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Zusammenfassung

Im Rahmen dieser Arbeit zur Grundlagenforschung der organischen Elektronik werden
die strukturellen und elektronischen Eigenschaften von Metall-Organik-Grenzflachen un-
tersucht. Drei Variationen des Ausgangssystems, eine homo-molekulare Lage CuPc auf
der Ag(111)-Oberflache, werden mittels STM und LEED auf ihre laterale Struktur und
mittels STM-basierter STS und winkelaufgeldster PES auf ihre elektronische Struktur
hin vermessen.

Fiir eine zweite Lage CuPc auf der ersten Lage CuPc auf Ag(111) beobachten wir
eine schwiichere Wechselwirkung zwischen den beiden Molekiillagen als zwischen dem
Substrat und der ersten Lage. Dadurch kénnen die Molekiile der zweiten Lage eine
geneigte Konfiguration annehmen, im Gegensatz zu flach liegenden Molekiilen in der
ersten Lage. Das HOMO von CuPc verschiebt sich mit steigender molekularer Bedeckung
zu stérkeren Bindungsenergien. Das (frithere) LUMO, welches in der ersten Lage durch
Ladungstransport vom Substrat in die Molekiile zum Teil besetzt ist, ist in der zweiten
Lage aufgrund der schwécheren Wechselwirkung mit dem darunterliegenden Material
unbesetzt.

Bei der Untersuchung einer dichten, geschlossenen Lage von CuPc auf Ag(110) ist
der stérkere Einfluss dieses Substrats auf die Bildung der Molekiillage der offeneren
Oberfliche mit geringerer Symmetrie zuzuschreiben. Die Metalloberfliche dominiert die
molekulare Anordnung, welche an einigen Stellen, an denen die intermolekulare Wech-
selwirkung durchdringt, von Versetzungslinien durchzogen ist. Die eigentlich 4-zéhlige
Symmetrie der Molekiile wird aufgrund einer Kombination von geometrischen und elek-
tronischen Effekten auf 2-zdhlig reduziert. Der Teil eines Molekiils, welcher fast parallel
zur Ag[001]-Richtung orientiert ist, wird leicht nach unten gebogen, wechselwirkt stiarker
mit dem Substrat und erhélt Ladung vom Silber. Durch diese Asymmetrie wird die ur-
spriingliche Entartung der beiden Teile des LUMOs aufgehoben.

Die Bildung lateral gemischter, geordneter hetero-organischer Schichten aus CuPc
und PTCDA auf Ag(110) wird ebenfalls stark vom Substrat beeinflusst. Die Tendenz
zur Bildung komplexer, grofser Strukturen zeigt sich in den zwei verschiedenen von uns
beobachteten Phasen mit 5 bzw. 9 Molekiilen pro Einheitszelle. Messungen der lokalen
elektronischen Eigenschaften zeigen, dass das PTCDA LUMO hier mindestens so stark
besetzt ist wie in homo-molekularen PTCDA-Phasen. Das LUMO von CuPc hingegen
scheint unbesetzt zu sein, wodurch eine intermolekulare Wechselwirkung mit ungleicher

Ladungsverteilung angedeutet wird.
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Abstract

In this work we investigate variations of a homo-molecular layer of CuPc adsorbed on
the Ag(111) surface, which is a well known example in research on organic electronics
where the structural and electronic properties at the metal-organic interface are of in-
terest. Three modifications of the mentioned system are realized by addition of a second
layer, exchange of the substrate, and addition of a second type of organic molecules.
Measurements on the lateral structure are performed by STM and LEED. For experi-
ments on the electronic structure, STM-based differential conductance spectroscopy and
angle-resolved PES are applied.

For a second layer of CuPc on top of the first layer of CuPc on Ag(111) we observe a
weaker interaction between the two molecular layers than between the substrate and the
first molecular layer. This allows molecules in the second layer to adsorb in an inclined
configuration in contrast to the flat lying geometry of molecules in the first layer. The
HOMO of CuPc shifts towards larger binding energies with increasing coverage. The
(former) LUMO, which in the first layer is weakly occupied by charge donation from
the silver substrate, is unoccupied in the second layer because of a significantly weaker
interaction with the underlying material.

Experiments on a dense, closed layer of CuPc molecules on the Ag(110) surface reveal
a stronger effect of this substrate on the layer formation than the Ag(111) surface.
The stronger interacting substrate of lower symmetry dominates the formation of the
lateral molecular arrangement interspersed by dislocation lines where the intermolecular
interaction breaks through. The initially 4-fold symmetry of the molecules is reduced to
2-fold due to a combination of geometric and electronic effects. The part of the molecule
that is is aligned with a more acute angle to the Ag[001] direction is slightly bent down,
interacting stronger with the substrate and receiving charge donated by the silver. By
this asymmetry the original degeneracy of the two parts of the LUMO is lifted.

Laterally mixed hetero-organic layers of CuPc and PTCDA on Ag(110) show the
stronger influence of the substrate on the formation of ordered structures compared to
mixed ordered layers on Ag(111). A tendency to form complex packing motifs is observed
and we investigate two different structures that are described by large unit cells compris-
ing 5 and 9 molecules, respectively. Measurements on the local electronic structure are
dominated by signals from PTCDA molecules and we observe that the PTCDA LUMO
is occupied to at least the same degree as it is in a homo-molecular PTCDA layer. The
CuPc LUMO is unoccupied indicating a molecule-molecule interaction with an unequal

charge distribution for the two types of molecules.
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List of acronyms

ARPES angle-resolved photoelectron emission spectroscopy
BW brickwall

CuPc copper phthalocyanine

DOS density of states

HB herringbone

HOMO highest occupied molecular orbital

LEED low-energy electron diffraction

LT low temperature

LUMO lowest unoccupied molecular orbital

ML monolayer

NEXAFS near-edge x-ray adsorption fine structure spectroscopy
NTCDA naphthalene tetracarboxylic dianhydride

PEEM photoelectron emission microscopy

PES photoelectron emission spectroscopy

p-o.l point-on-line

PTCDA perylene tetracarboxylic dianhydride

RT room temperature

SOMO singly occupied molecular orbital

SPA-LEED spot profile analysis LEED

STM scanning tunneling microscopy

STS scanning tunneling spectroscopy (= differential conductance spectroscopy)

XSwW x-ray standing waves
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1. Introduction

Materials with semiconducting properties are an essential part of today’s life due to
their crucial role in electronic devices. Organic materials with similar properties as
hitherto provided by inorganic semiconductors have become interesting for research
some decades ago [Tan86, ATG91, GG10, WWKBI12] due to reasons explained in the
following. Organic materials offer a variety of interesting properties and advantages
that are not achievable with materials traditionally used. For example, electronic com-
ponents and devices consisting of organic materials are mechanically flexible and of
light weight. Numerous reports about successful constructions of applications can be
found, for example on organic field effect transistors [Hee98|, organic light emitting
diodes (OLEDs) [ATG91, Hee98, WMPL07, KKL*11|, or organic photovoltaic cells
(OPVCs) [Tan86, PF01, SHO6, WMPLO07]. In addition, organic materials require lower
temperatures for processing than the corresponding classic inorganic materials, and large
areas of organic films can easily be prepared by, e.g., classical printing techniques or va-
por deposition making the production much less expensive. Nevertheless, research and
industry are still facing major challenges and many aspects about organic electronics
require further developments. The remarkably lower charge carrier mobility of organic
materials compared to the inorganic counterparts is responsible for the limited speed of
certain charge transfer processes and the lower efficiency. Also, the long-term stability
of power and, e.g. especially for OLEDS, the color of the emitted light do not yet match

the expected values for a device’s lifetime.

In modern electronics, not only the choice of materials is a central question but
also the size of components. Devices are to be built even smaller, which increases the
importance of surfaces and interfaces, leading towards molecular electronics and con-
trolling single charge carriers. In combination with organic materials, this requirement
evokes a whole field of research on the various properties and effects occurring at metal-
organic interfaces representing the contact between conducting and semiconducting ma-
terial [WWO04, BCKO05, Tau07, GG10, WWKBI12|. But also organic-organic interfaces
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are investigated as the transition between two semiconductors [HMSK00, CQH"11]. The
interface dominates the overall structural and electronic properties of these sample sys-

tems.

In order to improve the functionality of sustainable electronic devices, which are to
be built smaller and smaller, we investigate the properties of the very first molecular
layer of organic semiconducting material on metal substrates. Taking previous stud-
ies and results into account, the involved components of known sample systems will be

varied and the behavior and properties of the new systems will be explored in this thesis.

Prototype materials for samples with one metallic component and one to two semi-
conducting organic components are silver as the conducting substrate and copper ph-
thalocyanine (CuPc) and perylene tetracarboxylic dianhydride (PTCDA) as organic ma-
terials, which have been used for experimental and theoretical studies for a long time.
The properties of a molecular layer adsorbed onto a metal surface do not only depend
on the inherent features of the molecules themselves but also on the substrate features.
Moreover, the choice of a certain metal and also the orientation of the substrate sur-
face affect the interaction strength between the involved components [GSST98, STS*00,
TES*™02, GSS*07, RLZ"12, WLS*15]. Thus, different forms of layer growth can be ob-
served, comprising island formation or a gas phase-like distribution for sub-monolayer up
to monolayer coverage [LWM*89, BBS97, CGD*07, WHO1, LH02, SHK 09, WGM™09,
LURT™14]. Regarding the electronic structure, both types of molecules show n-type semi-
conducting behavior when in contact with silver by receiving electrons, which act as the

conducting charge carriers, from the metal [ZKST06, KSS*10].

For the work that will be presented in this thesis, the adsorption of one mono-
layer (ML) copper phthalocyanine molecules on the silver (Ag) crystal surface with
(111) orientation is the starting point. Comprehensive studies have been performed on
the growth, the layer formation, and the electronic level alignment by various meth-
ods [GKH"96, MEP*07, KSS*10, SKRK11]. For example, tunneling microscopy and
electron diffraction experiments revealed that the intermolecular interaction in the first
layer is repulsive, causing a dilute distribution of molecules as long as the coverage on the
substrate surface is low enough [GKH™96, KSS*10]. Adsorption height measurements
by the x-ray standing wave method yielded the distance of the molecules above the silver

substrate and proved a planar adsorption geometry [KSS*10]. Charge transfer from the



silver substrate into the molecules as a result of a chemisorptive bonding mechanism has

been observed in photoelectron emission spectroscopy [KSS*10].

We performed experiments on several variations of this system by exchanging or adding
components, i.e. using different metallic substrates and up to two organic materials in
the adsorbate layer. In Ch. 2 the properties of the involved components, the preparation
of the samples, and the applied techniques for characterization will be explained. In the
following parts (Chs. 3, 4, and 5), experimental data, results, and discussions about the

properties of the various sample systems will be presented.

The first variation of the known system of 1 ML CuPc on Ag(111) is realized by chang-
ing the amount of adsorbed layers, i.e. to prepare a second layer of CuPc on top of the first
layer CuPc on Ag(111). Some studies about higher adsorbed layers of iron phthalocya-
nine molecules on the (111) surface of noble metals [CGD*07, SCK*08, GG10, GBK*11]
and one report on the second layer of CuPc on Ag(111) [HHP*09] can be found in liter-
ature. They all observe similar effects regarding the adsorption geometry. In contrast to
the flat lying molecules in the first layer, the second layer consists of inclined molecules.
Our experiments will contribute further data about multilayers of CuPc on Ag(111) and

compare the obtained results to the mentioned reports.

In the second variation, the Ag(111) substrate is exchanged by a Ag(110) substrate.
As mentioned before, the metal surface structure strongly affects the properties of the
organic layer [TEST02], as the reactivity of the surface changes with the packing density
of atoms. Here, we focus on the lateral ordering of molecules in the first layer and the
rearrangement of electronic states. With the stronger interacting substrate we expect to
observe a stronger influence on the formation of the lateral molecular structure and also

a new alignment of orbital energies due to chemisorption.

