 x 2) superstructure of the
former.

This results in the observed phase transition as the unit cell becomes smaller
with its unit cell vectors moving along lines of the substrate lattice. The devia-
tion from the favorable commensurate registry leads to a gradual energy loss of
the adsorbate lattice. Following the same argumentation as for SnPc, this effect
is overcompensated by the adsorption energy gained when additional molecules
are incorporated into the first molecular layer of the mixed film. Similar phase
transitions from a commensurate to an incommensurate structure upon cover-
age increase have been reported e.g. for CuPc/Ag(111) [45], HoPc/Ag(111) [64],
SnPc/Ag(111) [8] or NTCDA /Ag(111) [88].

Comparison with other hetero-organic systems

Mixtures of CuPc and Fi16CuPc have also been analyzed on a HOPG surface
by Huang et al. [89] via STM. These authors found that for very low CuPc
coverages, single CuPc molecules are incorporated into the F15CuPc monolayer
structure which is rather similar to that on Ag(111). For mixtures containing
comparable fractions of CuPc and F15CuPc, an alternating mixed phase forms,
that looks like a chessboard in STM due to the different electronic contrast of
the two types of molecules. A unit cell of thombic shape with A = B =20.2 A
and an angle of 88° between the unit cell vectors was reported. The two types of
molecules show almost the same in-plane orientation. Therefore, this structure
is very similar to the 1-to-1 phase proposed in this work. The size of the unit
cell vectors is slightly larger than those of the mixed phase on Ag(111) found
by SPA-LEED. However, reading out unit cells from STM is usually less precise
due to the typical distortions of the technique.

A quite similar 1:1 checkerboard pattern has been found by Calzolari et al. [90]
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for a mixed layer of ZnPc and FigZnPc on Ag(111). In their work, alternating
patterns of equally oriented ZnPc and FigZnPc molecules were found, which
could be differentiated in STM images due to their different electronic contrast.
A unit cell of A =2.03 nm, B = 2.01 nm and # = 89° was reported.

Altogether, mixtures of phthalocyanine molecules with their fluorinated coun-
terparts seem to result in rather similar chessboard-like patterns if the coverages
of the two components are comparable. Due to the four-fold symmetry of the
molecules, almost quadratic unit cells are favored. The preference for alternat-
ing patterns of the fluorinated and the non-fluorinated molecular species was
already predicted from the results of the calculation in Fig. 5.1 a). Such an
arrangement is mainly stabilized by the electrostatic attraction between the
positively charged hydrogen and the negatively charged fluorine terminating
atoms. Deviations of the actually measured unit cell vectors and angles from
the values calculated for the intermolecular interactions are basically the result
of interactions with the substrate. The molecules deviate from their optimum
intermolecular arrangement to optimize their bonding to the substrate. In the
case of the CuPc-F;4CuPc sub-ML 1-tol phase found in this work, the commen-
surate unit cell is evidence for a rather strong interaction with the substrate.
Therefore, the angular difference of A#=10° between the two molecular species
calculated in Fig. 5.5, where the fixed unit cell was given as input, differs con-
siderably from the optimum calculated in Fig. 5.1 for only two molecules.

Other STM studies have been published in literature about mixing phthalo-
cyanines with two-fold symmetric molecules, e.g., F15CuPc plus DIP (di-indeno-
perylene) [91] on Au(111) and on Cu(111), or CuPc plus PTCDA on Cu(111) [92,
93]. Typically, phases with different stoichiometries of both compounds are
found coexisting on the surface. Due to the different symmetries of the molec-
ular species, different arrangements are often favored instead of a chessboard
pattern. In some cases, the mixed layers order into alternating rows of both
species, e.g., CuPc plus DIP on Ag(111) [94]. This shows that in general the
structure formation in mixed films can already be influenced, e.g., by the choice
of components with specific molecular symmetries.

Interestingly, the 1-to-1 phase of F14CuPc¢ and CuPc¢ on Ag(111) found here
also strongly dominates for mixed systems with an excess of FigCuPc. One
might expect a phase separation in this case, so that large parts of the surface
are covered by 1-to-1 phase islands while the rest is covered by the remaining
excess F1CuPc molecules. The LEED pattern should then be a superposition of

8
such additional spots were not observed in films with small Fi5CuPc excess.

Only a very faint indication of a hexagon-like feature was visible in some cases.
This could mean that the excess regions are rather disordered. Only when
the stoichiometry of deposited molecules was such that the excess of FiCuPc
was very large (> 73%), a considerably different LEED pattern formed. This
F16CuPc-rich region of the phase diagram is described in a later subsection.

the (2 ;6 spots and additional spots from ordered F15CuPc regions. However,
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5.1 Laterally mixed layers of F16CuPc and CuPc

5.1.2 CuPc-rich phase

The two different mixed 1-to-1 structures described above also formed in some
cases in the CuPc-rich region, i.e. when the CuPc fraction of the total cov-
erage was >55%. A phase separation of the CuPc¢ and F14CuPc¢ components
was not found, since no considerably intense F14CuPc superstructure spots have
been observed. This supports the already predicted preference for mixed struc-
tures. However, in many preparations we found another structure, which will
be analyzed in the following. Two examples for this structure are shown in
Fig. 5.10 together with proposed unit cells. The LEED spot patterns resem-
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Figure 5.10: Two SPA-LEED images of CuPc-rich mixed films together with
calculated LEED model spots. a) 0.6 ML CuPc + 0.4 ML F14CuPc
at LT; b) 0.7 ML CuPc + 0.3 ML F14CuPc at RT. Both patterns
resemble CuPc/Ag(111) p.o.l.-phase patterns.

bled CuPc/Ag(111) p.o.l.-phase patterns, but without additional 1/v/2-order
spots in this case. Already during the deposition, the sub-ML spot pattern
rather resembled the CuPc c-phase pattern instead of the commensurate 1-to-1
mixed film pattern. Obviously the structure formation was very similar to the
intermediate stoichiometry region, except that no c¢(2 x 2) superstructure was
formed. All the CuPc-like unit cells we found in this CuPc-rich region of the
phase diagram are not large enough to contain more than one molecule. How-
ever, since there are no indications for the opposite, it must be assumed that
all molecules were still located in the first molecular layer and formed a disor-
dered (regarding the CuPc—F15CuPc arrangement), alloy-like structure instead
of the (2 x 2) superstructure. This means that the FjgCuPc molecules were
statistically distributed like defects in the CuPc dominated film. Therefore, no
additional superstructure spots occurred as the according periodicity was miss-
ing. This is the result of an uncompleted intermixing, since it is probably not a
thermodynamically stable order, and obviously happens preferably for mixtures
with high CuPc ratio. The lower the Fi4CuPc ratio, the lower is the proba-
bility to find considerably large parts of the surface covered by chessboard-like
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structures after the deposition, producing the according superstructure LEED
spots. The LEED pattern is instead dominated by pure CuPc domains. We
suppose that the higher ordered chessboard structure is more stable, since an
alternating sequence of CuPc and F14CuPc seems to be favorable considering
the intermolecular interactions between the two species, cf. Fig. 5.1 a). This is
supported by the fact that the chessboard structure was formed in some prepa-
rations even in this stoichiometric region. It can therefore be expected that it
is possible to transform the CuPc-like structure into the ¢(2 x 2) superstructure
by annealing the sample, an experiment that was not performed in the scope of
this work, however.

5.1.3 F;sCuPc-rich phase

At last, the phase with a high stoichiometric fraction of Fi14CuPc will be dis-
cussed. This region exists for CuPc fractions up to &~ 27% with the rest of the
first layer being filled with F1gCuPc. Figure 5.11 shows the FiCuPc-rich part

st oty M

OCuPc=10 % @CuPc=24 %
Figure 5.11: Details of the F15CuPc-rich region of the structural phase diagram,
showing very complicated spot patterns. Measurements for two

stoichiometries are shown, conducted at RT and LT (E=30 eV).

of the structural phase diagram in more detail with SPA-LEED images for two
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different stoichiometries, both investigated at RT and LT. For very small CuPc
partial coverages around 10%, all spots had a very weak intensity at RT. When
the CuPc fraction was increased to > 20%, the intensity of some spots increased
considerably. A closer look reveals that these strong spots at RT are identical to
the spots of the commensurate 1-to-1 phase in the intermediate stoichiometric
region described before in chapter 5.1.1. This is visualized in Fig. 5.12 a), where

Figure 5.12: 2D SPA-LEED diffractograms of Fi5CuPc-rich mixtures with a)
~ 24% CuPc at RT and b) ~ 10% at LT. On the right side, LEED
model spots are superimposed on the same images.

a mixed structure with a CuPc fraction of 24% is shown. On the right side, the
SPA-LEED image is superimposed with the 1-to-1 phase spots. It can be seen
that most of the intense spots are explained by the model. The interpretation
is that a part of the adsorbate film arranged in this phase. The lower the CuPc
coverage is, the less surface area can be filled with 1-to-1 phase islands and in
turn the weaker are the according LEED spots.

However, most of the surface exhibited a different structure. This became
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obvious when the sample was cooled to LT. The spots of the 1-to-1 phase were
still present, but many new spots became visible that are not explained yet
(see lower right image in Fig. 5.11). A large excess of F14CuPc naturally leads
to the assumption that a large part of the adsorbate film consists of islands
of pure F14CuPc arranging in the monolayer structure that was analyzed in
chapter 4. Indeed, for very low CuPc coverages at LT, like in the lower left
image in Fig. 5.11, the typical streaky features can be found. These streaks
appeared at the same positions in reciprocal space like those of the Fi5CuPc
monolayer pattern, as shown in Fig. 5.12 b). The according spots were hard
to identify because they were very weak and/or smeared out. Also in this low
CuPc coverage region, there are still unexplained spots left.

Interestingly, for CuPc coverage fractions above 20%, the streaky Fi4CuPc
features almost disappeared, see lower right image in Fig. 5.11. Probably it is
energetically favorable for the F1CuPc molecules to incorporate CuPc¢ molecules
into their structure. This is reasonable considering the informations obtained
from the pair potential calculations. While the intermolecular interactions are
repulsive for all lateral arrangements between two F14CuPc molecules, strongly
attractive regions exist for interactions with CuPc molecules. Therefore, the
disappearance of the streaky pattern as well as the still unexplained LEED spots
are probably the result of the formation of at least one more mixed structure
on the surface. The unit cell of this structure presumably contains several
molecules, most of them being F;4CuPc species. Unfortunately, a convincing
LEED model explaining the missing spots could not be found so far. Here, the
help of other experimental techniques like STM will be necessary.

5.1.4 Conclusion

The lateral structure formation in hetero-organic mixed films composed of CuPc
and FigCuPc has been investigated by SPA-LEED as a function of adsorbate
coverage, stoichiometry and sample temperature. Similarities and differences
compared to the adsorption of pure CuPc or F14CuPc films on Ag(111) have
been found and discussed. For stoichiometries with small CuPc portion, very
complex LEED spot patterns have been found, which correspond to large unit
cells containing several molecules. For higher CuPc portions, much simpler su-
perstructures are formed. Due to the intermolecular attraction between CuPc
and F16CuPc molecules, alternating chessboard-like patterns are favored in the
film structure, which was confirmed by pair potential calculations. Only for
large excesses of CuPc, a different structure was found in some cases, which
could be explained by a statistical distribution of F14CuPc molecules in a CuPc-
dominated film. In general, the molecules in the mixed film order very similar
to the CuPc/Ag(111) structure formation at LT. This emphasizes that similar
site specific interactions are present in different phthalocyanine species which
can lead to similar adsorption behaviors. Pure FigCuPc films differ from this,
probably due to their electrostatic intermolecular repulsion. Altering the chem-
ical environment of the F15CuPc molecules by mixing them with CuPc changes
their resulting structure. The mixed films were found to grow in ordered 2D
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islands on the surface at RT, which is different from the growth mode of both
pure CuPc and pure F16CuPc on Ag(111), forming dilute films for submonolayer
coverages at this temperature.

In conclusion, it was shown that mixing different phthalocyanine species in
a specific stoichiometry is an interesting approach for tuning the adsorption
behavior of an adsorbate film. Together with controlling the two other external
parameters of sample temperature and total coverage, different lateral structures
can be produced on the Ag(111) surface.
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5.2 F1;,CuPc on closed CuPc monolayers

In this section, an investigation of vertically stacked hetero-organic adsorbate
systems of CuPc and Fi14CuPc will be reported. In contrast to the previous
section, a closed layer of CuPc on Ag(111) was initially prepared by desorbing
higher layers of a thicker film at 7"~ 553 K. Afterwards, the desired amount of
F16CuPc was deposited on top at RT. In our SPA-LEED chamber, the F15CuPc
coverage was estimated from the integrated IC signal measured by the QMS. For
calibration of the deposition rate, the value which was estimated for depositing
a monolayer of FigCuPc directly onto the Ag substrate was used. This will
induce a small error since the sticking coefficient on both substrates, Ag(111)
and CuPc/Ag(111), is probably not equal.

5.2.1 SPA-LEED

SPA-LEED measurements of F15CuPc on CuPc/Ag(111) have been performed
at RT and LT for different coverages Oy of Fi5CuPc in the 2nd layer. The
results are summarized in Fig. 5.13. The first important observation is, that the
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Figure 5.13: Structural phase diagram of F14CuPc on CuPc/Ag(111): Rather
disordered patterns with low spot intensities dominate.

typical spots of the CuPc p.o.l.-phase are visible in all structural phases of the
diagram. They can be seen easily in the upper left LEED image in Fig. 5.13,
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since there only a ring of diffuse scattering intensity from the F14CuPc is visible.
Therefore, it can be concluded that the majority of FigCuPc molecules did
not enter the CuPc layer and the lateral order of CuPc was unchanged by the
deposition of F14CuPc. However, the spot positions were usually described
by the superstructure matrix given for a CuPc coverage of 0.97 ML rather
than 1 ML [45]. This means, that probably a small percentage (= 3%) of the
CuPc molecules was desorbed from the 1st layer during our standard annealing
procedure before F14CuPc was deposited. The intensity of the CuPc spots was
rather weak due to the damping by the 2nd layer. Scattering at the F;sCuPc
molecules manifested in diffuse intensity around the (0,0)-spot for ©9 < 1 ML.
Close inspection revealed, that this intensity is not a uniform ring, but shows
some star-like modulation. If the F14CuPc coverage was increased above 1 ML,
new fundamental spots appeared in some preparations and the diffuse intensity
disappeared. However, this phase transition was not always observed and the
resulting new spots were not always as sharp and intense as in the example
in Fig. 5.13. The ordered phase transformed back into the disordered phase
when the sample was annealed at T ~ 393 K, although no desorption could be
measured by the QMS. It also became gradually disordered during a longer SPA-
LEED scan as a result of radiation damage. Hence this phase is not very stable.
When the disordered phase was cooled to LT, the star-like scattering intensity
became more distinct, so that the star could be described by short streaks. Along
the contour of the star, maxima could be observed, representing broadened
spots. Therefore, this pattern shows some similarities to the streaky pattern of
F16CuPc on Ag(111), cf. Fig. 4.12. In the case of F14CuPc on CuPc/Ag(111),
the streaks appeared at smaller k-values, however. The LT phase also formed
when an adsorbate layer with ©3 > 1 ML was cooled, but the pattern was
more diffuse in this case. This phase also showed beam damage already after
~ 30 min, which complicated the analysis of the pattern, as achieving good
statistics of the intensity distribution was almost impossible. Higher orders of
the superstructure spots were very faint and hardly detectable in all phases,
which is a sign for incommensurability of the structure.

For the ordered diffraction pattern of F14CuPc on CuPc/Ag(111), a struc-
tural model has been found, which describes all diffraction spots. LEED spot
positions calculated from this model are shown as red circles in Fig. 5.14. The

according superstructure unit cell is described by a matrix of

713 5.29
M= (0.48 11,51) ' (5:3)

This unit cell is incommensurate (possibly point-on-line) and corresponds to an
oblique real space unit cell with |A] = 18.52 A, | B| = 32.60 A, including an angle
of 72.34° and an area of 575.41 A2, The finding, that all spots of the 0.97 ML
p.o.l-phase of CuPc/Ag(111) can also be indexed as spots of this unit cell,
indicates a strong relation between the two layers. We calculate the transition
matrix 7’ between the matrix of the ordered phase and the CuPc-matrix N [45],
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Figure 5.14: LEED model for the ordered phase of F1CuPc on CuPc/Ag(111).
Calculated positions of LEED spots are indicated by the red circles
in the right image, reciprocal unit cell vectors are drawn as white
arrows.

defined by M =T % N, which results in

—1
B S (713 529 (475 —022\"" (096 0.98
T=MxN _<O.48 11.51>*<2.61 560 ) —\—row 202)c G4

As can be seen, all elements of the transition matrix are very close to integer
values. Therefore a commensurate registry of the F15CuPc layer with respect to
the CuPc layer underneath is possible within error bars. This is surprising, since
the CuPc layer itself only shows point-on-line registry with the Ag substrate, so
that the CuPc molecules have different adsorption sites. Hence, the F1CuPc
adsorption sites are not strongly influenced by the interactions with the Ag
substrate, but determined by the CuPc lattice. This could be caused by the
interaction between partial charges on the F;4CuPc and CuPc molecules or by
m-stacking mechanisms. Obviously these interactions are not very strong, since
we found that the structure is rather unstable.

5.2.2 XSW analysis of CuPc on Ag(111)

The SPA-LEED results discussed above raise the question about the strength
of the interaction between the two organic layers of CuPc¢ and FiCuPc. An
interesting parameter indicating the interaction strength in stacked systems is
their vertical distance, given by the adsorption heights. XSW allows the deter-
mination of adsorption heights with a high precision of typically Ad¥ =~ 0.05 A
and is therefore the method of choice. However, since synchrotron radiation
is necessary, only one measurement could be done in the context of this work.
This has been performed at the beamline ID32 of the European Synchrotron
Radiation Facility (ESRF) in Grenoble, which was equipped with a hemispheri-
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cal electron analyzer (PHOIBOS 225, SPECS) at an angle of 90° relative to the
incident X-ray beam.

The analysis was expected to be challenging, since both types of molecules
are chemically very similar, only differing by the terminating atomic species.
Therefore, an XSW analysis of an exclusively adsorbed CuPc monolayer was
performed first as comparison. Due to time constraints, this measurement was
done at RT only.

XPS fit models

For the XSW analysis, XPS scans at different incident photon energies around
the Bragg energy of 2636 eV have been performed for the Cls, N1s and Cu2pj;
core level regions. It is known that an X-ray beam induces beam damage in
organic samples, which manifests in a significant reduction of the coherent frac-
tion in XSW. The onset of this effect defines the limit for the acquisition time
on one spot of the sample. Based on the experience from a previous XSW study
of CuPc on Ag(111) [45], we chose a maximum acquisition time of ~ 20 min
at RT. To achieve satisfying statistics, scans for each atomic species were per-
formed on different spots of the sample and summed up for the analysis. As a
small crystal mosaicity is a prerequisite for XSW, we only measured on spots,
which yielded a nicely shaped reflectivity curve with a FWHM < 1.1 eV. The
energy axis was calibrated by measuring the Agdds/p and Ag3dsp core level
positions of the substrate and comparing these with tabulated values.

Additionally, XPS scans with high statistics have been recorded for the same
core level binding energy regions at an off-Bragg energy of the incident photons.
When no Bragg condition is fulfilled, the X-ray intensity does not depend on
the height of the atoms above the surface since there is only the incident wave
instead of an intensity modulated standing wave. Consequently, the relative
areas of different peaks or peak components will reflect the stoichiometry of
the corresponding species within a molecule, since the relative intensities will
mainly be given by the number of scatterers. This allows to set constraints,
which reduces the number of free parameters for the fitting of the XPS data.
In this way, fit models for the different atomic species have been developed,
which were then used for fitting the XSW photoemission spectra. The area
of the background subtracted total region or of a fit component at one specific
photon energy gives one point of the according photoelectron yield curve (partial
photoemission yield). Repeating this analysis for all photon energies around the
Bragg energy with the same fit model, the complete yield curve is acquired.