Finally, we modify the molecular layer of CuPc on the Ag(110) substrate by adding
PTCDA as a second type of organic semiconducting material. These hetero-organic sys-
tems have become interesting for research some years ago [HMSK00, VGFK05, CQH*11],
since here not only the metal-organic contact but also the organic-organic contact is
of importance. A lot of studies, experimental as well as theoretical, have been per-
formed on vertically stacked hetero-organic samples systems involving PTCDA as one

prototype molecule and phthalocyanines as the second component, e.g., for a layer
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of PTCDA on a layer of CuPc on the copper(110) surface [SA94] and for a layer of
CuPc on a layer of PTCDA on salt substrates [LBF07|, on graphene [CHC* 08|, or on
silver(111) [SSK*12, ERS*13]. Tin phthalocyanine has also been used in combination
with PTCDA on Ag(111) [HGST10, HGW™10|. Stacked layers offer the possibility to
investigate large areas of organic-organic interfaces forming the transition from one semi-
conducting material to the adjacent as it is important for completely organic electronic
devices, such as OLEDs, involving organic p-n-junctions. We will focus on laterally mixed
hetero-organic systems involving CuPc and PTCDA. Lateral mixing has not yet been
addressed very often [BWBMO03, CSS*t12, SLW+t14, SHS*15]. It provides the oppor-
tunity to tailor the properties of the first molecular layer and, thus, the properties of
the following layers adsorbed on top by different mixing ratios and mixing components
affecting the lateral order, the intermolecular interaction, and the electronic level align-
ment. The most challenging task in the project about the hetero-organic layers will be
the sample preparation. For the vertically stacked layers it has been found that certain
combinations of molecules do not yield stable configurations [Stal3, SGP*14| and the
structure of laterally mixed layers can be affected by many variables during the prepa-
ration process such as the substrate temperature during deposition of molecules, the
deposition rate, and subsequent annealing [Henl5, MEP*07]. We will present results
on two different laterally mixed structures investigated by microscopy, diffraction, and

spectroscopic methods.

The last chapter will summarize the results obtained on the different presented sample
systems, compare them to each other, and conclude what has been found out about
interactions at the metal-organic interfaces and between molecules within an adsorbed

layer.



2. Experimental background

In this chapter the fundamentals for understanding and interpreting the experiments
and results presented in the following chapters will be introduced. First, the properties
of the materials used as probed samples will be elucidated, describing the geometric and
electronic properties of the metal substrates and the organic molecules forming ultra thin
films on the substrate surface. Next, working principles and setups of the experimental
methods, separately for structural and electronic investigations, will be explained. Last,

the preparation of the samples and measurement conditions will be listed.

2.1. Sample system components

The two components of the sample systems are the metallic, conducting substrate and
the organic, semiconducting material. The following sections treat the important prop-

erties and prerequisites establishing the selection of these materials.

2.1.1. Silver single crystals

Silver as a noble metal is in the same group as copper and gold in the periodic table
of elements. An important property of this element is that it is rather inert to chemical
reactions, e.g. oxidation happens only slowly since the reaction requires further compo-
nents besides oxygen. The melting temperature of silver is 961 °C although the vapor
pressure strongly increases from 700 °C on, which has to be considered when treating

silver in vacuum.

As depicted in Fig. 2.1a, the metallic bound crystal has a face-centered cubic (fcc) lat-
tice with densely packed atoms and a lattice constant of 4.09 A. The pure low-index sur-
faces (111), (100) and (110) do not reconstruct. Hence, the (111) surface (Fig. 2.1b) ex-
hibits a 2-dimensional hexagonal lattice defined by the unit cell vectors |é’1<111)| =2.80 A
along the [110] direction and |§2(111)| =2.89 A along the [011] direction with an angle of

at
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—

4.09A

Figure 2.1.: (a) Model of a silver crystal showing a face centered cubic (fcc) lat-
tice with a lattice constant of 4.09 A. The blue and yellow lines mark the (111)
and (110) plane. (b) The Ag(111) surface is 3-fold rotational symmetric and the
atoms form a hexagonal surface lattice (¢) The Ag(110) surface is 2-fold rotational
symmetric with a rectangular surface lattice. The uppermost layer of molecules
is given in bright gray and the next underlying layer in dark gray.

120° between them. This surface is smooth with little corrugation and is the least reac-
tive of the three mentioned low-index surfaces of silver. In comparison, the (110) surface
(Fig. 2.1c) is a rather open and reactive surface due to less saturated bonds in this less
densely packed structure. Its unit cell vectors are ’51(110)’ =4.09A along the [001] di-
rection and |§2(110)| =2.89 A along the [110] direction with an angle of 90° between them.

Not only due to its relatively inert property but also regarding the electronic structure,
silver is an appropriate substrate for the study of ultra thin layers adsorbed on it,
since its density of states (DOS) for electrons close (few electron volts) to the Fermi
energy is flat [HWST72, Chr72, CWH*84, FTB*90|. Hence, silver does not cause strong
resonances in spectroscopic measurements of adsorbed molecules in the energy range we

are going to examine.

2.1.2. Copper phthalocyanine (CuPc)

Phthalocyanine molecules (Pc) with their variety of interesting properties have been a
subject of research for almost a century [DL34, Rob35, BDL36|. They are macrocyclic
organic molecules (Fig. 2.2a,b) with four identical wings, each consisting of a benzene

ring attached to a pyrrol ring. The pyrrol rings are connected to each other via nitrogen
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atoms and, where applicable, to the center of the molecule. This center can be filled by,
e.g., two hydrogen atoms, one metal atom (e.g. copper, cobalt, tin, zinc, iron, lead), or a
larger complex (e.g. TiO, VO) [BDL36]. This way, their magnetic, optical, and electrical
properties can be tuned and adjusted for certain applications by exchanging the central
metal atom. Thus, for instance, there exist planar and non-planar phthalocyanines or
spin neutral as well as spin active ones [CKB*08, MHSKO08, IRH*08, MRK*12].

a)
N/Q\N
T \

y N—C|u—N\

£3

—N
b)
O O

o%¢®

¢ o - O

Carbon Nitrogen Hydrogen

Copper

Figure 2.2.: (a,b) CuPc is a geometrically 4-fold symmetric macrocyclic molecule.
The distributions of the electron wave functions of the (¢) HOMO and (d) LUMO
across a CuPc molecule were calculated by Gaussian [FTS104].
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The experiments presented here involve copper(Il) phthalocyanine (CuPc). CuPc is a
planar molecule since the copper atom is small enough to fit completely into the cen-
tral position. Its geometry is 4-fold symmetric and the chemical formula is C33H;6NgCu.
It offers a high thermal stability and is often used as a dye [Rob35, Pio57|. Due to
an odd number of electrons leaving one state singly occupied, CuPc is spin polar-
ized [RB92, MHSKO08, MRK*12]. The conjugated m-electron system extending over the
central carbon and nitrogen atoms and the semiconducting properties of CuPc are of
great interest for the adsorption studies on silver [BCN56, HH63, HAG64]. Especially
interesting are the molecular orbitals close to the Fermi energy, namely, the highest oc-
cupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)
whose electron wave functions are shown in Fig. 2.2¢,d. The HOMO is equally distributed
over the entire molecule while the LUMO extends mainly across two opposite benzene
rings. In fact, the LUMO comprises two orbital parts (LUMO, and LUMOg) that are
degenerate regarding the energy of these states in an isolated molecule. They have the
same shape of electron wave function and only differ in their spatial distribution across
the molecule being rotated by 90° to each other, thus, together covering all four benzene

rings.

Concerning the names of the two lowest unoccupied states of phthalocyanines, two
different ways of naming can be found in literature. The first is to call them the two
degenerate parts of the one LUMO and the second is to call them LUMO and LUMO-+1.
We will use the first way of naming in this work because the second way, despite the

degeneracy, implies a certain order regarding the energy of the states.

2.1.3. Perylene tetracarboxylic dianhydride (PTCDA)

The second type of molecule this work will later deal with in Ch. 5 is the aromatic
molecule perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) with the chemical for-
mula CoyHgOg, cf. Fig. 2.3. Its geometry is 2-fold symmetric with an elongated pery-
lene core and an anhydride group at each end. The extended carbon backbone equips
the molecule with a m-electron system and the anhydride groups cause negative par-
tial charges at the ends of the molecule, whereas the hydrogen atoms at the long
sides have positive partial charges. This uneven distribution of charge strongly af-
fects the structure of PTCDA layers assembling from deposited molecules. The ad-
sorption of PTCDA on different low index single crystal metal surfaces such as sil-

ver, gold, and copper is very well studied and often used for prototype sample sys-
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(e} (e} O
(e} O

O

Oxygen Hydrogen

Figure 2.3.: PTCDA is a geometrically 2-fold symmetric aromatic molecule with
negative partial charge located at the oxygen atoms and positive partial charge
at the hydrogen atoms. The delocalized m-electron system is distributed over the
carbon backbone (perylene core).

tems [FLSY89, Umb90, JBST93, SA94, TVD*95, USF96, SHFST97, SAL*97, GSS*98,
UGS98, SHFST99, TES102, Tau07, WSS*13, Stal3]. Therefore, we will also use PTCDA
together with CuPc to form new sample systems by combination of previously well stud-

ied systems.

2.1.4. Adsorption of organic molecules on metal surfaces

In experiments with layers of organic materials adsorbed on a metal substrate, the basis
for all layers is built right at the interface. The first organic layer in contact with the
conducting substrate determines, for instance, geometric arrangements of further layers
and the charge transfer between adjacent materials. Especially the charge injection from
one component to the other and the charge transport inside the layers play crucial roles
for the application of organic materials in electronic devices such as solar cells where
charges are separated under light irradiation and conducted to the corresponding elec-

trodes.

The molecules are thermally evaporated and adsorb onto the single crystal metal sur-
face, which provides a periodic template for adsorbate layer growth. The strength of the
formed bond varies depending on the structure of the substrate surface and the molec-
ular reactivity. The most general descriptions are physisorption, for interaction where
mainly attractive van der Waals forces keep the molecule attached to the surface, and

chemisorption, for interaction where a chemical bond is formed between molecule and
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substrate. CuPc and PTCDA are known to chemisorb on silver and form a bond to the
substrate with their m-electron system. In this process, charge is transferred between the
involved components and hybridization of molecular orbitals with substrate states takes
place. The molecule-substrate interaction also affects the lateral positioning of molecules
and so does the molecule-molecule interaction. The intermolecular interaction drives the
molecules to arrange such that adjacent molecules tend to be located in potential min-
ima determined by pair potential forces. Adsorbed on the substrate surface, restrictions
to the intermolecular arrangement appear and — in the cases presented here — will force
the molecules into a flat lying adsorption geometry in the first layer. Depending on the
reactivity of the surface, the substrate may cause the molecules to adsorb only at certain
substrate lattice sites, forming a commensurate molecular structure, or it offers the free-
dom for a variety of different lateral positions resulting in an incommensurate structure
at the other extreme. Thus, the adsorption process and the layer formation are driven

by an interplay of several forces.

The molecular lattice structure can be described by the pair of vectors (Bl, 62), which

relate to the substrate vectors (&, &) (cf. Fig. 2.1) by a matrix M via the expression

51 mi1 M2 a
= . (2.1)
by Moy M22 a3

A commensurate molecular structure is described by a matrix with only integer elements.
The coverage of the sample surface is usually expressed as a portion of a monolayer
(ML) where 1 ML corresponds to the complete surface covered with the densest possible

molecular structure.

2.2. Determination of geometric structures

A great variety of methods offers possibilities to investigate the arrangement of adsorbed
molecular layers on single crystal metal surfaces. Here we apply scanning tunneling
microscopy as a real space method and low-energy electron diffraction yielding reciprocal
space images. These two are expected to complement each other for the construction of

a comprehensive picture.

10



2.2. Determination of geometric structures

2.2.1. Scanning tunneling microscopy

By the development of an effective isolation against vibrations and a positioning control
system based on several piezo actuators for tunneling experiments, Binnig et al. in-
vented the scanning tunneling microscopy (STM) in 1982 [BRGW82b, BR82|. This new
technique offered the possibility to non-destructively map the surface of conducting and
semiconducting samples in real space at the atomic scale [BRGW82a, BR83a, BR83b,
BBRS83, HT87].

e —

e —
E<o \,\/\/\/\/\
potential
electrode 1 barrier electrode 2

Figure 2.4.: In quantum mechanics, a particle, e.g. an electron, with an energy F
that is smaller than the height ¢ of a potential barrier of width z between two
electrodes can tunnel from one electrode through this barrier into a state of equal
energy in the other electrode. Inside the barrier, the particle wave function is
exponentially damped.

A. Theoretical foundation

The basic working principle is the quantum mechanical tunnel effect. In classical me-
chanics, a particle, e.g. an electron, with an energy F cannot get over a potential barrier
with a height ¢ if £ < ¢. In a quantum mechanical treatment, considering that each
particle is described by a corresponding wave function, there is a finite probability for
the particle to ‘tunnel’ through this barrier, as demonstrated in Fig. 2.4. The particle
wave function ¢ oscillating on one side outside the barrier (plane wave state), decays
exponentially inside the potential barrier, but propagates further on the other side if the
barrier width is finite. In a tunneling experiment, the allowed areas for wave propagation
are represented by the electrodes, i.e. an atomically sharp probing tip and the sample to

be investigated. The tip is placed above the sample surface with a distance z ~ 1-10 A

11



2. Experimental background

a) Ubias < 0 b) Ubias > 0
E

vacuum
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z z
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Figure 2.5.: For STM, a voltage Uy;,s is applied to the sample to be investigated
shifting the level of occupied states relatively to the level of the Fermi energy
Er. (a) A negative bias voltage raises the sample Fermi level and electrons can
tunnel from occupied sample states through the vacuum barrier into the tip. (b) A
positive bias voltage lowers the Fermi level in the sample and electrons from the
tip can tunnel into unoccupied sample states.

and the vacuum between tip and surface is the gap to be tunneled through by electrons.
In order to obtain a directed and measurable tunneling current, a bias voltage Uyas is
applied to the sample while the tip is grounded (or vice versa), shifting the level up to
which electronic states are occupied in one electrode, allowing the electrons to tunnel
elastically from occupied states on one side into unoccupied states of the same energy on
the other side of the vacuum barrier. Thus, by Uyi.s the window of states participating
in the tunneling process is selected. The diagram in Fig. 2.5 illustrates tunneling for
negative (a) and positive (b) bias voltages between the metallic sample and the metallic
tip with a vacuum barrier. If, in addition, there are semiconducting organic molecules
on top of the metal sample surface, these can be involved in the tunneling process. The
molecular electronic structure consists of discrete states, which are occupied up to the
Fermi energy Fr, with the HOMO right below Eg, and unoccupied states starting with
the LUMO right above FEg. If the absolute value of the applied bias voltage is large
enough to comprise one or more molecular orbitals, tunneling can occur mediated via

molecular states.

In order to obtain a 2-dimensional image, the tunneling current i une is measured
while the tip is scanned over the sample surface. As the setup in Fig. 2.6 shows, the
scanning movement is controlled by several piezo elements, in the classic version of
Binnig et al. [BRGW82b, BRGWS&2a] by one for each direction in space, where x and y

12
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z control (feedback loop)

L X,y control (scan generator)

tip Isetpoint
(feedback
loop)
e control
Zl unit
tunnel
C“"?F“ data
amplifier .
sample  p— processing
U bias
7
X .
y —

Figure 2.6.: In STM measurements a sharp metallic tip is scanned laterally over
the (semi)conducting sample surface controlled by piezo elements for the z- and
y-direction. The tunneling current is set to be constant. Thus, the distance z
between tip and sample is permanently controlled and corrected by a feedback
loop and a piezo element adjusting the tip height. The height signal is recorded
and processed yielding an image of the sample surface.

stand for the plane parallel to the sample surface and z is the direction perpendicular
to the surface. In the ‘constant current mode’, Iiunne is kept constant for every lateral
position. This means that the z-position of the tip is permanently adjusted by a feedback
loop. By recording the z-position, for a constant barrier height, a topographic image of

the sample surface is obtained.

In most experimental cases, the barrier height ¢ is not constant over the whole surface,
since it represents the work that has to be done to remove an electron from the material.
This means, the tip does actually not follow the topographic height of the sample, but a
contour of constant wave function overlap between tip and sample is mapped, which is
the electron local density of states (LDOS) of the sample [BBR83, BR83c|, cf. Fig. 2.7,
which is the number of states that can be occupied in an energy interval. A spatial

selection of the electron DOS just outside the sample is realized by changing the desired

13
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profile of constant electron
——————— — . wave function overlap

~a
—

sample

Figure 2.7.: Constant current mode in STM: The distance z between tip and sample
is constant for one material work function ¢;, also across a step of the surface. z
changes with changing ¢ adjusting the tip height so that the current between tip
and sample is constant. An image of a constant electron LDOS right above the
sample surface is obtained by this method.

value for the tunneling current, which we will now call the setpoint: Iiunnet = Isetpoint-
This variable adjusts the height of the tip above the sample. A change of the applied
voltage Uyi.s means an adjustment of the image regarding the energy of the sample states
by selecting the energy up to which electrons are allowed to participate in the tunneling

process.

Already in the first years of STM, the resolution perpendicular to the surface reached
down to 0.1 A limited by the stability of the instrument. The lateral resolution can reach
atomic resolution depending on several influences as the tip curvature, the tip-sample
distance, the barrier height ¢ and the spatial extension of the surface state wave func-
tion [BR82, BR83b, BR83¢].

The tunneling current Iseipoins is a function of the tip-sample distance, the LDOS of
the sample, and the applied voltage Uyas, among other variables. It is the product of
the electron current in one electrode (e.g. the sample) impinging onto the barrier (the
vacuum) and the transmission coefficient for tunneling of electrons through this barrier.
The transmission coefficient is the ratio of the transmitted wave function behind the

barrier and the wave function in front of the barrier and is given by

T = e%vacd’ — e 2K (22)
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2.2. Determination of geometric structures

with the distance z between sample and tip, the electron mass m, and the barrier height
¢. The exponential decay of the current with increasing tip-sample distance has already
been observed in the first STM experiments [BRGW82b|. Further dependencies of the
tunneling current can, for example, be derived from Bardeen’s theory of tunneling, start-
ing with the evaluation of Schrédinger’s equation with a time-dependent approach and
the transfer Hamiltonian Hr [Bar61, Che08, Wie94]. The shapes of sample (s, summation
index o) and tip (t, summation index 7) play a role as they determine the participat-
ing states (¢,, 1,) and the corresponding possible tunneling processes between these
two electrodes. The tunneling current in this model is given by Eq. 2.3 with the Fermi

distribution function f(FE).

Lsetpoint OC Z{f(ET)[l — f(Es 4 eUbias)] — f(Eos + eUpias)[1 — f(E7)]}

o,T

tunneling from tip to sample tunneling from sample to tip

(il el )|

tunneling matrix element

X 6(E, — E;) x

The tunneling matrix element M, s describes the interaction energy due to the overlap
of the tip wave function and the sample wave function [Che08|. M, is calculated as a
surface integral over a surface in the vacuum (barrier) separating tip and sample. The
integrand is formed by the wave functions of tip and sample containing the exponential
decay of the wave functions into vacuum. So, M, contains the formerly mentioned

transmission coefficient.

Since especially the shape of the tip is not known in experiment and these calculations
are rather complicated, a simplified model has been introduced by Tersoff and Hamann,
assuming a spherical tip with only s-wave function states contributing to the tunneling
process [TH83, TH85, Che08, Wie94|. The tip has a radius R and its center is located at
7; as depicted in Fig. 2.8. Applying this simplification, M, s is expressed by the product
of the tip density of states p; and the wave function at distance R from the tip center. In-
cluding further the approximations of small temperature and small bias voltage, i.e. only
states from the tip (t) and the sample (s) close to the Fermi energy Er participate, the

expression for the tunneling current becomes

]setpoint X Ubias Pt(EF) GZRK Z |’¢)0'(Ft)|2 5(E0 - EF) (24)

=ps(Bp,it) = ps(Ep)e25(>+R)
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tip

sample

Figure 2.8.: In the Tersoff-Hamann model the tip is assumed to be spherical and
represented by an s-wave function. The center of the tip is located at 7 and its
radius is R. The distance between the tip and the sample is z.

This way one can see the dependency of the tunneling current on the sample LDOS p; at
the Fermi energy Ep, the applied bias voltage Uyas, the tip sample distance z, and the
effective barrier height (¢ is contained in x), which is the average of tip work function
and sample work function [TH83, TH85, Che08, Wie94]:

Isctpoint X Ubias pt(EF) ps(EF) 6_2ZH . (25)

The exponential term comprising the tip-sample separation z is responsible for the high
vertical resolution of this technique, because if the height of the tip above the sample

surface changes by about 1 A, Lsetpoins changes by about one order of magnitude.

For a finite bias voltage applied, Eq. 2.5 has to be integrated over energy in the window
between Er and eUp;as:
eUbjas

]setpoint X Ubias / Pt(E - eUbias) /%(E) 6722'%‘&5 dE (26)

Er
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with

1
K/bias(E7 Ubias) - ﬁ\/zme¢bias(Ea Ubias) (27)

and the effective barrier height

¢t + ¢s + eUvbia,s

¢bias (E7 Ubias) = 2

+ (E — EF) (2.8)

for electrons at the energy F participating in the tunneling process. The dependencies of
the tunneling current on the applied bias voltage and on the sample LDOS pg will play

an important role for differential conductance measurements described in Sec. 2.3.1.

B. Experimental realization

The microscope used for experiments described in this thesis is a Besocke type STM
developed in 1987 [Bes87]. The setup of this STM unit is more compact, more stable, and
more simple than the previous one developed by Binnig and Rohrer, since it comprises
remarkably less elements, namely, only a base plate, piezo elements, and the sample. Four
identical hollow piezo tubes are mounted onto the base plate such that three of them form
a triangle and the fourth is in the center. The three outer piezo tubes carry the sample on
small sapphire balls mounted on top of the tubes. All piezo tubes have four segments at
their outside, opposite located elements are contacted with opposite polarity, one contact
at the bottom and one at the top, and the inner contact is grounded. By applying an
appropriate voltage to the contacts at the outside, the tubes can bend in any direction
allowing all movements in the z-y-plane. A voltage applied between the top and bottom
contact causes contraction and extension, respectively, of the tube for movements in the
z-direction perpendicular to the sample surface. The piezo tube in the center holds the
probing tip and is contacted similar to the other piezo tubes such that the tip can be
approached to or retracted from the sample surface as well as scanned laterally across
the surface. In this highly stable setup thermal drift is mostly self-compensated. Coarse
lateral movement of the sample with respect to the tip is realized by a simultaneous

slip-stick motion of the three outer piezo tubes.
The setup of our STM unit, depicted in Fig. 2.9, is quite similar to the original

Besocke type, except for the fact that the tip is not mounted on the base plate, scanning

the sample face down. Our sample is placed on the base plate, on which there are
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Figure 2.9.: Setup of a very compact, rigid, easily operable, and thermally stable
STM unit: The sample is placed in the middle of three piezo tubes that carry the
ramp plate on small insulating spheres. A fourth piezo tube with the probing tip
is attached to the center of the ramp plate. Each piezo tube has four contacted
segments at its outside for any movements in the z-y-plane parallel to the sample
surface. Contacts at the top and at the bottom allow motion along the z-direction.

mounted three piezo tubes in a triangular arrangement holding an annular ramp plate
with one inclined segment for each piezo tube allowing for coarse movements in the z-
direction. The fourth piezo tube holding the tip is attached to the ramp plate such that
the tip approaches the sample from above. This modification is more practical for low
temperature STM [GGR192, SR94| where the whole STM unit is attached to the bottom
of a cryostat containing liquid helium. The connection between cryostat and STM unit
is realized by copper blocks of good thermal conduction for cooling of the sample before

the performance of experiments. The helium cryostat is surrounded by another cryostat
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Figure 2.10.: The complete experimental setup comprises the STM unit in a sepa-
rate vacuum chamber attached to a cryostat system and the preparation chamber
with additional elements for sample preparation and investigation. Springs and an
eddy current damping system isolate the STM unit from mechanical vibrations.
For further explanations on the preparation chamber see Sec. 2.4.

filled with liquid nitrogen. During experiments, the STM unit is decoupled from the
cryostat and the other parts of the vacuum chamber needed for experiments (cf. Sec. 2.4)
by vibration damping springs. The whole experimental setup with STM unit, cryostat,

vacuum chamber, and additional elements is illustrated in Fig. 2.10.