Fig. 5.15 shows the off-Bragg XPS scans together with the final fit models.
The XPS analysis has been done with the program CasaXPS [95]. Generally,
peaks were modeled by Voigt functions with 30% Lorentzian contribution. The
positions and FWHMSs of the peaks have been left unconstrained to a large
extent. The only strict constraints used were area constraints due to stoichio-
metry reasons for chemically different atomic species. Details of the fit models
for the Cu2ps/y, N1s and Cls core levels will be described in the following.
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Figure 5.15: a) c¢) XPS scans and fit models for the Cu2pg,, Nls and Cls
core level regions. The scans were taken at an off-Bragg energy of
2640 €V of the incident photons. d) Geometrical structure of CuPc,
showing the chemically different carbon and nitrogen species.

e The Cu2pz/y region could simply be fitted by one peak and a linear back-
ground.

This is reasonable, since only one copper atom is present in each molecule,
so that all Cu atoms are chemically identical.

e For Nls, the shape of the main peak is clearly asymmetric, so that two fit
components were necessary. As background, a linear function was chosen
again.

This is a consequence of the two chemically different nitrogen atoms which
are present in the molecule - pyrrole nitrogens N, and azaporphyrine ni-
trogens N, the latter being bonded to the copper atom, cf. Fig. 5.15 d).
To take advantage of the stoichiometry of N, : N, = 1: 1, the fit was con-
strained to give equal areas for both peaks. We ascribe the peak at larger
binding energy to the pyrrole nitrogens in analogy to a recent XPS study
on a multilayer of cobalt phthalocyanine (CoPc) on Ag(111) by Schmid
et al. [96]. The authors report a chemical shift of 0.48 eV between the
two nitrogen species in CoPc, which is roughly comparable to the shift
of 0.66 eV found here. Note, that the background contains two broad
peaks at &~ 403 eV and ~ 393 eV, which are due to Ag plasmon exci-
tations. However, these are completely cut off by the linear background
chosen here, so that a more sophisticated background treatment was not
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necessary. This is different from the analysis of previous measurements
for which a different analyzer geometry was used, however [45].

e The Cls spectrum looks quite complicated as it contains several fit com-
ponents and a Shirley background [97].

Since a dedicated fit model is important for the later analysis of the stacked
system, different models have been tried for Cls. The CuPc molecules
contain three types of carbon atoms. Carbon species with only C or H
neighbors are labeled 1 and 2 in Fig. 5.15 d) and have very similar binding
energies. They are therefore represented by only one peak labeled C-C in
the spectrum. The carbon atoms which are bonded to nitrogen (C-N)
are chemically slightly different from the C-C carbons. The according
peak is shifted to a higher binding energy Ep, so that it is located in
the high energy shoulder of the main peak of the spectrum. The area
of the peak should be 1/3 of the C-C peak, due to the stoichiometry of
the molecules. However, the shoulder is much larger, so that it probably
contains a second component. A possible explanation could be that one
of the other components might be a shake-up satellite of the C-C peak.
This would mean, that the photoelectrons of C-C and C-C* stem from
the same source, but the C-C* electrons lost a discrete amount of energy
before reaching the analyzer. In this case, the stoichiometry would have
to be (C-C+ C-C*) : C-N = 3 : 1. Another possibility is that the shoulder
contains a component from a recoil excitation of vibrational structure.
Such an effect has been studied in detail for CF4 by Thomas et al. [98],
and was found to lead to a low kinetic energy shoulder that increases
with photon energy. We have tried to separate the components in the
shoulder in Fig. 5.15 ¢), but a subsequent XSW analysis did not produce
meaningful results. Therefore, only one component (S1) was used in the
final fit model to reduce the number of fitting parameters. The broad
component (SE) describes a continuous tail of electrons which stem from
one of the sources of the other peaks, but have lost non-discrete amounts of
energy on their way out of the sample due to inelastical scattering. Finally,
two small peaks (S2 and S3) are necessary to fit the high energy side of
the spectrum. These components could be shake-up satellites of the C-C
or the C-N peak. Since their origin is unclear, no according constraints
were applied.

This set of fit components describes the experimental curves quite well as can
be judged from the fit envelopes (red curves in Fig. 5.15 b)-c)). However, for
Cls only the XSW result for the total region will be shown in the following.
Regarding the height determination by XSW, the only meaningful single com-
ponent is the C-C peak, which produces almost the same XSW results as the
total region.
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XSW results

The fit models described above have been used to fit the XPS scans for the
XSW analysis at different photon energies. Positions and widths of all peak
components were fixed rather strictly to the optimum values found in the off-
Bragg XPS scans, constraining all peak widths to a tolerance of +0.1 eV. All
peak positions were coupled to the position of the first component, which was in
turn constrained to the optimum value £0.1 eV. All former constraints for the
peak areas have been loosened on the other hand, since the areas represent the
photoelectron yield, which is now the fit result of interest for the XSW analysis.
The complete electron yield curves are given by the areas of the according core
level regions at each energy of the XSW scan taken from CasaXPS. These values
are taken as input and are fitted by the electron yield equation 2.6, using the
program Torricelli [99]. Fig. 5.16 shows an overview of the electron yield curves
of the total Cu2ps/, Nls, and Cls regions together with the according fits
and fit results, as well as a representative reflectivity curve. All curves have
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Figure 5.16: a)—c) Electron yield curves and fit results for the Cu2pgy, Nls,
and Cls total regions in CuPc/Ag(111). d) shows a representative
reflectivity curve.

been normalized to the incident X-ray beam intensity, since this intensity is not
constant during the measurement. The reflectivity curve is rather sharp with a
FWHM of ~ 1.0 eV, which indicates a good substrate quality. All electron yield
curves are nicely fitted with very small error bars and show comparable fit results
for each atomic species. Copper and nitrogen are found at almost the same
coherent position, while the carbon position is slightly higher. The coherent
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fractions of all species are rather high, indicating that the layer is vertically well
ordered. Furthermore, this means that the positions of the chemically different
nitrogen (Ng, N) and carbon atoms (C-C, C-N) can not differ much. We can
conclude that the CuPc molecules are adsorbed flat on the Ag(111) surface
and essentially remain in their gas-phase intramolecular geometry. Notably, the
error bars given for the fit parameters of the electron yield curves are typically
very small. These errors originate from the error output from CasaXPS for
the peak areas, i.e. the electron yield. Other systematic errors are probably
larger, but difficult to quantify. If several measurements are performed for an
atomic species, the standard deviation of the results for the separately analyzed
scans can be used as a meaningful error bar for the results of the summed
scans. However for CuPc/Ag(111), not enough statistics was available, so that
an error of Ad = 0.05 A, based on previous experience, will be assumed for the
adsorption heights instead. This typical error was estimated with a different
setup resulting in worse resolution and should therefore be an upper limit for
our measurements.

The exact fit results are not perfectly equal, but comparable to the previous
results of Kroger et al. [45]. A comparison with these results is shown in Ta-
ble 5.1. While the results for Cls are very similar, the N1s and Cu2pg/y results

this work Kroger et al.
core level | FT P d7 [A] F PH d™ [A]
Cu2pg/y | 0.77(2) | 0.28(1) | 3.02(5) | 0.54(2) | 0.258(3) | 2.97(4)
Nls 0.64(3) | 0.27(1) | 3.00(5) || 0.57(2) | 0.297(3) | 3.04(4)
Cls 0.63(2) | 0.31(1) | 3.09(5) | 0.475(5) | 0.310(2) | 3.08(3)

Table 5.1: Fit parameters for the XSW analysis of 1 ML CuPc/Ag(111) and
comparison with Kroger et al. [45]

differ slightly. In the measurement of Kroger et al., the copper atoms were found
below the nitrogen atoms, while in our case, they are slightly above. One impor-
tant difference is that the measurements of Kroger at al. have been performed
with a different analyzer geometry (45° to the incident beam). In this setup,
multipole correction parameters are necessary and satellites like bulk plasmons
are found to be much stronger, which complicates the fitting process. However,
if the adsorption heights d¥, calculated from PH | are compared, one finds that
the error bars in both measurements overlap for all species. The results are
therefore compatible.

The two single N1s components have been analyzed separately, as shown in
Fig. 5.17. For the N, component, we obtain a very high coherent fraction,
indicating a well defined adsorption height. The fraction of N, is smaller, ac-
counting for a lower degree of order. Both coherent positions of PH(N,)=0.28
and P (N,)=0.26 are close to the average N1s value, obtained from the analysis
of the total region in Fig. 5.16 b). The corresponding adsorption heights are
d" = (3.02+£0.05) A and d” = (2.97 +0.05) A for N, and N,, respectively.
The difference of 0.05 A between the two N1s species is smaller than the sum
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Figure 5.17: Electron yield curves and fits for the NIs components of
CuPc/Ag(111).

of the error bars for the two adsorption heights. Hence, the adsorption heights
of the nitrogen atoms in the CuPc molecules do not differ significantly.

5.2.3 XSW analysis of F;sCuPc on CuPc/Ag(111)

After the measurement of CuPc on Ag(111) was completed, F15CuPc was de-
posited on top and a second XSW data set was collected. Conventional LEED
revealed that the F14CuPc coverage was below one monolayer within the disor-
dered phase regime (cf. Fig. 5.13). An exact coverage could not be estimated
from LEED but from the change of the photoelectron yield of the Cls core level
before and after the deposition of the second compound. This will be shown in
the following.

Coverage estimation

Regarding the photoelectron yield, one has to consider the effect, that the signal
from the first adsorbate layer (CuPc) will be damped by the molecules in the
second layer (F16CuPc). An attenuation of the incident X-ray photons can be
neglected, since their mean free path in solid material is very large. The intensity
Y (d) of the photoelectrons, emitted from the CuPc layer, will be attenuated on
its way through the F14CuPc layer of thickness d before reaching the analyzer.
This attenuation follows the Lambert-Beer law

Y(d) =Yy-e ¥, (5.5)

with the initial intensity Yp and the material-dependent attenuation length A,
which is also called inelastic mean free path here. A could in principal be
estimated by measuring the photoelectron yield of FigCuPc films of different
known thicknesses. However, such a study is not reported in literature to our
knowledge. In this work, the inelastic mean free path for electrons in F15CuPc
films is instead calculated from a semi-empirical formula reported by Seah and
Dench [100]. The authors compared published values for A of many different
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materials and established expressions for the dependence of A on the kinetic
energy FEp, of the electrons for different material groups (elements, inorganic
compounds, etc). For organic compounds, they arrived at

4
Alnm] = 1000 - p - (ETQ +0.11- \/Ekm> , (5.6)

kin
where p is the bulk density of the according material.

For F16CuPc, we assumed a density of 2118 kg/m?, which is a value that was
reported for a rather thick F16CuPc ribbon [101]. From Eq. 5.6, we calculated
A = 2.52 nm at an energy of Ey;, = 2351 eV, which corresponds to the Cls
energy position. An experimental determination of an attenuation length has
been performed recently for PTCDA/Ag(111) by Graber et al. [102] at kinetic
energies up to 1500 eV. For the Cls binding energy, their formula leads to
A = 4.69 nm, which is in the same order of magnitude as our value determined
above.

XPS curves in the regions of the core levels of interest have been measured
with high statistics for both the CuPc layer and the final system with F1CuPc
on top. The scans for the Cl1s region can be normalized, so that the background
intensity is equal in both curves on both sides of the spectra, see Fig. 5.18 d).
It is then found, that the total Cls photoelectron yield, given by the areas of
the spectra after normalization to the same background level and background
subtraction, had increased by & 15% after F14CuPc was deposited. Assuming a
thickness of 3 A for a single F14CuPc layer, Eq. 5.5 yields, that the signal from
those parts of the CuPc monolayer which are covered by F14CuPc is reduced to
Y ~ Yy -89% of its initial value. We will further assume, that the electron yield
of a CuPc molecule is equal to that of an FigCuPc molecule. The Fi5CuPc
coverage is then simply ©3 = 0.15/0.89 = 0.17 ML.

XPS fit models

From SPA-LEED it was known that the stacked system shows signs of radiation
damage after rather short times. To reduce a similar effect, the XSW analysis
was only performed at T' ~ 50 K. By repeatedly performing short XSW scans
on the same spot of the sample and checking the evolution of the coherent
fraction in this spot, radiation damage was found to occur after ~ 20 min at
this temperature. This again defines the limit for the acquisition time on one
spot of the sample. A similar procedure as for CuPc/Ag(111) was then followed
for the measurements. High statistics XPS scans have been recorded to develop
the according fit models, while shorter XPS scans were performed for the Cls,
N1s and Fls core levels at photon energies around the Bragg energy. Scans on
different spots of the sample were summed up in the subsequent analysis for
each element.

Fig. 5.18 shows an overview of the XPS fit models for F14CuPc/CuPc/Ag(111),
whose details will be discussed in the following.

e The F1s curve is simply fit by a linear background and a single peak.
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Figure 5.18: Fit models for the a) Fls, b) N1s, and ¢) Cls regions, taken at an
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off-Bragg photon energy of 2640 eV. d) shows a comparison of the
background subtracted Cls spectra before and after the deposition
of F16CUPC.

Since all fluorine atoms are chemically equivalent and only present in the
F15CuPc molecules, one symmetric peak is expected.

e The Nls spectrum looks rather similar to the spectrum of CuPc/Ag(111)

shown in Fig. 5.15 b). Again, two components are necessary to fit the
main peak.

Nitrogen atoms are found in both the CuPc and the F15CuPc molecules.
Furthermore, chemically different pyrrole and azaporphyrine species exist
in both cases, so that in total the spectrum should contain four different
components. However, the energy resolution of the electron analyzer is
not sufficient to resolve the small differences in Ep of the species from
fluorinated and non-fluorinated molecules. Therefore, we use only two
fit components for simplicity. Since these components are physically not
meaningful, only the total region has been analyzed further.

e For Cls, all five components from the fit model of the CuPc/Ag(111) Cls

spectrum have been adopted and a sixth component has been added.

Adopting the fit components from the CuPc/Ag(111) analysis is reason-
able, since the XPS signal from the CuPc layer should not be changed too
much by the adsorption of the Fi14CuPc molecules. Especially since the
F16CuPc coverage was found to be only 0.17 ML, large parts of the CuPc
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layer are still uncovered. The energy positions of the S2 and S3 compo-
nents have been fixed before fitting. The sixth component (C-F) accounts
for the main difference upon the adsorption of the FigCuPc layer. Its
position is fixed to the maximum position of the difference between the
XPS spectra before and after the adsorption of the 2nd layer, which is
shown in Fig. 5.18 d). The Cls curves have been normalized, so that the
background levels of both curves are identical on both sides of the region,
and afterwards background subtracted. The main peak of the difference
spectrum should describe those carbon atoms, which are bonded to flu-
orine and therefore considerably shifted in energy. Apart from this, the
two Cls spectra show almost the same shape. The C-F peak is the only
component, which stems from the 2nd layer only and is hence the most
interesting part of the model. Unfortunately, the S3 satellite is located
at almost the same binding energy, which complicates the XSW analysis.
If both components S3 and C-F are left unconstrained, then their XSW
results will contain contributions from both layers. Therefore, we decided
to restrict the area of component S3 to a fixed percentage of the area of
the C-C component. This is reasonable, if we assume S3 to be a shake-up
satellite (C-C*) of the C-C peak. Their XSW signature should then be
identical, which is ensured by the area constraint. In every fit model we
tried, the C-C peak was found to be dominated by the 1st layer, judg-
ing from its XSW results. Therefore, S3 (C-C*) will also contain mainly
1st layer photoelectrons, which decouples the C-F peak from a 1st layer
contribution at least to a large degree.

XSW results

At first, the results of the XSW analysis for the total regions are presented
in Fig. 5.19. The interpretation of the F1s result is straightforward, as these
photoelectrons can only stem from the FigCuPc layer. The coherent fraction of
FH = 0.52 means that this species shows a slight degree of disorder. However,
it is very likely that the molecules adsorb flat lying on the CuPc layer in order
to optimize the interactions between the m-systems of the two molecular species.
For a tilted geometry, a considerably lower coherent fraction would be expected.
As the LEED pattern corresponding to the LT phase was found to be rather
disordered, different adsorption sites with slightly different adsorption heights
are a possible reason for the observed value of FH. The coherent position of
PH = 0.62 corresponds to an average adsorption height of df = 6.18 A above
the Ag surface.

In contrast to F1s, the Cls and Nls regions contain contributions from both
the CuPc and the F15CuPc layer, so that the according XSW results are basically
an average of the two layers. Therefore, the coherent fractions of carbon and
nitrogen are lower than for the CuPc monolayer while the coherent positions are
higher for both species. All yield curves are again nicely fitted by the electron
yield equation 2.6, containing only small error bars. As already mentioned, the
true error of the XSW results is hard to quantify. The spread of the single
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Figure 5.19: Results of the XSW analysis: Electron yield curves for the total
a) Fls, b) Nls, and c¢) Cls regions are shown together with the
according fits and the resulting fit parameters. d) shows a typical
reflectivity curve.

measurements around the results for the summed up yield curves can be used
to quantify this. Such a spread can be nicely visualized in an Argand diagram,
as it is shown in Fig. 5.20. Here, the XSW results of the single electron yield
curves are denoted as open circles in different colors for the Cls, N1s and Fls
total regions. Closed circles represent the according results of the summed up
yield curves. It can be seen, that the single F1s results lie very closely around
the sum result, especially regarding the coherent position (i.e. the polar angle).
The spread of the single measurements is larger for the N1s region and even
more for Cls. A possible explanation would be an inhomogeneous Fi5CuPc
coverage on the sample. Because the measurements were conducted on different
spots on the sample, a different local coverage would lead to different N1s and
Cl1s results, since they represent averages from both layers. The Fls core level
electrons stem only from the second layer, so that the according XSW results
would not be effected by this. The standard deviations of the fit parameters
FH and PH of the single scans as well as of the resulting d¥ will be taken as
error bars for the sum results in the following.

Since the fit results for the total Cls region were not very meaningful, we tried
to extract some additional information from an XSW analysis of the single fit
components. As already discussed, at least the C-F peak should originate from
the 2nd layer only and hence produce XSW results similar to Fls. Fig. 5.21
shows the electron yield curves obtained for the separately analyzed Cls com-
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Figure 5.20: Argand diagram showing the XSW results for the total Cls, N1s
and F1s regions. Open circles mark single measurements, while the
results of the according sum of scans are shown as closed circles.

ponents. As already mentioned, the resulting coherent position and fraction for
the C-C peak are very close to the Cls result for CuPc/Ag(111) described above.
Therefore it is confirmed, that this component is dominated by the 1st layer.
The coherent positions of the broad SE component and of S1 are both higher
than 0.31. Hence, they probably contain a small contribution from 2nd layer
molecules. As expected, the results of FH = 0.40 & 0.08 and P = 0.54 4 0.02
for C-F clearly differ from the other components. The corresponding adsorption
height is estimated as d = (5.99 & 0.05) A. This is 0.19 A below the value
for the fluorine atoms, which is comparable to the height difference between C
and F found for F1CuPc/Ag(111) [61]. This could be interpreted as a similar
bending with fluorine pointing away from the surface, as was also found for F4-
TCNQ/Cu(111) [103]. However, the C-F peak used in our fit model might still
contain contributions from the 1st layer, so that the adsorption height could be
underestimated. The rather low coherent fraction might be an indication for
this.