2.2.2. Low-energy electron diffraction

The diffraction of electrons at periodic structures has been known for decades and a
surface sensitive tool has been developed based on this effect [EK85, HWC86]. In low-
energy electron diffraction (LEED) the kinetic energy of electrons with mass m, hitting
the sample surface lies between 10eV and 1keV so that their corresponding de Broglie

wave length

h

A = —— 2.9
@ Vv 2Tr’feE‘kin ( )
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Figure 2.11.: In a conventional low-energy electron diffraction experimental setup,
electrons hit the crystalline sample surface at normal incidence. The interference
pattern of the scattered electrons is detected with angular resolution on a fluo-
rescent screen.

is in the order of magnitude of 1 A. This value approximately matches the lattice constant
of metallic and semiconducting crystals, and with a kinetic energy in the mentioned range
the penetration depth amounts up to 10 A probing the first layers of the crystal. The
backscattered electrons interfere with each other and the diffraction pattern, which is
the Fourier transformation of the crystalline structure of the sample surface, is detected,
for example, on a fluorescent screen, cf. Fig. 2.11. Since here we are only interested in a
description of the position of the diffraction spots for the purpose of a simple geometric
analysis of the surface structure, inelastic and multiple scattering effects are neglected in
the following explanation of the method. The creation of the electron diffraction pattern

can easily be explained in reciprocal space where a wave with a vector

1
‘ko‘ = ﬁ\/ 2me Exin (2.10)

is assigned to an incident electron of energy FEj,. The scattered electron has the wave

vector k. The reciprocal lattice of a three-dimensional crystal is also a lattice with dis-
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a) LEED b) SPA-LEED
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Figure 2.12.: The Ewald construction illustrates the creation of an electron diffrac-
tion pattern. (a) In a conventional LEED setup the incoming electrons with a wave
vector EO hit the sample at normal incidence and are scattered into the direction
of k. Diffraction spots can be observed where the Ewald sphere intersects the
reciprocal lattice rods. (b) In a SPA-LEED setup the angle between incident and
scattered electrons is fixed and does not change, but the angle of incidence, i.e. the
direction of EO is rotated for a complete scan of the reciprocal space, together with
the direction of &',

crete lattice points. At the surface, the symmetry is broken and in real space the distance
to the next atoms becomes infinite. In reciprocal space, these diffraction spots therefore
have an infinitely small distance to each other, forming lattice rods. In a conventional
LEED setup, the electrons, coming from an electron gun, hit the sample surface at
normal incidence, are scattered back at the crystalline surface structure, and interfere

constructively with each other according to the Laue-condition
K —ky =G , which for only 2 dimensions becomes ]g\ll - l;:’()’” = él\ , (2.11)

where G is the reciprocal lattice vector. Figure 2.12a illustrates the creation of the
interference pattern during the diffraction process by an Ewald construction. The Ewald
sphere has its center at the beginning of ko and the vector’s magnitude is the radius.
Diffraction spots are observable where the Ewald sphere intersects with reciprocal lattice
rods. When the wave vector of the diffracted electron E’, starting also at the center of

the sphere, ends at one of these intersection points, the Laue condition is fulfilled.
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Figure 2.13.: In a SPA-LEED the electron detector is mounted at a certain position
with a fixed angle relatively to the electron gun. The octopole plates control and
vary the path of incident and scattered electrons, thus, scanning the reciprocal
space to obtain a 2-dimensional diffraction image. Figure taken from [ZH02.

A variation of the conventional LEED setup is called spot profile analysis LEED (SPA-
LEED) Instead of a fluorescent screen it contains one channeltron as electron detector
mounted at a certain position with a fixed angle relatively to the electron gun as shown
in Fig. 2.13. This way it is not possible to obtain a LEED image at one shot, but the
reciprocal space is scanned for an image, since the channeltron only detects electrons
from a small area. The path of the electrons from the gun to the sample (solid line in
Fig. 2.13) is determined by the octopole plates, which deflect the electrons for a variation
of the angle of incidence at the sample. The path of the backscattered electrons (dashed
line in Fig. 2.13) towards the channeltron detector is close to the path from the gun
to the sample surface, again regulated by the octopole plates. Thus, the angle between
incident and diffracted electrons is constant, i.e. the angle between ko and & is fixed and
for certain angles of incidence the channeltron detects corresponding diffraction spots.
To obtain a complete reciprocal space image, EO and K are rotated together enlarging

the detected area of the reciprocal space as demonstrated in Fig. 2.12b.

The SPA-LEED has been invented in 1986 [SMHS86] and improved over the last
decades [Hoe99, ZH02]. Compared to LEED it offers several advantages. Images without
the shadow of the electron gun and with a higher k-space resolution are obtained. The

latter feature is achieved by an improved ratio of the detector aperture (which is smaller
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in a SPA-LEED than in a conventional LEED) to the sample-detector distance (which is
larger in a SPA-LEED than in a conventional LEED). Further, the profile of diffraction
spots can be analyzed (which gave the instrument its name) and a study of the spot
intensity depending on the electron energy is possible. Especially important for the in-
vestigation of organic molecular layers is that a much lower electron flux than required
for conventional LEED is applicable due to the highly sensitive detector, decreasing the
sample damage remarkably and allowing higher electron energies for patterns of larger

reciprocal space areas.

2.3. Determination of electronic properties

There exist many different spectroscopic methods for the detection of the electronic
properties of adsorbed layers. We will mainly apply STM-based differential conductance
spectroscopy, often referred to as scanning tunneling spectroscopy, giving information
about the local electronic structure within an area of few A%, A very popular method
for experiments on the global electronic structure over the whole sample surface is pho-

toemission spectroscopy.

2.3.1. Differential conductance measurements

Scanning tunneling spectroscopy (STS) is based on the tunnel effect similar as described
in Sec. 2.2.1 for scanning tunneling microscopy and depicted in Fig. 2.14a. The tunneling
current between the metallic tip and the (semi)conducting substrate for a finite voltage
Unias applied to the sample is given by Eq. 2.6. Due to its dependency on the sample
density of states ps(E), the current increases when the biased energy window eUyas above
EF is large enough to comprise sample states, i.e. resonances. The increasing slope of
Tiunnel 18 Observed as a peak in the derivative dliunnel/dUbias, ¢f. Fig. 2.14b. Thus, by
measuring the derivative of Iepoint With respect to Upias one has direct access to the
sample LDOS as a function of energy, assuming that the tip DOS is flat around the

Fermi energy:

d-[se oin —22kpiae (€Un; .
dUtp t(Ubias) x ,Ot(EF) ps(EF +€Ubias) e~ 22Fbias(¢Ubias,Ubias) (2.12)
bias

The exponential term describing the transmission function causes the background to
increase with Uy,s superimposed by a pattern of resonances that is proportional to the

sample LDOS. Hence, STS yields information about the structure of electronic states.
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Figure 2.14.: (a) In an STS measurement the bias voltage is ramped, e.g. from
0V towards negative Upiss. (b) The tunneling current Iietpoint increases when go-
ing through a resonance. The increase of the current is observable as a peak in
the differential conductance dlsetpoint/dUnias, Which is directly proportional to the
sample LDOS.
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For spectroscopy, the tip is placed above the point of interest of the sample surface
and the feedback loop controlling and correcting the tip height is switched off. The volt-
age applied between tip and sample is ramped from e.g. —1V to 1V (and back) while
the tip is held at one height. Measuring the tunnel current and its derivative during this
process yields the local density of states of the sample at the investigated spot. Occupied
sample states appear as resonance peaks on the side of negative bias and unoccupied

sample states appear on the side of positive bias in these differential conductance spectra.

Our experiments are carried out with the lock-in amplifier technique filtering the
desired signal. The derivative of Lsetpoint With respect to Upas is recorded while the voltage
is ramped up from negative to positive values and for the ramping vice versa. During
the data evaluation process, these two spectra are averaged and noise is filtered out in
the program Origin by application of a fast Fourier transformation and suppression of

perturbing frequencies.
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2.3.2. Photoelectron emission spectroscopy

When Hertz [Her87| and Hallwachs [Hal88| discovered the effect of light irradiation on
metal plates, explained as the photoelectric effect by Einstein some years later [Ein05],
the fundamentals for a new method were there [H03|. Photoelectron emission spec-
troscopy (PES) uses the photoeffect to investigate the electronic properties of surfaces.
In experiment, photons of a certain energy E, = Aw are irradiated onto the sample and
transfer their energy to electrons. If the energy of an excited electron is great enough,
it can leave the sample and continue in the vacuum outside as a free electron with a
certain kinetic energy. The photon energy can be selected such that the kinetic energy
of the emitted electrons is less than 100eV. In this case, only electrons from the first
layers are able to leave the sample as their mean free path is in the order of magnitude
of 10 A. Hence, PES can be used as a surface sensitive technique. The emitted electrons
are detected and the intensity is measured as a function of the electron energy. For a
known photon energy Aw and analyzer work function ¢,, which is to be smaller than
the sample work function ¢, the binding energy Ep of the state where an electron is

emitted from can be calculated according to energy conservation (cf. Fig. 2.15):
hw = Egn + B + ¢ . (2.13)

The sample work function can also be calculated from the photon energy and the width

of the analyzed spectrum:

hw = ¢s + (Ekin,max - Ekin,min) . (214)

In this simple picture neglecting final state effects we assume an immediate relaxation
of the remaining sample system missing one electron and exclude interaction between
the escaping electron and the created positively charged hole. The spectrum of detected
electrons corresponds to the sample DOS (at the surface), as demonstrated in Fig. 2.15
for discrete sample states, which is the case for organic molecules that will be in the
focus of experiments presented in this thesis. The finite width of the measured peaks

appears naturally due to, e.g., thermal broadening.