Vector construction

Since the XSW results of the 1st layer are known from the separate measurement
of the CuPc monolayer, a different type of analysis becomes possible. Assuming
that the photoelectron yield of the CuPc monolayer is not changed by the 2nd
layer (apart from the damping described above), the XSW result of the total
system can be deconvoluted to obtain the contribution of the Fi4CuPc part.
This corresponds to a simple vector analysis in the Argand diagram, since the
contributions from the different layers, Yr, cupe and Youpe, can simply be added
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Figure 5.21: a)—e) Resulting electron yield curves and f) reflectivity curve from
the XSW analysis of the single Cls components. The C-F compo-
nent shows a considerably different XSW signature.

up by summing their corresponding vectors.
Y =a Yrscure + (1 —a) - Youre (5.7)

Fig. 5.22 shows this analysis for the N1s and the Cls results.

With the knowledge of the 2nd layer coverage ®5 and the strength of the
attenuation of the 1st layer calculated above, the F14CuPc fraction a of the
total electron yield can be estimated as

a = @2/[(1 — ©3) + O - exp (—d/)\) + @2) = 14.69%. (5.8)

Therefore, the vector of the CuPc monolayer result Yo, pe is multiplied by (1 — a)
to achieve the CuPc contribution to the XSW signal of the total system. Com-
pleting the parallelogram given by the total signal and the CuPc part, the
F16CuPc contribution is constructed. Finally this vector is multiplied by 1/a to
obtain the vector for the separated 2nd layer Y, cupe. This construction leads
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0.7

Figure 5.22: Vector construction for deconvoluting a) the Nls and b) the Cls
XSW results into the single components from the CuPc and
Fi16CuPc layers. The F14CuPc part is gained by completion of
the parallelogram given by the total signal and the CuPc part.

to values of FH =0.97 and P# = 0.62 for N1s and F¥ = 0.91 and P* = 0.60
for Cls, respectively. The coherent positions as well as the corresponding ad-
sorption heights of 6.18 A and 6.14 A for N1s and Cls, respectively, are in
good agreement with the XSW results for the fluorine atoms. In contrast to the
result for the C-F carbon component, these values indicate that the FigCuPc
molecules are rather flat lying than bent, when adsorbed on CuPc/Ag(111).

It should be noted, that the results of the vector construction depend on
the attenuation of the 1st layer photoelectrons by the 2nd layer, which was
only roughly estimated. However, by trying different values for the attenuation
strength, the error could be estimated. We found that only the coherent fraction
is strongly influenced by changes of this value. This value seems to be generally
overestimated in the vector constructions. The more interesting fit parameter
PH is only slightly affected as long as the true attenuation does not differ very
strongly from the estimation.

Finally it should be mentioned, that the adsorption of a 2nd layer might
change the vertical order of the atomic species in the CuPc interlayer slightly.
This was e.g. observed for CuPc on PTCDA/Ag(111) [10] by a change of the
PTCDA adsorption height upon CuPc adsorption, but cannot be considered
in this type of vector analysis performed here. Furthermore, the measurement
on CuPc/Ag(111) was performed at RT, while the stacked system was inves-
tigated at LT. However, the measurements of Kroger et al. [45] showed, that
the adsorption heights as well as the coherent fractions of the atomic species in
CuPc/Ag(111) do not change significantly upon cooling.

Vertical adsorption geometry

The resulting vertical adsorption geometry is sketched in Fig. 5.23. The ad-
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Figure 5.23: True-scale image, showing the resulting adsorption heights of the
investigated atomic species in F1gCuPc on CuPc/Ag(111). The
solid circles represent covalent bonding radii, while the dashed cir-
cles are van-der-Waals radii.

sorption heights df of the elements in the CuPc monolayer as well as in the
F16CuPc layer, calculated from Eq. 2.7, are drawn on the same scale as the
atomic radii. Both the covalent and the van-der-Waals radii [104] are shown
by the solid and dashed circles, respectively. A position for the Cu atoms in
F16CuPc is not given, since this was not measured. For the CuPc layer, the
van-der-Waals radii of carbon and nitrogen clearly overlap with the Ag surface
atoms, which indicates the well known weakly chemisorptive bonding character
of CuPc/Ag(111). A significant overlap of van-der-Waals radii between atoms
in the F15CuPc molecule and atoms in the CuPc¢ molecule is also possible but
only if carbon atoms are involved and for precise on-top adsorption.

Such a configuration is possible from the electrostatic and van-der-Waals in-
teractions, as shown in Fig. 5.24. This figure shows a pair potential map cal-
culated for F14CuPc on CuPc in analogy to Fig. 5.1 a). A vertical distance of
Az =3.1A between the two molecules was set, which is the optimum stacking
distance found in the calculation for Fig. 5.1 b). The global energy minimum is
found here for molecules lying on top of each other with equal orientation. This
is not necessarily the only favored F1CuPc adsorption site, as only one molecule
in the 1st layer is taken into account. However, it shows that a configuration
with e.g. carbon atoms of both species facing each other is possible. In the
pair potential calculation, this is probably stabilized by electrostatic attraction
between fluorine and hydrogen atoms. Such an attraction also speaks against a
possible upwards bending of the fluorines.

The stoichiometry of the atoms in the molecules is C:H(F):N:Cu=32:16:8:1.
Considering this, one can define a weighted average adsorption height dZ from
the available XSW results of the single atomic species. This results in
d? (CuPc) = 3.07 A and d (F1CuPc) = 6.16 A. Therefore, the average dis-
tance between the two organic layers is Adi = 3.09 A, which is close to the
calculated optimum stacking distance of Az = 3.1 A. Interestingly, this is clearly
below the weighted average of dff = 3.32 A for FisCuPc on Ag(111) calculated
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Figure 5.24: Pair potential map for the interaction of a CuPc molecule with an
F16CuPc molecule, shifted by Az = 3.1 A.

from the data in reference [61]. The layer difference, found for the components in
this organic organic interface, is comparable to adsorption heights in organic
metal systems, which are not purely physisorbed, e.g. CuPc/Ag(111) [45] or
NTCDA /Ag(111) [105, 106].

5.2.4 Conclusion

The hetero-organic interface of F16CuPc on CuPc/Ag(111) has been investi-
gated by SPA-LEED and XSW. F4CuPc initially grows in rather disordered
structures, but forms an ordered structure when its layer is closed. A com-
mensurate relation between the ordered superstructure and the CuPc interlayer
was found (within error bars), indicating that an unusually strong interaction
between the organic layers is possible. To characterize the interaction strength,
an XSW measurement has been performed on this system. For comparison, an
XSW data set of CuPc/Ag(111) was collected first, yielding results similar to
a previous study [45]. Afterwards, F16CuPc was deposited and a second mea-
surement was done. XSW results were obtained for the F1s, Cls and Nls core
level regions of the system. While F was only present in the F;4CuPc layer,
the Cls and Nls data had to be deconvoluted into the 1st layer and 2nd layer
contributions by a vector construction. All three atomic species yielded similar
adsorption heights, so that F15CuPc adsorbs flat lying on CuPc/Ag(111). An
average distance of 3.09 A to the CuPc layer was found, which indicates that an
overlap of wavefunctions between atomic species in the different organic layers
is possible. This would result in a weakly chemisorptive interaction between the
molecules, probably facilitated by their stacked 7-systems. Such a rather strong
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interaction might enable the commensurate registry between the layers found
with SPA-LEED. However, the interaction can not be strongly chemisorptive
and/or site specific, since the ordered structure could easily be destroyed by
moderate temperatures or by radiation damage.
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on Ag(111)

In this chapter, the results of the investigation of F15CuPc on a closed mono-
layer of PTCDA on the Ag(11l) surface are presented. These results shall
be compared to those of CuPc on PTCDA/Ag(111) [10] and of FigCuPc on
CuPc/Ag(111) discussed in chapter 5.2 to further improve the understanding of
hetero-organic interfaces.

3,4,9,10-perylenetetracarboxylic-dianhydride (PTCDA) on Ag(111) is one of
the most intensively investigated organic-metal interfaces [7]. The molecular
structure, calculated from DFT for a free molecule, is shown in Fig. 6.1 b). It
consists of two anhydride groups attached on opposite sides of an aromatic pery-
lene core. In contrast to phthalocyanines, PTCDA molecules show intermole-
cular attraction on Ag(111) at RT, resulting in island growth at submonolayer
coverages. The same structure is also maintained when the monolayer is closed.
The molecules arrange in a herringbone structure with two molecules per unit
cell [36, 65]. This superstructure is described by a commensurate matrix of

M= (Z ;) (6.1)

which yields a unit cell with |A|] = 18.96 A and |B| = 12.61 A, including an an-
gle of 89° and an area of 238.7 A2 in real space. From XSW [30], STM/STS [85]
and UPS [107] it is known that the molecules are chemisorbed on this surface.
PTCDA is more strongly bonded to the Ag(111) surface than CuPc, judging
from its smaller adsorption height [30, 45]. This should also influence the struc-
ture formation of higher layers.

In the work of Benjamin Stadtmiiller, mixed systems of PTCDA and CuPc
within the first monolayer have been investigated as well as stacked hetero-
systems [108|. For the stacked system, the surprising result was that CuPc
adsorbs with a commensurate registry to the underlying PTCDA monolayer on
Ag(111) [10]. This indicates that the interaction between the components of this
hetero-organic system is unexpectedly strong. Usually, a pure physisorption due
to van-der-Waals forces is expected for interactions at organic-organic interfaces.

In chapter 5.2 we reported about a relation between FigCuPc and a closed
CuPc layer below, which is also commensurate within error bars. However,
the corresponding ordered phase was quite unstable and the registry with the
Ag substrate was not commensurate but point-on-line. In this chapter we now
choose PTCDA as a different interlayer which exhibits a stronger and more site
specific bonding to the Ag(111) surface to study the effect on the organic organic
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interactions.

6.1 Structural phase diagram

Each experiment in this chapter started with preparing a monolayer film of
PTCDA on Ag(111), which could be done by a simple annealing procedure. A
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Figure 6.1: a) Typical TPD spectrum showing the desorption of a PTCDA mul-
tilayer from a Ag(111) crystal. b) Gas-phase structure of PTCDA
calculated by DFT.

multilayer film of PTCDA was deposited onto the freshly cleaned silver crystal.
Afterwards, the monolayer structure was produced by heating the crystal up.
The higher PTCDA layers could be desorbed from the sample while the close
packed first layer remained, showing the same structure as a directly prepared
monolayer. Annealing from a multilayer film has the advantage that the de-
position rate and the initial coverage do not have to be known precisely. This
procedure was controlled by TPD while increasing the temperature of the sam-
ple by ~ 1 K/s, as shown in Fig. 6.1 a). Thereby the ion current of the well
known PTCDA fragment at m/z = 248 amu [109] was monitored by the mass
spectrometer. In the IC vs T spectrum, two main peaks appear that can be
attributed to the desorption of the 2nd layer and the higher layers, respectively.
After the 2nd layer was completely desorbed, the signal dropped to background
very quickly, indicating zero-order desorption kinetics. Note that the additional
QMS signals at 7' =~ 530 K and T =~ 590 K are artifacts stemming from PTCDA
molecules which did not desorb from the sample crystal but from parts of the
sample holder that are closer to the heating filament. Qualitatively, the shape of
this TPD curve fits to a previous study [65], although the desorption tempera-
tures were considerably higher in our case. However, temperature measurements
on different sample holder systems are not comparable on a quantitative scale.

Deposition of F14CuPc onto the substrate of 1 ML PTCDA on Ag(111) was
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6.1 Structural phase diagram

controlled in a similar manner as for the systems investigated in the previous
chapters. The sample was repeatedly checked with SPA-LEED scans during
deposition and the QMS signal of 200 amu was monitored simultaneously.

Figure 6.2 shows a series of SPA-LEED diffractograms that were recorded
during the deposition of F14CuPc onto a monolayer film of PTCDA on Ag(111)
at intervals of 1 min. The first important observation is that the spots of the

Figure 6.2: Series of SPA-LEED images recorded in-situ during deposition of
F16CuPc onto a monolayer of PTCDA on Ag(111). (E=30 eV)

PTCDA monolayer (see e.g. image in the upper left) did not disappear or shift
during the deposition. This means that the lateral order of the PTCDA layer
remained unchanged and no intermixing of PTCDA and F15CuPc occurred at
RT. Only the intensity of these spots decreased due to damping by the growing
second layer. Diffracted intensity from the F14CuPc film showed up in a similar
fashion as in the case of deposition onto a clean Ag(111) surface. At first, a
diffuse circular intensity around the (0,0)-spot appeared at RT in addition to
the PTCDA spots. In the example in Fig. 6.2, this circle became ring-like after
five minutes of deposition. This can be interpreted as a preferred intermolecular
distance in a disordered structure in analogy to the F1CuPc/Ag(111) system.
After seven minutes, sharp new spots appeared in the image and after eight
minutes the diffuse ring was gone. Hence, the molecules had arranged into an
ordered layer. The critical ring radius shortly before the phase transition started
corresponds to an average intermolecular distance of (17 4 0.5) A. Comparing
with the values found in chapter 4, the critical molecular density of the F1gCuPc
film is lower than for F16CuPc/Ag(111).

The intensity of the specular (0,0)-spot oscillated due to interference between
the electrons diffracted from the closed PTCDA layer and from the F15CuPc
molecules on top, respectively. The electrons from the two levels did not interfere
completely destructive, because the two types of molecules are not equivalent
scatterers and because the electron energy of 30 €V does not precisely correspond
to an out-of-phase condition. Consequently the (0,0)-spot did not vanish, but
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minima and maxima could still be seen. When the deposition was continued
until the new superstructure spots appeared at RT, the (0,0)-intensity reached
a new maximum analog to the deposition onto the bare Ag substrate. There-
fore we assign a coverage of ~ 1 closed layer on top of PTCDA/Ag(111) to this
F16CuPc amount. The deposited flux, characterized by the integrated QMS sig-
nal, also fits very well to the amount needed to deposit a monolayer of F1CuPc
on Ag(111), which shows that the sticking coefficient must be very similar.

Longer scans for higher statistics have been performed to analyze the system
in more detail at RT as well as at a temperature of 100 K. The results are

T[K]4  disordered

300

* partially ordered

100 A

0.8 ML 1ML  coverage

Figure 6.3: The structural phase diagram of F16CuPc on PTCDA/Ag(111) for
different coverages and temperatures. (E=30 eV)

summarized in the structural phase diagram in Fig. 6.3. When a sample with
a coverage below 1 ML of F14CuPc on PTCDA/Ag(111) was cooled to liquid
nitrogen temperature, the diffuse ring-like intensity described above partially
changed into an ordered, six-fold symmetric spot pattern regarding the spot
positions, which were the same as for higher coverages at RT. This means that
a part of the F14CuPc molecules condensed into ordered islands upon cooling.
Since the ring-like feature did not disappear completely, there must have been
disordered regions left, coexisting with the islands. This could mean that either
the diffusivity of the F14CuPc molecules is lower than on Ag(111), or that the
sample temperature was only slightly below the phase transition temperature.
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6.2 LEED model

In the latter case, the diffuse intensity should vanish at sample temperatures
below 100 K, which could not be achieved in our SPA-LEED chamber. At a
coverage of 1 ML, the same additional spots were visible at RT and only their
intensity increased considerably when the sample was cooled. In conclusion,
the phase diagram is quite similar to that of F15CuPc on Ag(111) shown in
chapter 4. A disordered phase exists for submonolayer coverages of F15CuPc
on the substrate (which is here PTCDA/Ag(111)). A disorder-to-order phase
transition occurs when the coverage approaches a closed layer at RT, or when
the submonolayer film is cooled. Both transitions result in the same ordered
structure. However, for F14CuPc on PTCDA/Ag(111), a considerable part of
the adsorbate film was found to remain disordered for submonolayer coverages
upon cooling to liquid nitrogen temperature.

6.2 LEED model

Naively, one might expect the spot pattern of F16CuPc on PTCDA /Ag(111) to
be a superposition of the PTCDA monolayer pattern and a second one due to the
ordered F15CuPc layer on top. Instead of this, we found that all spots are well

[T=100K % .
|E=30eV | *

Figure 6.4: SPA-LEED image of ~ 1 ML F14CuPc on PTCDA/Ag(111). The
same image is shown again on the right, superimposed with simu-
lated LEED spots for two unit cells. The blue circles mark spots of
the PTCDA /Ag(111) unit cell. However, the red spots from the pro-
posed unit cell describe both the PTCDA spots and the additional
spots which appeared after the phase transition.

described by one single unit cell as shown in Fig. 6.4. The blue circles in the right
image represent LEED spots calculated for the well known PTCDA /Ag(111)
unit cell, while the proposed unit cell (red circles) describes both the PTCDA
and the additional spots, which appeared after the phase transition. This cell
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is commensurate and has a superstructure matrix of

M= G 110> . (6.2)

Its dimensions in real space are |A] = 18.95 A, |B| = 25.19 A, including an angle
of 89°. As can be seen from these numbers, the unit cell is twice as large as the
PTCDA/Ag(111) cell given by Eq. 6.1, since the unit cell vector B has doubled.
This means that the closed F15CuPc layer orders in a (1 x 2) superstructure with
respect to the unit cell of the PTCDA layer underneath. Equivalent Fi5CuPc
molecules occupy sites that are separated by twice the length of the according
PTCDA unit vector, which produces half-order LEED spots in this direction.
The area of the (1 x 2) supercell of 477.39 A2 lets us assume, that it contains
two F15CuPc molecules. For comparison, the area of an Fi4CuPc molecule is
given by one quarter of the unit cell area of F1gCuPc/Ag(111) which equals
227.84 A2,

Figure 6.5: Real space model for the adsorption of FiCuPc on a monolayer of
PTCDA on Ag(111). The commensurate relation in connection with
two non-equivalent molecules per unit cell leads to a doubling of the
PTCDA unit cell.

On the basis of these results, we propose a structural model for the F14CuPc
adsorption on PTCDA/Ag(111) as shown in Fig. 6.5. While the structure of
the PTCDA monolayer is well known from literature [36, 85|, adsorption sites
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and orientations of the F15CuPc molecules are arbitrarily chosen. It can easily
be seen that a (1 x 1) superstructure of F16CuPc is not possible due to sterical
reasons, since the smaller vector of the PTCDA unit cell is shorter than the di-
mensions of the F14CuPc molecule. Therefore, neighboring F15CuPc molecules
in the direction of B would overlap. Consequently, the molecules must ad-
sorb in two non-equivalent adsorption sites with respect to the PTCDA lattice,
which results in a (probably centered) c¢(1 x 2) superstructure. An additional
(1 x 2) reconstruction of the PTCDA layer, induced by the F15CuPc adsorbate,
is possible. However, this can not be confirmed or disproved by our SPA-LEED
measurements.

It is remarkable that the F14CuPc adsorbate film shows a clearly commensu-
rate registry on the PTCDA /Ag(111) substrate, while on clean Ag(111), com-
mensurability was found to be probable but could not be unambiguously con-
firmed. This points to a rather strong interaction of F15CuPc with the PTCDA
layer underneath or with the total substrate of PTCDA /Ag(111). As mentioned
before, such strong interactions in a hetero-organic system are quite unusual,
since typically weak physisorptive bonding is observed in these cases. The com-
mensurate registry found here is a sign for a site specific, not purely physisorptive
interaction.