A further developed variation of PES is angle-resolved photoelectron spectroscopy

(ARPES), which here is performed with ultraviolet light because these wavelengths cor-

25



2. Experimental background

analyzer

kin

E
A

kin,max

sample

E

vacuum

Ps

Figure 2.15.: Photoelectron spectroscopy is based on the photo effect where pho-
tons release electrons from a sample. The kinetic energy of the emitted electrons
is measured and the binding energy of the state they come from can be calcu-
lated as the difference between the photon energy hw, the work function ¢, of the
analyzer, and the kinetic energy Fy, of the electrons.
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Figure 2.16.: In angle-resolved photoelectron spectroscopy not only the energy but
also the emission angle ¢ is detected. By a rotation of the sample around the
azimuthal angle 6, the full hemisphere above the sample can be imaged.

respond to the binding energies of the valence states we are interested in. The schematics
in Fig. 2.16 illustrates the experiment: The electron leaving the sample after excitation
by a photon has a certain momentum k inside the sample. When penetrating through
the sample surface, the momentum components k, and k, parallel to the surface are
conserved while the component perpendicular to the surface changes with the surround-
ing medium similar to Snell’s law of refraction. The parallel components are detected
as emission angles ¢ measured with respect to the surface normal and 6 as azimuthal
angle in the surface plane. The detection can be carried out separately for all angles
p, 0. The data are transformed from polar and azimuthal coordinates into reciprocal
space coordinates ky and ky, so that a momentum space image for the full hemisphere
above the sample surface is obtained. For a certain kinetic energy corresponding to the
binding energy of a molecular orbital, the 2-dimensional momentum space image gives a
fingerprint of the orbital in reciprocal space according to the Fourier transformation of
the wave function distribution of the orbital in real space. This technique allows a direct

identification and assignment of observed spectroscopic resonances.
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Two different setups are used for the experiments performed for the work presented
here. At the synchrotron BESSY II at the Helmholtz Zentrum Berlin, a toroidal analyzer
detects the emitted electrons in a wide emission angle range of ¢ = £85° for a certain
energy [LR85, Lec87, TRH'10|. The sample is rotated around the surface normal in steps
of 1° yielding data for every azimuthal angle 6. The second setup used at the Elettra
synchrotron in Trieste yields the whole 2-dimensional image at once by a photoelectron
emission microscope (PEEM) where the electrons of all emission angles reach the detector

screen via several electron lenses [SWPT12, FGN*t14].

2.4. Experimental procedures

This section contains short descriptions of the conditions under which the measurements
were performed with the techniques explained above. Also, the sample preparation proce-
dure is elucidated. Although the experiments took place in three different laboratories, all
steps of preparation and measurement were carried out in ultra-high vacuum chambers.
In this environment the contamination of the sample surface by residual gas particles is

low enough to keep the surface clean over the time span necessary for measurements.

2.4.1. Measurement conditions

The pressure for LEED and PES experiments was ~ 10~?mbar and these were carried
out at room temperature. For STM and STS, values of the pressure of ~ 10~%mbar to
~ 10" mbar could be reached and these measurements took place at low temperature.
At the STM unit, which for cooling is attached to the bottom of the helium cryostat
and released for experiments in thermal equilibrium, a temperature of ~5K could be
measured and the temperature at the sample is assumed to be about 10 K. The cold en-
vironment is required to suppress thermal drift, for good spectroscopic resolution with
low noise and peak broadening, and to minimize diffusion of molecules on the metal
surface and enable stable imaging in STM. In order to avoid mechanical disturbance by
vibrations from the building, the whole vacuum chamber as depicted in Fig. 2.10 can
be lifted by air-filled laminar flow isolator feet by Newport Corporation. Electric cables
not used for the ongoing measurement are detached from the chamber system to avoid

electric noise.

28



2.4. Experimental procedures

The STM used in this work has been build by CreaTec Fischer & CO. GmbH and
is operated with an etched platinum-iridium tip (Pt0.8 Ir0.2; 0.25 mm diameter). The
SPA-LEED has been made by Omicron NanoTechnology GmbH and the micro chan-
nel plate (MCP-)LEED by OCI Vacuum Microengineering Inc. PES experiments were
partly carried out at the NIM/SGM beamline with a toroidal analyzer at BESSY II in
Berlin (photon energy 30eV) and with the photoelectron emission microscope (PEEM)
‘NanoESCA’ by Omicron NanoTechnology GmbH at the Elettra synchrotron in Trieste
(photon energies 35eV and 40€V).

The performance and results of STS as carried out in this work strongly depends on
the tip DOS, the molecular states and the substrate DOS. In order to facilitate the in-
terpretation of obtained spectra it is desirable to have a tip with a flat DOS around the
Fermi energy. Therefore, the tip has to be prepared, which can be done by application of
a short voltage pulse to the tip to release dirt or parts of molecules and also by carefully
dipping the tip into the surface in an uncovered (clean) area to pick up silver substrate
atoms as outermost part of the tip, which offers the desired flat tip DOS. In all cases
discussed here, the preparation of an adequate tip is difficult as we usually work with
dense, complete molecular layers leaving no uncovered silver surface areas. Thus, after
preparing the tip by voltage pulses and careful dipping we do not know which atoms or
clusters form the tip and what its DOS is like. This makes the interpretation of the mea-

sured spectra more difficult and will affect the results through the entire data analysis.

In addition, CuPc as a molecule usually yields less intensity in spectroscopic meth-
ods (e.g. differential conductance spectroscopy, photoelectron spectroscopy) than, for
instance, the also well-known PTCDA molecule, probably due to a lower interaction

cross-section, which could not yet be explained.

2.4.2. Sample preparation

Before the preparation of molecular layers on the substrate, the single crystal metal
surface is cleaned by repeated cycles of argon sputtering (£50° and £65° incidence angle
towards the surface normal) and annealing up to ~600 °C. For the deposition of organic
molecules the sample was held at room temperature. The powder of organic material is
filled into a crucible and, in a home-made evaporator, heated by electric current providing
temperatures high enough for the molecules to sublimate, i.e. about 500 °C for CuPc and
about 220 °C for PTCDA are measured near the crucibles.
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3. Multilayer adsorption of CuPc on
Ag(111)

The properties of the first monolayer of CuPc molecules adsorbed onto the Ag(111)
surface are very well studied [GKHT96, MEP*07, KSS*10]. The molecule-substrate in-
teraction is weak enough to allow a non-commensurate molecular arrangement and the

intermolecular interaction determines the lateral structure described by the matrix

252 5.50
My = . (3.1)
466 —0.34

Corresponding LEED and STM images are shown in Fig. 3.1. The molecular structure
vectors El and EQ are marked in both images. Bl has a length of 13.7 A, 62 has a length
of 13.9 A, and the angle between them is 96°. According to the 3-fold symmetric Ag(111)
substrate, there are 6 domains (including mirror domains) of which all are observable
by LEED.

For a coverage of 0.9 ML, photoelectron spectroscopy data yielded several occupied
states for binding energies up to 1.5eV, namely, the HOMO located at 1.25¢V, the
LUMO at 0.15eV, and a residual at 0.007e¢V [KSS*10|. The position of the HOMO
depending on the coverage has also been measured and a shift from 1.25eV at 0.9 ML
to 1.51eV at 2ML and to 1.7¢V at 3ML is observed [KSS*10].

Another study by Huang et al. presents STM data on a coverage of 1.3 ML CuPc
on Ag(111) [HHP*09]. Here it is found that the molecules in the first layer lie flat on
the substrate surface but molecules in the second layer islands are inclined according
to the difference in their shape and contrast compared to molecules in the first layer.
The unit cell of the second layer with tilted molecules seems to be the same as the unit

cell of the first layer regarding length and orientation of the molecular structure vectors.
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3. Multilayer adsorption of CuPc on Ag(111)
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Figure 3.1.: (a) The SPA-LEED image of one monolayer CuPc on Ag(111) shows
the experimentally obtained pattern superimposed by a pattern simulated accord-
ing to the matrix describing the superstructure. The vectors B: and 15; mark the
unit cell in reciprocal space. The image is adapted from [KSS*10], the abscissa
is given in percentage of the Ag(111) Brillouin zone, the matrix relates to the
substrate vectors @, (parallel to [110]) and &, (parallel to [011]) with an angle of
120° between them. (b) STM image of the first layer CuPc on Ag(111) with the
unit cell vectors 51 and 62 marked, Upias=—1.250V, Lietpoint =23 pA.

A similar inclination of molecules has been observed for iron phthalocyanine (FePc) on
Cu(111) [SCK'08§], on Ag(111) [GBK*11], and on Au(111) [CGD*07, GG10] as well as
for CuPc on Au(110) in density functional theory calculation [LMH"14].

Besides the two presented studies on higher layers of CuPc on Ag(111) by PES and
STM, there are not much data about this system in literature. Thus, we will try to
fill in information on a coverage of 1.3 ML CuPc on Ag(111). The lateral structure will
be investigated by STM as well as by LEED, confirming the similarity of the first and
second layer structure not only in real but also in reciprocal space. STS is expected to
reveal the energetic positions of the HOMO and LUMO of the first and second layer,

which will be compared to the known data mentioned above.

The sample was prepared according to the procedure described in Sec. 2.4.2 and after
deposition of 1.3 ML the sample was annealed up to 270°C to enable diffusion and

improve the lateral ordering. Measurement conditions are as described in Sec. 2.4.1.
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3.1. Structural properties: Inclination of molecules

Figure 3.2.: (a) As long as the coverage is in the submonolayer regime, CuPc
molecules distribute in a dilute phase all over the surface, Uy;s=—0.200V,
Lietpoint=26 pA. (b) Flat lying molecules are ordered in the densest possible struc-
ture in the first layer. Molecules in the second layer are tilted and form islands
even if the second layer is not completed, Upias=—1.250V, Lsetpoine =9 pA. (c) In
the zoom image of few molecules in the second layer one can estimate the direction
of inclination, Upias=—1.250V, Letpoins =59 PA.

3.1. Structural properties: Inclination of molecules

At a coverage of 1.3 ML the sample surface is completely covered with molecules and
no clean silver patches are visible. The first layer is closed and exhibits the densest pos-
sible structure. The second layer is not completed and the molecular arrangement will
be determined by the lateral interaction between molecules in the second layer and by
interaction with the underlying molecular layer on the metal substrate. The examination
of the molecular structures will be carried out in real space by STM and in reciprocal
space by LEED.

The image in Fig. 3.2b shows the first and second layer of CuPc molecules on Ag(111).
In contrast to a coverage of less than one monolayer where the molecules are distributed
in a dilute phase all over the surface (cf. Fig. 3.2a), the molecules in the second layer form

islands with sharp edges even if the layer is not completely filled. The intermolecular
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3. Multilayer adsorption of CuPc on Ag(111)

repulsion observed for the sub-monolayer coverage seems to be eliminated. We assume
that during the growth of the first layer it occurs due to Coulomb forces as a result of
the molecule-substrate interaction and the charge transfer at the metal-organic interface.
The second layer does not feel the influence of the metal, molecules do not get charged,
and hence these tend to cluster and form ordered islands. As expected and described
by Huang et al. [HHP*09], molecules in the second layer do not show the typical 4-fold
symmetric structure but, in contrast to flat lying molecules in the first layer, seem to
be tilted. Taking a closer look as shown in Fig. 3.2c, one can estimate the direction of
inclination and see that the tilt angle probably amounts to only few degrees and the
molecules do not overlap. The molecules do not all appear with the same contrast but
small differences can be observed, e.g. the brightest and uppermost benzene ring can
consist of one or two sphere-like features. This effect hints towards a registry with a unit
cell comprising more than one molecule, similar as reported for a layer of CuPc on top of
a closed layer of PTCDA on Ag(111) [SSK*12]. In this hetero-organic system the CuPc
unit cell contains six equally oriented molecules. The difference in contrast is purely
electronic and originates from three different adsorption sites of the CuPc molecules
with respect to the underlying PTCDA lattice. Compared to the case of CuPc on CuPc
on Ag(111) discussed here, the second layer molecules may also adsorb at different sites

of the first layer lattice yielding a different electronic contrast for adjacent molecules.

Figures 3.3 and 3.4 show several line profiles across STM images (height is not cali-
brated) obtained in WSXM [HFGR*07]. One can clearly see that the surface roughness
of the second layer (Fig. 3.3c,d) differs from that of the first layer (Fig. 3.3a,b). The
increase of the layer roughness confirms the inclination of molecules and so does the
periodic asymmetric double peak shape in Fig. 3.3d. In the profile Fig. 3.4c,d, the step
size between the first and the second layer on the same silver terrace is depicted. The
step in image Fig. 3.4a,b goes from the second layer of a lower terrace to the first layer
of the upper terrace across upright standing molecules right at the step edge. The total
thickness of the second layer matches the step height of Ag(111), since the height differ-

ence is equalized between the two areas in Fig. 3.4a,b.