This finding would have to be confirmed by other experimental techniques,
e.g. UPS or XSW. From the adsorption heights measured in XSW a statement
about the interaction strength can be made. If the difference in adsorption
height between the molecules in two different layers is found to be considerably
smaller than the sum of van-der-Waals radii of the atomic species, a strong
interaction including charge transfer can be expected. Otherwise the interaction
is probably physisorptive. The charge transfer, proving a covalent bonding
character, should of course also be visible directly in UPS measurements. In
many cases this was observed for organic molecules on metal substrates by the
appearance of an occupied state of the adsorbate directly at the Fermi-level
which was unoccupied before adsorption, but has been filled by the interaction
with the substrate (F-LUMO).

As already mentioned in the beginning of the chapter, a similar principal
behavior was recently reported for CuPc on PTCDA /Ag(111) [10]. When the
CuPc layer is not closed, it also forms disordered structures that condense into
ordered islands upon cooling. When the CuPc layer is closed, the same addi-
tional superstructure LEED spots show up at RT. Also in this system, all spots
could be explained by one commensurate unit cell. However, the relation be-
tween the unit cell of CuPc on PTCDA/Ag(111) and that of PTCDA /Ag(111)
is more complicated, originating from a large unit cell containing 6 CuPc and
10 PTCDA molecules. It was confirmed by XSW and UPS results [10], that
the interaction between the two layers of CuPc and PTCDA can not be purely
physisorptive.

Both molecular species, CuPc and F15CuPc, show a similarly strong vertical
bonding to the PTCDA layer despite their different types of terminating atoms.
This suggests that a site specific interaction to PTCDA is probably mediated
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by the similar aromatic bodies of the molecules via 7-stacking mechanisms.

Stability of the structure

The effect of annealing the sample after deposition has been investigated and
is discussed in the following. Therefore, 1.1 ML F15CuPc were deposited onto

‘annealed at . , annealed at . annealed at 9
373 K : 423 K 473 K

Figure 6.6: SPA-LEED images of 1.1 ML F1CuPc on PTCDA/Ag(111) at RT
after annealing the sample at T=373 K, 423 K and 473 K, respec-
tively. (E=30 eV)

PTCDA/Ag(111) and the sample was stepwise annealed at increasing temper-
atures of 373 K, 423 K and 473 K. After each annealing step, the sample was
cooled to RT again, and measured by SPA-LEED as shown in Fig. 6.6.

While almost no change in the spot pattern was observed after annealing
at 373 K, the additional superstructure spots stemming from the adsorbed
F16CuPc became clearly weaker after the 423 K step. After the last step at
473 K, they had become very faint. Instead, ring-like intensity appeared, re-
sembling the diffuse ring observed during deposition before the spots evolved.
This could be interpreted as a partial desorption of the F14CuPc layer. However,
no signal at 200 amu could be observed in the QMS for temperatures < 473 K.
This behavior is similar to that found for F1gCuPc on Ag(111), see chapter 4.
One possibility is, that the molecules are destroyed by the annealing process.
Alternatively, F15CuPc could have been desorbed with a very low desorption
rate, which is not detectable by the QMS but enough to result in a disordered
2nd layer.

In contrast to this, the spots of the PTCDA monolayer were found to be
preserved even after annealing at high temperatures. This emphasizes, that the
PTCDA monolayer is so stable, that F14CuPc does not diffuse into the first
layer even at elevated temperatures. The reason for this might be that PTCDA
is more strongly bound to Ag(111) than F14CuPc. This can be concluded from
the adsorption height of PTCDA on Ag(111) [30], which is considerably lower
than that of F16CuPc [61], as measured by XSW. Also the growth of PTCDA
in commensurate islands is a sign for a strong interaction with the substrate
as well as a strong attractive intermolecular interaction. F1CuPc on the other
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6.2 LEED model

hand was found to form a dilute gas-like phase for submonolayers, as discussed
in chapter 4. Hence, the binding of PTCDA to the silver substrate appears to be
considerably more site specific (and hence also stronger) than that of F15CuPc.
Therefore, molecule—substrate interactions between Ag and PTCDA seem to
be advantageous in the stacked hetero-organic systems. However, it should be
noted that for organic heterostructures of SnPc on PTCDA/Ag(111), it was
found that a thick film of SnPc completely pushes PTCDA out of the 1st layer
when the sample is annealed [110|. Since SnPc is also weaker bonded to the
Ag(111) surface than PTCDA (except for the Sn atom in Sn-down geometry),
the same argumentation fails for this system.

To further quantify these findings, the structure formation was also analyzed
from the aspect of adsorbate adsorbate interactions. The pair potential between
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Figure 6.7: Pair potential maps for PTCDA and F14CuPc in a) lateral and b)
stacked geometry. Slightly attractive regions are found in a) together
with repulsive regions. In the stacked geometry, considerably deeper
energy minima are found.

one PTCDA and one F15CuPc molecule in lateral and stacked geometries was
calculated in analogy to calculations in the previous chapters. In the stacked
case, energy minima of F &~ —1.5 eV were found, see Fig. 6.7 b). In the lateral
map shown in Fig. 6.7 a), repulsive regions were found for configurations in which
fluorine and oxygen atoms face each other, since both species carry negative par-
tial charges. Attractive regions also exist, but the minima are rather shallow
with £ ~ —0.3 eV. This seems consistent with the finding that F;CuPc stays in
the second layer on top of PTCDA/Ag(111). The energy minimum of a lateral
arrangement of F1gCuPc and PTCDA is considerably shallower than the min-
ima of the stacked arrangement and also shallower than the potential minimum
of E = —0.58 eV of the lateral interactions between two PTCDA molecules,
calculated in reference [32]. Therefore, it might be speculated that an inter-
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6 F16CuPc on PTCDA monolayers on Ag(111)

mixing is energetically also less favorable when intermolecular interactions are
considered. On the other hand, this simple energetic argument fails to explain
why intermixing happens in the related systems SnPc on PTCDA/Ag(111) and
CuPc on PTCDA/Ag(111) after annealing.

The optimum stacking distance between F1sCuPc and PTCDA, given by the
position of the minima in Fig. 6.7 b), was found at Az = 3.0 A.

6.3 Layer distance

In chapter 5.2, the interaction strength between the two organic layers F;5CuPc
and CuPc could be quantified by XSW, yielding the adsorption heights of the
involved atomic species. Similar measurements have not been performed for
F16CuPc on PTCDA /Ag(111) in the scope of this work. However, the organic—
organic layer distance could be extracted from LEED measurements as will be
shown in the following.

The dependence of the (0,0)-spot intensity on the scattering phase can be
used to determine energies at which out-of-phase and in-phase scattering condi-
tions between the two adsorbate layers are given. To this extent, profiles of the
(0,0)-spot have been recorded at T along the [101] direction at different elec-
tron energies as shown in Fig. 6.8. At LT, the F1CuPc molecules were found
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Figure 6.8: 1D SPA-LEED scans through the (0,0)-spot at different energies.
The cosine dependence of the central spike intensity on the energy
is nicely demonstrated in the inset.
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6.4 Conclusion

to form islands, so that two types of regions are present on the surface. Regions
in which PTCDA is covered by Fi14CuPc molecules coexist with uncovered re-
gions. As the total thickness of the organic film differs for FigCuPc-covered
and uncovered regions (by approx. the layer distance between the two types of
molecules), interference effects of electrons scattered (or reflected) by the two
regions occur. Since =~ 0.5 ML of F14CuPc were deposited, so that equal areas
of the PTCDA layer were covered and uncovered, the destructive interference
was clearly detectable for out-of-phase conditions. Several linescans are shown
between 23 eV and 53 eV, which is the energy region for which the lense set-
tings of the SPA-LEED instrument were optimized. The intensity I.engral of the
central (0,0)-reflection in a two layer system should follow a cosine dependence
on the scattering phase S VE, which can be expressed by

Teentral = f - (1 —202(1 — ©2) [1 — cos(279)]), (6.3)

see reference [13]. Here, f is the scattering factor and ©9 is the coverage in the
2nd layer. This cosine dependence can qualitatively be seen in Fig. 6.8. Two
minima and one maximum of the intensity could be identified at 26 eV, 50 eV
and 36 €V, respectively (red curves). Even for the minima, the (0,0) spike did
not completely vanish. One reason for this is that the coverage was not precisely
half of a complete layer. Even more important, the two types of molecules are
not equivalent scatterers. Therefore the interference will never be completely
destructive. Perfect destructive interference will only be observed if both lay-
ers contain the same type of molecules as was, e.g., demonstrated for Cgy on
Ceo(111) [111]. Nevertheless, the maximum at E = 36 €V corresponds to the
maximum achievable constructive interference between the PTCDA layer and
the F16CuPc layer. From a cosine fit to Iceptral VS VE, the maximum was found
to be the 3rd maximum of the cosine, as can be seen in the inset of Fig. 6.8.
Hence the scattering phase is S = 3 at this energy. Accordingly, the minima
at £ = 26 eV and at F = 50 eV correspond to S = 2.5 and S = 3.5, respec-
tively. It should be noted that the spot intensity did not increase as strongly
after the latter minimum as it did before. The reason is probably that the
beam intensity produced by the electron gun depends of the electron energy.
From Eq. 4.1, the height difference d between the two layers could be calcu-
lated. The three extrema yield an average of d = (3.04 + 0.10) A, which is a
typical value for the adsorption height of organic adsorbates on substrates with
medium interaction strength, cf. CuPc/Ag(111) [45], Azobenzene/Ag(111) [112]
or NTCDA /Ag(111) [105]. The value is also comparable to the optimum stack-
ing distance calculated in Fig. 6.7 b). As the SPA-LEED measurements are not
element specific, the result must be interpreted as an average adsorption height
of a total molecule. No information about a possible bending can be gained in
contrast to XSW measurements.