A comparison of the first and second layer unit cell, as depicted in Fig. 3.5a, suggests
that these two pairs of vectors are equal, i.e. the second layer adsorbs commensurate on
top of the first layer. The grid in Fig. 3.5b coincides with the first layer structure such

that the grid nodes are on top of the molecular centers. Extending this grid across the
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3.1. Structural properties: Inclination of molecules
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Figure 3.3.: Line profiles of STM images (obtained in WSXM [HFGR*07]): A sam-
ple area with a line is given in the upper row, the corresponding profile is depicted
below (from the left end to the right end of the line in the image above). The height
(ordinate of profile graph) is not calibrated. (a,b) The roughness of the first layer
is that of flat lying molecules, Upias=—1.250V, Lietpoint=23 pA. (c,d) The rough-
ness of the second layer shows the inclination of the molecules, Up;s=—1.250V,
Isetpoint:59 pA

second layer structure, we find that the molecules in the second layer adsorb with their
most elevated benzene ring right above the center of the underlying molecule. This fact,
however, gives rise to a different possible interpretation of the observed contrast of the
second molecular layer. According to the position of one benzene ring of a second layer
molecule right above a Cu atom of a molecule of the underlying CuPc layer, the other
benzene rings are above underlying benzene rings and above empty space between the
underlying molecules, respectively. Since the benzene rings of the second layer molecules
are distributed over different sites of the underlying molecules, the contrast in STM may
also be a purely electronic effect instead of showing inclined molecules. It is hard to

decide on the origin of the observed contrast effect since STM always shows topography
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3. Multilayer adsorption of CuPc on Ag(111)
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Figure 3.4.: Line profiles of STM images (obtained in WSXM [HFGR*07]): A
sample area with a line is given in the upper row, the corresponding profile is de-
picted below (from the left end to right end of the line in the image above).
The height (ordinate of profile graph) is not calibrated. (a,b) A height pro-
file across a Ag(111) step is shown, i.e. from the second layer with inclined
molecules on the lower terrace to the first layer with flat lying molecules on the
upper terrace across upright standing molecules at the step edge, Upjas=—1.250V,
Lietpoint =240 pA. (c,d) A height profile across a step from the second layer with
inclined molecules to the first layer with flat lying molecules on the same terrace
is depicted, Upias=—1.250V, Lsetpoint =59 PA.

convoluted with electron density. Standing x-ray wave experiments are also difficult to
interpret for two layers of molecules of the same type. For the investigation of molecular
orientations near edge x-ray absorption fine structure (NEXAFS) measurements might
be helpful giving information about the orientation of molecular orbitals and, thus, about

the molecular geometry.

Concerning the interpretation of our data, we assume that the asymmetric contrast of

molecules in the second layer is not a purely electronic effect but the molecules adsorbed
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3.1. Structural properties: Inclination of molecules

N e setond layer
«_ "™ upper terrace

first layer - first layer
upper terrace upper terrace

. - M el C
second layer # second, layer #
'Iov'ee[ terrate - — & 'Iov'vFe[ terrale

Figure 3.5.: STM images of the flat lying molecules in the first and in-
clined molecules in the second layer on two adjacent terraces, Upjs=—1.250V,
Lietpoint=59 pA. (a) The unit cells are the same for the first and the second layer.
The pair of vectors (61, 62) can be shifted laterally and does describe both ap-
pearing structures. (b) The adsorption site of the second layer on top of the first
layer can be determined by an additional grid. The nodes coincide with the cen-
ters of the molecules in the first layer and with the uppermost benzene ring of
the molecules in the second layer.

in a inclined configuration. This assumption is supported by calculations on the adsorp-
tion of CuPc molecules on the Au(110) surface, which interacts weaker with adsorbates

than silver, where the molecules are inclined [LMH"14].

LEED patterns as given in Fig. 3.6 were recorded with a conventional LEED and an
MCP-LEED. The pattern displays a triangular structure, which we fit in the program
Spot-Plotter [Bay08] with the pattern simulated with the first layer unit cell vectors.
The simulation completely reconstructs the experimental pattern, and since we cannot
distinguish two patterns in the experimental images (one for the first and one for the
second layer), this fit confirms that the pattern of the second layer has exactly the same
structure as the pattern of the first layer. Thus, the results of the LEED measurements

are in good agreement with the STM findings.

The reduction of symmetry of the pattern from expected 6-fold to observed 3-fold is

probably due to an asymmetric distribution of domains in the examined area.
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3. Multilayer adsorption of CuPc on Ag(111)

Figure 3.6.: LEED images of 1.3 ML CuPc on Ag(110), i.e. the first and the second
layer, show 3-fold symmetric diffraction patterns. The experimentally obtained
patterns are superimposed with the pattern simulated by Spot-Plotter [Bay08§]
according to the values describing the molecular lattice of the first layer of ad-
sorbed molecules. (a) Image recorded with a conventional LEED, 12.4eV. (b) Im-
age recorded with an MCP-LEED, 45eV. Obviously, the second layer structure
can be described by the same values as the first layer structure.

3.2. Electronic properties: Orbital depopulation

In the work presented by Kroger et al. [KSST10], some orbital binding energies have been
determined, but the binding energies of the two frontier orbitals HOMO and LUMO are
not given for 1 ML coverage. We investigate the local density of states of the first and
second layer CuPc on Ag(111) by STS for a range of £2eV around the Fermi energy.
As mentioned above, the surface is completely covered with molecules and, thus, it is
difficult to prepare the tip. So we have to consider the possible occurrence of tip states

in the analysis of the spectra.

First, STS data from flat lying molecules in the first layer are collected, cf. Fig. 3.7a.
Spectra are measured above the center and the four benzene rings of the molecule
(Fig. 3.7b). Since the spectra recorded above the benzene rings do not differ from each
other, these four are averaged. All first layer spectra feature a strong resonance at ap-
proximately —0.5V and a weaker resonance at approximately —1.4 V. Compared to the
data from [KSS*10], depicted in Fig. 3.7d, the feature at —1.4V can probably be as-
signed to the HOMO. The LUMO, expected as a weakly occupied state at —0.15V, is
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3.2. Electronic properties: Orbital depopulation
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Figure 3.7.: (a) Differential conductance spectra of flat lying CuPc molecules in
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the first layer on Ag(111) feature many resonances, of which several might occur
due to tip states. The HOMO can be observed at —1.4V. The LUMO is expected

at approximately —0.15V and probably disappears in the strong resonance at

—0.5V; Lietpoint =050 pA (b) In an STM image of one CuPc molecule the positions
are marked where spectra are recorded, Upias=—1.250 V, Lietpoint=D9 pA. (c) In the
difference of the spectrum taken above the molecular center and the spectra taken
above the benzene rings the individual contributions can be discriminated more
easily. (d) The UPS data of 0.9 ML CuPc on Ag(111) are depicted for comparison
with the STS data, figure taken from [KSS*10].
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3. Multilayer adsorption of CuPc on Ag(111)
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Figure 3.8.: Real space distributions of the frontier CuPc orbitals which yield
resonances in the differential conductance spectra.

not observable at this position in our data. The striking feature at —0.5V may either
originate from the former LUMO, which in this case would be occupied to a substantially
higher degree than assumed according to PES data in [KSST10], or it is due to a tip state
and the weakly occupied LUMO disappears in it. Since such a strong occupation of the
LUMO does not seem realistic compared to previous data, we suppose that a tip state
causes the resonance at —0.5V. For positive bias, all spectra show several resonances,
which may also appear due to tip states since no certain unoccupied orbital is expected

to lie so close to the Fermi energy.

There are only tiny differences between spectra recorded above the benzene rings
and above the center of the molecules. Therefore, the spectra of the benzene rings are
subtracted from the spectrum of the molecular center (Fig. 3.7¢) to increase the visibility
of deviations. The spectrum of the center yields stronger intensity for most parts of the
spectra, except for the range between —0.8V and —1.4V. In this region, the spectra
of the benzene rings feature a shoulder to the peak at —0.5V, but we cannot name an
involved distinct sample state. A similar feature can be observed at about 0.75V where
mainly the center of the molecule causes a resonance, which may stem from a higher
unoccupied orbital mainly distributed across the inner part of the molecules, cf. Fig. 3.8.
The two originally degenerate parts LUMO, and LUMOg may cause the two close peaks
at 0.1V and 0.3V, of which LUMO,, reaching over the Fermi edge, has formerly been
interpreted as the partly filled LUMO at 0.15eV binding energy.
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3.2. Electronic properties: Orbital depopulation
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Figure 3.9.: (a) Differential conductance spectra of inclined CuPc molecules in
the second layer on Ag(111) exhibit many features that partly occur due to tip
states, Lsetpoint=59 PA. The HOMO at —1.7V is shifted to a larger binding energy
compared to spectra of first layer molecules (Fig. 3.7). The LUMO is probably
not occupied and may cause the resonances at 0.1V and 0.3V taking the de-
generacy of LUMO, and LUMOg of an isolated molecule into account. (b) The
positions where spectra are recorded are marked in STM images, Up;as=—1.250V,

Isetpoint =59 pA

Next, differential conductance spectra of second layer molecules are taken, cf. Fig. 3.9a,
above several positions marked in Fig. 3.9b. On the side of negative bias, all spec-
tra feature a strong resonance at —0.5V and increasing intensity from —1.6 V towards
—2V. The latter can by comparison with previous data be assigned to the HOMO
whose binding energy shifts with increasing coverage from 1.25eV at 0.9 ML to 1.7eV
at 3ML [KSS*10]. In addition to these two features, the spectra of the molecular center
feature a double resonance between —1.5V and —1.2V, of which one may be a rem-
nant of the HOMO of the underlying first layer molecules. Such a coverage-dependent
energetic shift of the HOMO is, for example, also reported for the adsorption of zinc-
phthalocyanine (ZnPc) on Ag(110) and is attributed to the screening of electrons in the
first layer molecules by the substrate (electrons) [GAAT10|. The second layer molecular

electrons are significantly less affected by the screening and for higher layers the metal
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3. Multilayer adsorption of CuPc on Ag(111)

does not affect the molecular level ordering so that the orbitals are aligned similar as
in an isolated molecule. On the other hand, the spectra recorded above the benzene
rings feature a resonance at —0.7V, which cannot be assigned to any orbital. The fea-
ture at —0.5V, which was also observable in the spectra of the first layer molecules
(cf. Fig. 3.7a), appears again in the spectra of the second layer molecules. Hence, our
conclusion is that this is the same tip state as assumed before. For positive bias, all
second layer spectra feature two resonances at 0.7V and 0.9V, which have not been
observed in the first layer spectra and might be due to the unoccupied LUMO. On the
other hand, the band gap of a bulk crystal CuPc is 1.98eV [HH63, Ham67] and with
the HOMO at —1.8 V the LUMO would be expected at about 0.2 V. Close to this value
only the spectra taken above the molecular center feature weak resonances at 0.1V and
0.3V, which may originate from the two parts of the degenerate LUMO. Thus, we assign
tip states to the features at 0.7V and 0.9 V. Two resonances at 1.2V and 1.5V are only
observable in some spectra of the benzene rings and may stem from the interaction with
the underlying material. Further resonances at positive bias probably also appear due

to tip states.

3.3. Summary and Conclusion

With our investigations presented here we contribute to the information about the second
layer CuPc on Ag(111), i.e. CuPc on CuPc on Ag(111). It is confirmed that the unit cell
of the second layer is the same as for the first layer, but molecules in the second layer do
not lie flat on the surface. They appear with a contrast suggesting an inclination by some
degrees with one benzene ring as the top-most point of the molecule. Alternatively, the
asymmetric contrast could be purely electronic due to the underlying molecular layer,
similar as reported for a layer of CuPc on a layer of PTCDA on Ag(111) where adjacent
CuPc molecules appear with different electronic contrast due to different adsorption sites
on the underlying layer [SSK*12]. We assume an inclination of molecules, which has also
been reported for CuPc molecules on a substrate interacting weaker with adsorbates
than silver [LMH"14]. The CuPc molecules in the first layer on Ag(111) are forced to
lie flat by molecule-substrate interaction. The 7-electron system of a molecule forms a
bond to the substrate and charge is transferred via this bond from the silver into the
CuPc. The charging of the molecules causes intermolecular repulsion and the formation
of a dilute phase when the coverage is substantially less than 1 ML. When the first

monolayer is completed, the molecules come so close to each other that they have to
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3.3. Summary and Conclusion

form an ordered structure for a further minimization of the adsorption energy. The
molecule-substrate interaction between CuPc and the Ag(111) surface is weak enough
to allow a non-commensurate registry and a lateral molecular arrangement determined
mainly by intermolecular forces. When the second layer of CuPc starts to adsorb on top
of the first layer, these uppermost molecules are not affected by the silver crystal in their
arrangement, but they have a weakly interacting, only slightly charged CuPc layer as
substrate. The second layer molecules do not receive any charge from the silver or the
first CuPc layer so that the formerly mentioned repulsive interaction occurring during
the growth of the first layer is not observed for the growth of the second layer. Here,
the lateral intermolecular interaction is attractive. It causes the molecules to cluster and
form islands, even for a low percentage of the second layer covered with molecules, and it
allows an inclination of the molecules. This is to avoid overlap of the benzene rings, but
the inclination is not large enough for 7-7 interaction between neighboring molecules
in the second layer. The attractive lateral interaction between molecules in the second
layer has also been observed for a layer of CuPc on PTCDA on Ag(111). In contrast, for
the hetero-organic system the influence of the first molecular layer of PTCDA molecules

is strong enough to force the CuPc molecules to lie flat and to chemisorb on top of the
PTCDA layer [SSK*12].

The obtained differential conductance spectra show a rich electronic structure that
can partly be attributed to tip states. Although we cannot certainly assign resonances
to the LUMO, which usually yields a weaker signal than the already quite weak HOMO
resonance, in either spectra, we can suggest which features might stem from the LUMO 5
and the LUMOg. We can also confirm the shift of the HOMO to larger binding energies
for increasing coverage such as reported in [KSS*10]. The diagram in Fig. 3.10 depicts
a comparison of the energetic orbital alignment as found out in [KSST10] and in this
work. The data for a coverage of 0.9 ML and 1.0 ML deviate slightly as the HOMO in our
data is located at a larger binding energy and we do not observe the strongest intensity
of the LUMO on the side of positive binding energy. The feature at 0.5eV discussed
earlier in this section is assigned to a tip state. It is clear that charge is transferred from
the metal into the molecule, but it is not clear to which degree the LUMO is occupied.
Hence, the resonance observed by PES in [KSST10| might be a tail of the LUMO, peak
reaching across the Fermi edge with its maximum still on the side of unoccupied states
but almost at the Fermi energy. Data about further unoccupied orbitals have not been

reported, so we suggest an allocation of the LUMOg and another unoccupied orbital,
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Figure 3.10.: The energy level rearrangement for the first and second layer of CuPc
on Ag(111) found in this work is compared to literature [KSS*10].

which is mainly distributed over the central part of the molecule, to the resonances on
the side of unoccupied states observed at 1 ML coverage by STS. The molecules in the
second layer at a coverage of 1.3 ML are less affected by the substrate, i.e. the screening
effect is weaker so that the HOMO lies at a larger binding energy and no charge is
donated to the molecules so that the LUMO is expected to be depopulated. The shift
of the HOMO is confirmed by PES in [KSS*10] as well as by STS data presented here
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3.3. Summary and Conclusion

albeit we observe the HOMO at an even larger binding energy. Since PES does not yield
any information about unoccupied sample states, we provide the only data and carefully

propose an assignment to unoccupied orbitals.

STM and STS alone do not provide a comprehensive image about the structural
and electronic properties of the second layer CuPc on Ag(111). So we suggest further
investigations, for instance, by XSW and NEXAFS for the geometric arrangement, by
ARPES for an identification of the occupied sample states, and maybe inverse PES
(IPES) or 2-photon photoemission (2PPE) spectroscopy for more information about

unoccupied sample states.
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4. Monolayer formation of CuPc on
Ag(110)

In the previous chapter, we extended the investigations from a monolayer CuPc on the
highly symmetric Ag(111) substrate to the second layer of molecules, i.e. CuPc on CuPc
on Ag(111). Next we will exchange the Ag(111) surface by the only 2-fold rotational
symmetric, more open, and thus more reactive Ag(110) surface, which affects, for exam-
ple, the adsorption height as shown for PTCDA on different silver surfaces [BMW™'12].
In addition, the reduced number of symmetry domains on the (110) surface compared
to the (111) surface simplifies the analysis of angle-resolved photoemission spectroscopy
data. This will help to clarify the origin of the reduction of the 4-fold molecular sym-
metry to 2-fold that has been observed in scanning tunneling microscopy data for CuPc
layers adsorbed on highly symmetric (111) surfaces [CKBT08, KLS*09].

The adsorption of a monolayer CuPc on Ag(110) has so far been rarely addressed. For
instance, Schéfer et al. proposed a model for the lateral arrangement of a closed mono-
layer CuPc on Ag(110) based solely on electron diffraction data [SSF01]. Unfortunately,
the suggested model cannot fully describe the structure observed by the authors (and as
well by us, cf. Sec. 4.1), because the experimentally obtained electron diffraction pattern
comprises more spots than the model can produce. The electronic properties have been
investigated by Song et al. using photoelectron emission spectroscopy to probe the elec-
tronic structure for binding energies up to 15eV [SHD*07]. Still, a detailed analysis of
the states close to the Fermi energy is missing as the quality of the achieved data does
not allow an unambiguous analysis of the valence band and understanding of electronic
processes at the interface. Therefore, this chapter will complete the information about
the structural and electronic properties of a monolayer CuPc on the Ag(110) surface. We
have applied several methods including STM, LEED, STS, and ARPES to investigate
the geometry of the adsorbed molecular layer and the energetic ordering of molecular

orbitals close to the Fermi energy. The first part of the data presentation will deal with
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4. Monolayer formation of CuPc on Ag(110)

unraveling the lateral molecular arrangement by a thorough analysis of STM images and
a comparison to experimental and simulated LEED patterns. In the second part, STS

and ARUPS data will reveal the nature of the frontier occupied molecular states.

The sample cleaning and the deposition of molecules were carried out according to
the preparation steps described in Sect. 2.4.2. In order to obtain the densest possible
structure in a monolayer, we deposited more molecules than fit into one monolayer and
subsequently annealed the sample up to 340°C for 10 min to desorb molecules from

higher layers. Measurement conditions are as summarized in Sect. 2.4.1.

4.1. Structural properties: Interplay of forces

The STM images in Fig. 4.1 show that CuPc molecules on Ag(110) form a laterally
extended ordered structure only at complete monolayer coverage. For the low coverage
regime, repulsive forces dominate the intermolecular interaction and cause the CuPc
molecules to distribute in a dilute phase all over the surface. When the coverage is

high enough for the molecules to sense each other they start to form short chains and

Figure 4.1.: STM images of CuPc on Ag(110) at different coverage. (a) At a
low coverage of less than one monolayer the molecules distribute in a dilute
phase all over the surface. When the coverage is high enough for the molecules
to touch, they start to form chains and clusters as marked in the image by a
box and an ellipse, Upias=0.4 V, Lsetpoint=0.75nA. (b) At one monolayer coverage
the molecules form an extended ordered structure covering the whole surface,
Ubias=0.6 V, Letpoint=1.11nA. No clean substrate is visible.
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Figure 4.2.: STM image showing the densest structure of one monolayer CuPc on
Ag(110), Upias=—0.2V, Lsetpoint=30 pA. Dislocation lines of the molecular lattice

are marked with dashed lines. The unit cell, consisting of Bl and EQ, and the
second pair of vectors describing structure with dislocation lines, consisting of bq
and by, are marked by arrows.

partly ordered clusters as depicted in Fig. 4.1a. Similar observations have been reported
for CuPc on Ag(111), Au(111) and Cu(111) [KSS*10, SKRK11|. A laterally extended
ordered structure is only formed when the coverage is close to a complete monolayer
(Fig. 4.1b).

The unit cell of the molecular structure, cf. Fig. 4.2, contains one CuPc molecule.
There are two different mirror domains of this structure, i.e. two different rotational
orientations of the molecules on the surface, originating from the 2-fold symmetric sub-
strate and the orientation of molecules with respect to the substrate high symmetry
directions. The rotation of the long molecular axis on the surface is +(28°+1°) with
respect to the [001] direction of the silver crystal. From STM images the approximate
size of the unit cell can be extracted as the following: The unit cell vectors Bl and Bg
have each a length of about 13.5 A+0.3 A. The angle ¢; between them is ~101°+1° and
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4. Monolayer formation of CuPc on Ag(110)

b, is rotated by ~25°+1° with respect to the Ag[001] direction. This molecular lattice
extends over large distances along the translation direction of E27 but it is regularly
interspersed in the perpendicular direction by dislocation-like defects. These dislocation
lines, marked by dashed lines in Fig. 4.2, may stem from the lattice mismatch between
the substrate lattice and the molecular lattice described by the unit cell (15’17 52) Similar
lattice imperfections, reducing strain in the molecular structure, have been observed for
CuPc on PTCDA on HOPG [CHC'08] and for ZnPcCls on Ag(111) [KAMT'06]. The
dislocations repeat in approximately equal distances of 3 to 5 (mostly 4) molecular rows,
thus occupying a significant portion of the entire surface. One dislocation line separates
two domains of the same structure and the translation between neighboring domains
can be described by the dislocation vector Bd, which has a length of approximately
13.5A+0.3 A. The angle between by and the Ag[001] direction is ~236°+2° and the angle
pq between Bd and BZ is ~89°+1°. As we will see in a later section, taking into account
the unit cell associated with the two vectors (Bd, BQ) is necessary to accurately describe

the diffraction pattern of CuPc on Ag(110) samples.

The model for the geometric structure of the adsorbed monolayer CuPc on Ag(110)
obtained from STM data is not precise due to possible uncontrolled distortions in the
images. Therefore, we simulate a LEED pattern according to the STM-based model and
compare it to experimental LEED patterns. The simulation is optimized by fitting it to
the experimental diffraction patterns. The optimized simulation gives exact values for

the magnitudes of all vectors and the relevant angles.

The simulated LEED pattern according to the vectors 61 and 62 (in reciprocal space
correspondingly called B: and 52)7 given in Fig. 4.3 by small white spots, is in good
agreement with the experimental image for the first order spots and also matches some
but not all spots of the second order. When a second LEED pattern with the dislocation
vector by and vector by is simulated and fitted, given in Fig. 4.3 by large white circles
and the corresponding reciprocal space vectors ‘t_):1 and B;, it also agrees well with the
first order spots and with some second order spots that cannot be fitted by the pre-
vious pair (Bl, Ez) Only when both simulated LEED patterns are superimposed onto
the experimental image, all spots can be accounted for. Since the same LEED pattern
has been observed in several experiments, we conclude that a monolayer of CuPc on
Ag(110) always consists of large areas of the molecular structure described by (Bl, Ez),

interspersed by a large number of dislocation lines, which yield such a strong signal in
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Figure 4.3.: Experimental SPA-LEED image, Ey,=30eV, with simulated LEED
patterns for both sets of vectors (by, by as small spots and bq, b as large rings)
showing complete reconstruction.

electron diffraction that the overall LEED pattern actually is a superposition of two pat-
terns originating from (b, by) and (b, by). A monolayer of CuPc on Ag(110) thus tends
to have structural dislocations representing an interesting example of a strain induced

mechanical relaxation at the molecule-metal interface.