6.4 Conclusion

The adsorption of the hetero-organic system of F16CuPc on PTCDA/Ag(111)
has been investigated by SPA-LEED. The result was, that FisCuPc does not
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6 F16CuPc on PTCDA monolayers on Ag(111)

penetrate into the 1st layer but forms a disordered film on top of the PTCDA
layer for submonolayer coverages. A phase transition to a long range ordered
structure occurs when the coverage is increased to ~ 1 ML or upon cooling,
which is similar to the behavior of F15CuPc adsorbed on a bare Ag(111) surface.
The order is described by a commensurate registry with the Ag substrate as well
as with the PTCDA interlayer. This is a hint for a strong interaction between
the two organic layers, similar to the findings published for the related system
of CuPc on PTCDA /Ag(111) [10]. These results are in contrast to the common
expectation of only weak physisorptive interactions between organic layers [113].
For F16CuPc on CuPc/Ag(111), we also found an ordered F14CuPc layer with
a (possibly) commensurate relation to the lower adsorbate layer as discussed
in chapter 5.2. However, in this case the interlayer (CuPc) did not exhibit a
commensurate registry with the Ag substrate, but the CuPc molecules adopted
different adsorption sites along the substrate lines (point-on-line). This also
influences the structure formation and stability of the Fi5CuPc layer on top.
The commensurate PTCDA interlayer on the other hand represents a periodic
landscape with respect to substrate mediated interactions, which probably also
stabilizes the F1gCuPc structure by enabling a more site specific interaction.
Nevertheless the layer distance between Fi6CuPc and PTCDA, determined by
SPA-LEED, turned out to be very similar to that between F14CuPc and CuPc,
which is a sign for a similar interaction strength. In both systems, the layer dis-
tance is clearly below the sum of van-der-Waals radii for carbon-carbon (3.4 A),
which is another indication for a strong interaction between F;4CuPc layer and
interlayer. Pair potential calculations also yielded optimum stacking distances
that are comparable to the corresponding experimental results. It can be con-
cluded, that in both hetero-organic interfaces the interaction strength appears
to be stronger than pure physisorption.
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7 Summary

In this work, the metal organic interfaces SnPc/Ag(111) and F16CuPc/Ag(111)
as well as the organic organic interfaces F15CuPc/CuPc and FsCuPc/PTCDA
on Ag(111) have been investigated. The main focus of the work was on the
elucidation of lateral structures with SPA-LEED and their origin using pair po-
tential calculations. Regarding the metal organic interfaces, further details of
the lateral structure formation and molecular orientations have been investi-
gated by STM. For the stacked hetero-organic systems, the vertical interaction
strength was characterized by measuring the adsorption heights with XSW and
SPA-LEED.

STM measurements on SnPc/Ag(111) have been performed for different tem-
peratures and adsorbate coverages. Based on earlier SPA-LEED results [8],
which have revealed unit cell parameters in different adsorbate phases, we have
now determined molecular orientations of the SnPc molecules in all regions of
the structural phase diagram. Typically, we found an alignment of the diagonal
axis through one wing pair of the molecules with one of the high symmetry
(110) substrate directions. The occurrence of two different adsorption geome-
tries (Sn-up and Sn-down) in the g-phase and in the c-phase has been confirmed.
Evidence for different adsorption sites of the Sn-up and Sn-down molecules was
found in the different symmetry breaking of the molecules and in an observed
movement of the Sn-up molecules by half of a substrate lattice vector upon
switching to Sn-down. However, the exact adsorption sites could not be deter-
mined. The adsorbate structures in the different phases could be very nicely
explained by comparing favored intermolecular distance vectors, obtained by
pair potential calculations, with the unit cell vectors found experimentally. In
the c-phase, the measured in-plane angles of the molecules lead to a coincidence
of the intermolecular potential minima with commensurate adsorption sites,
thus optimizing both the adsorbate substrate and the adsorbate adsorbate in-
teractions. In the other phases, the substrate influence mainly manifests in an
alignment of the molecular diagonals with high symmetry directions. This align-
ment is especially strong in the g-phase where the molecules are sterically less
confined than in the other phases. Consequently, a symmetry breaking of the
molecules is found, caused by the different registry of the two pairs of molecular
wings and the charge transfer with the substrate.

The adsorption of Fi5CuPc/Ag(111) was discussed in detail in chapter 4,
where the structural phase diagram was investigated with SPA-LEED for dif-
ferent coverages and temperatures. It includes a dilute phase at submonolayer
coverages with a decreasing intermolecular distance as the coverage increases.
An ordered structure forms for 1 ML coverage at RT as well as for submonolay-
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7 Summary

ers at LT. The latter indicates an increased intermolecular attraction changing
the film structure to 2D-island formation. These findings are very similar to
the related system CuPc/Ag(111), except for the missing p.o.l.-phase regime.
However, the ordered structure was found to be considerably different from all
ordered CuPc/Ag(111) structures. F14CuPc films consist of highly ordered rows
of molecules along the (112) directions. In the perpendicular (110) directions
however, the degree of order is rather low, which is indicated by streaks in the
LEED images. Neighboring rows were found to be shifted against each other
along the direction of the rows and two different molecular orientations occurred.
This structure could be described by two row domains and a glide mirror sym-
metry. Consequently, the unit cell is rather large, containing four molecules with
different orientations and/or adsorption sites. The observed structure deviates
from the generally favored arrangement of phthalocyanines, which is probably
the result of a considerable electrostatic repulsion between the terminating flu-
orine atoms, inducing stress in a close packed adsorbate film. Pair potential
calculations yielded strictly repulsive intermolecular interactions, which is not
compatible with the observed island formation at LT. However, the discrepancy
could be explained by assuming that the electrostatic potential is overestimated
in the calculations. Intermolecular distance vectors within the molecular rows
are then well described by local vdW potential minima.

In the second part of this work (chapters 5 and 6), layers containing two
different molecules (i.e. hetero-organic films) were investigated.

Lateral mixing of F14CuPc molecules with CuPc was found to result in con-
siderable changes on the growth mode as well as the resulting structural order.
Lateral attraction between the two molecular species dominates, leading to 2D-
island growth at RT. Alternating sequences of the two species in chessboard-like
superstructures are therefore favorable, which reduces the repulsion between
neighboring F14CuPc molecules compared to pure Fi5CuPc films. As a conse-
quence, laterally mixed films with intermediate stoichiometries between the two
species were found to show considerable similarities with phases of pure CuPc
films at LT. A commensurate sub-ML superstructure was found, which changes
into a point-on-line registry due to sterical hindrances upon approaching a cov-
erage of 1 ML. The molecular pattern in these mixed films was found to be the
same as in pure CuPc films at LT with every 2nd molecule being replaced by
F16CuPc. Consequently, the structures of both the sub-ML as well as the ML
mixed films represent ¢(2 x 2) superstructures of a corresponding CuPc/Ag(111)
structure. Obviously the CuPc lattice parameters represent a generally favor-
able adsorption geometry for phthalocyanine molecules regarding interactions
with the Ag(111) substrate. This can be explained by similar interaction chan-
nels for both species, e.g., via a site specific interaction of the nitrogen atoms
with the substrate. For mixed films with a high fraction of CuPc, the forma-
tion of chessboard-like domains did not occur in some preparations. Instead,
the F1gCuPc molecules were statistically distributed, producing no additional
superstructure spots. In case of high F;4CuPc fractions on the other hand, very
complicated LEED patterns were found, originating from two or more coexisting
superstructures.
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For the vertically mixed (=stacked) heterosystems F16CuPc on CuPc/Ag(111)
and F16CuPc on PTCDA/Ag(111), we found commensurate relations between
the adsorbate lattices of the different organic layers. This points to an unex-
pectedly strong, not purely physisorptive interaction between the organic layers,
similar to the system CuPc on PTCDA/Ag(111) [10]. For both systems, the in-
teraction strength could be quantified by determining the organic-organic layer
distance from XSW and SPA-LEED, respectively. In both cases, similar aver-
age layer distances in the range of 3.0 A to 3.1 A were found, which were also
reproduced quite well by pair potential calculations between vertically displaced
molecules. These numbers are compatible with an overlap of wave functions be-
tween atoms in different layers. Consequently, charge transfer across the organic
layers is possible.

In conclusion, different structures of phthalocyanine films (mixed with
PTCDA in one case) could be formed, which differ depending on species, cover-
ages and sample temperature. This diversity of structures is caused by compara-
ble interaction strengths of the molecules with their neighbors on the one hand
and the Ag(111) substrate on the other hand, leading to rather delicate force
balances. While many phthalocyanine species tend to form similar adsorbate
lattices for similar external parameters, variations could be induced by choosing
species with permanent vertical dipole moments (SnPc) or strongly negatively
charged terminating atoms (F14CuPc). Adsorbate—adsorbate interactions were
found to be considerably strong, as they even dominate the structure forma-
tion in most systems investigated here. Our results allow us to explain the
observed adsorbate structures by rather simple calculations based on a pair po-
tential approach, although they do not include substrate interactions. Hence,
these calculations provide a simple and helpful tool for explaining the observed
structures and can even be used for predictions on related systems. In case
of vertically stacked systems, we showed that interactions at organic—organic
interfaces can be unexpectedly strong, which might have significant influences
on the growth of higher layers as well as on the efficiency of charge transport in
electronic devices based on organic thin films.

For all hetero-organic films investigated here, ultraviolet photoelectron spec-
troscopy (UPS) measurements would be helpful to learn details about the elec-
tronic structure of the systems. These measurements might directly show wheth-
er charge transfer occurs in the vertically stacked films. Such measurements are
scheduled within a subsequent PhD project.

The lateral structure in both the laterally and the vertically mixed hetero-
systems is not perfectly clear yet. While the unit cells are known from SPA-
LEED, orientations of the molecules could only be predicted from pair potential
calculations in some cases. STM measurements would be necessary to verify
and complement these results. Especially the F1gCuPc-rich lateral mixed film
structure could not be solved from SPA-LEED data alone.

Finally, the knowledge about the registry of the organic layers would be in-
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7 Summary

teresting for the vertically mixed films in order to quantify the possible over-
lap of molecular wave functions between toplayer and interlayer atoms. Such
measurements are challenging, but have been performed, e.g., for CuPc on

PTCDA/Ag(111) [10].
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