The optimized values for vectors and angles are listed in Tab. 4.1 and result in two
superstructure matrices, M; for the extended ordered domains and My describing the

molecular arrangement across dislocation lines:

3.00+0.05 1.72£0.08 2.76 £0.04 2.26 £0.07
1= and My = 4.1)
—1.774+0.05 4.00 £ 0.06 —1.774+0.05 4.00 £ 0.06

According to the classification by Hooks et al., these matrices with only rational elements
are of the type ‘coincidence-1I" [HFWO1].

As mentioned above, CuPc molecules repell each other and form a gas phase if the

coverage is less than one monolayer. As a consequence, when the ordered structure ap-
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4. Monolayer formation of CuPc on Ag(110)

length angle to [001] | angle to by
b, | 13.2A4+0.2A 22°41° 100°+1°
by | 13.6 A+0.2 A 122°41° -
be | 13.0A+0.2A 30°+1° 92°+1°

Table 4.1.: Values describing the molecular structure of a closed monolayer CuPc
on Ag(110)

{%ﬁs ...... {i‘{{.. :.b... .2 :'%}...fh'}?‘

Figure 4.4.: Model of the unit cell of extended ordered domains of CuPc on Ag(110)
described by (by, be) and the second pair of vectors (bg, be) describing the molec-
ular arrangement at a dislocation line.

pears at coverages around one monolayer it does so on the whole surface. Hence, no
free patches of silver are available and, thus, it is not possible to image the substrate
and we cannot find out the adsorption sites of the molecules. So the structural model
depicted in Fig. 4.4, while correct as far as unit cell size and shape are concerned, may

be translated laterally over the surface.

Origin and role of the dislocation lines in a monolayer of CuPc on Ag(110) can be
understood by comparing to the structure of a monolayer CuPc on the Ag(111) surface.
As described by Kroger et al. [KSST10], in the low coverage regime CuPc¢ molecules
distribute in a dilute phase over the entire Ag(111) surface due to intermolecular repul-

sion. When the coverage reaches 89 %, a long-range ordered structure is formed. With
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increasing coverage between 89 % and a full monolayer, the molecular structure changes
continuously and the unit cell constantly becomes smaller as more molecules are forced
into the layer so that they come closer to each other. At every stage, the long-range
molecular ordering on Ag(111) can be described by one unit cell and no defects are
observed with electron diffraction. The densest structure is reached at a coverage of
1.0 ML. All different structures found are of ‘point-on-line’ character. This shows that
the molecule-substrate interaction on Ag(111) is weak enough to allow the molecules to
deviate from a commensurate registry, which usually is the preferred one for molecular

adsorption on chemically active surfaces.

Ag(110) is a more reactive surface compared to Ag(111) and the interaction with
the adsorbed molecules is expected to be stronger. The molecule-substrate interaction
is strong enough to force the molecules to arrange in a coincident structure over large
areas, which is reflected by the rational elements of matrix M;. Within the uncertain-
ties of the matrix elements, M; describes a structure that is commensurate in higher
order, since one ends up with integer elements when multiplying M; by the factor 4.
The intermolecular interaction is weaker than the molecule-substrate interaction and —
in contrast to the layer formation on the less reactive substrate Ag(111) — for the most
part cannot overcome the molecule-substrate interaction. But this structure is energeti-
cally not favorable regarding the molecule-molecule interaction and, thus, from time to
time, the intermolecular interaction dominates the molecule-substrate interaction and

shifts a row of molecules slightly to an energetically preferable position.

These positions favored by the molecule-molecule interaction can be found by pair
potential calculations as has been done by Kroger et al. [KSW*11, Krol0]. The calcu-
lations performed for CuPc on the Au(111) surface can be regarded as calculations for
isolated molecules, since the interaction with Au(111) is weak enough to be neglected in
this case. The pair potential map for two CuPc molecules yields several minima where
the interaction is weakly attractive if the center of the next molecule is located in this
area. For CuPc on Ag(111), the lateral arrangement at 0.89 ML is a compromise between
the interfacial energy of adsorption and the intermolecular interaction. The unit cell vec-
tors end at pair potential minima and are aligned with the high symmetry directions
of the substrate. At 1.0 ML, the structure is slightly shifted and the vectors end at new
positions that actually lie in the regime of strong repulsion although they are close to

the previous positions. The structure is stabilized by the energetic gain from adsorption
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Figure 4.5.: Pair potential calculation for CuPc molecules, modified

from [KSWT11]. The green arrows labeled by, by, and by mark the posi-
tions of the neighboring molecules in the CuPc monolayer on Ag(110). by and
ba clearly point towards favorable positions close to energy minima whereas by
points towards an unfavored position that the molecules are forced to take by
interaction with the substrate.

energy due to higher coverage prevailing over intermolecular repulsion. The transforma-
tion between the first and the final ordered structure goes smoothly by sliding of the
unit cell vertices along a high symmetry direction of the (111) substrate allowing an

experimentally observed continuous train of alike ordered structures [Krol0, KSS*10].

Figure 4.5 shows a pair potential map taken from [KSW711] and the directions from
one CuPc molecule to its neighbors in the monolayer structure of CuPc on Ag(110) by
green arrows labeled 617 62, and Bd. As can clearly be seen, 62 almost points towards a
potential minimum as position for the center of the next molecule, and therefore com-
bines well intermolecular and molecule-substrate interaction forces. The vector for the
coincident structure 61, describing the lateral arrangement in the extended ordered do-
mains, points to a position with increased interaction potential, which the molecules

are forced to adsorb at by the molecule-substrate interaction. The vector bq is slightly
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rotated away from this unfavorable position and also almost points towards a poten-
tial minimum. The tendency towards these favorable sites is observable although all
three vectors of this very dense structure end in the repulsive regime. We conclude that
the dominating interface interaction, induced by the enhanced chemical reactivity of
Ag(110), forces the molecules to be located at the positions of better registry with the
substrate. The corresponding lateral arrangement, described by matrix M;, would lead
to commensurism in 4th order (Fig. 4.6 upper part). However, commensurism is not es-
tablished as the internal repulsive strain provokes periodic defects, the dislocation lines,
to appear at approximately every fourth row for a relaxation of the structure, cf. Fig. 4.6
lower part. The direction of the strain relaxing shift given by vector ¢ in Figs. 4.5 and
4.7 is directed towards the nearest minimum of the pair potential and goes along the
translation vector bs. Still, vector bq describing the molecular arrangement at a disloca-
tion line ends in the regime of intermolecular repulsion, thus, the overall layer remains

highly strained.

Taking into account the pair potential calculations, it becomes clear that the lateral or-
der at a dislocation line is the rather preferred order originating from molecule-molecule
interaction while the extended ordered domains are formed due to molecule-substrate
interaction. The displacement of molecules at a dislocation line is shown in Fig. 4.7. The
black molecules are at the positions calculated for a coincident structure (commensurate
in 4th order) determined by interaction with the Ag surface and described by matrix
M, whereas the colored molecules beneath are at the positions favored by molecule-
molecule interaction and described by My. The yellow vector ¢ marks the displacement

as the difference between 51 and Bd.

[ 2.76 3.00 —0.24
E=by—b; = _ = (4.2)
2.25 1.72 0.46

Hence, the monolayer structure with dislocation lines shows the interplay between two

interactions affecting the formation of the final ordered structure.
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Figure 4.6.: Ag(110) surface lattice (gray) and CuPc lattice (green) with dislocation
lines (yellow) depicting how the dislocation lines interrupt the coincident lattice
so that commensurism in 4th order is not established.
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4.1. Structural properties: Interplay of forces

Figure 4.7.: top: model of the monolayer CuPc on Ag(110) without (black) and with
(colored) dislocation lines; bottom: zoom of shift between the structure forced by
the molecule-substrate interaction and the structure favored by molecule-molecule
interaction
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4. Monolayer formation of CuPc on Ag(110)

4.2. Electronic properties: Reduction of symmetry

When taking a closer look at the STM images in Figs. 4.1 and 4.2, one notices that
the four benzene rings of CuPc do not appear with the same brightness. The pair of
opposite rings with the more acute angle (28°) to the Ag[110] direction appears brighter
than the pair of rings with the more acute angle to the Ag[001] direction. Thus, the
symmetry of the originally 4-fold symmetric molecules is reduced to a 2-fold symmet-
ric contrast in STM. This effect is strongest when imaging is performed at positive
bias, i.e. depicting unoccupied molecular states. Images recorded in constant height
mode as depicted in Fig. 4.8 exhibit an even enhanced difference in contrast between
bright and dark molecular wings. A similar reduction of symmetry has been observed
in STM studies and DFT calculations for several metal phthalocyanine molecules on
certain metal surfaces [CKB*08, MRK*12, WGM*09, KLS*09, CCW*10, TGAHH]10,
TGSH10, USR13, BL13|. Explanations that have been put forward include geometri-
cal and electronic effects, in particular the filling of unoccupied molecular states when
the molecule adsorbs onto a metal surface. According to theory, the lowest unoccu-
pied states of an isolated phthalocyanine molecule (LUMO, and LUMOg) are degen-
erate [MHSKO08, RB92, ECST07]. Each of the two states is distributed over two op-
posite benzene rings of the molecule, such that they are rotated by 90° with respect
to each other. Upon adsorption onto a metal substrate, charge may be transferred
into the molecule, filling unoccupied states with electrons. This trend has been ob-
served for many metal phthalocyanine molecules on different single crystal metal sur-
faces [KSS*10, REG108, PAN108, AGTA09, GAAT10, KRMG13, FGN*14]. Here the
question arises if the LUMO, and the LUMOg become equally occupied or if one state
becomes stronger occupied than the other and the degeneracy is lifted. The latter effect
would lead to a reduced 2-fold symmetry of the originally 4-fold symmetric molecule,
since the two involved states are spread over different areas of the molecule as mentioned

above, and it would explain the experimentally observed contrast.

STM data presented here show a difference between the two pairs of opposite benzene
rings, which appear brighter and darker, respectively. Hence, assuming that the two pairs
of rings belong to differently filled LUMO, and LUMOg states, there are two possible
cases of different occupation:

i) If the peaks of LUMO, and LUMOg are on opposite sides of the Fermi edge, i.e. the
LUMO4, is (mostly) occupied and the LUMOg (mostly) unoccupied, we expect a switch-
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Figure 4.8.: STM images of CuPc on Ag(110) recorded in constant height mode.
(a) Ubias:O-05 V, Isetpoint:O-75 IlA7 (b) Ubias:_0-05 V, Isetpoint:0~75 nA.

ing of the contrast when turning from (finite) positive sampling bias, imaging unoccupied
molecular states, to (finite) negative sampling bias, imaging occupied molecular states,
and equally bright contrast when imaging with bias values between the two peaks.

ii) If both peaks are on the same side of the Fermi edge, e.g. LUMO, and LUMOg
are both partly occupied but to different degrees, we expect approximately equally dark
molecular wings when imaging unoccupied states with positive bias. Upon imaging occu-
pied states, we expect one pair of benzene rings to be always brighter than the other for
small negative sampling bias and again equally bright wings when the negative sampling
bias is strong enough for tunneling from both orbital parts into the tip. The imaging
contrast for the case of both peaks on the side of unoccupied states is obtained by anal-

ogous considerations.

In experiment, however, a switching of the contrast does not appear (Fig. 4.9). The
same pair of molecular wings is brighter in all images, but for negative bias the differ-
ence in the contrast between bright and dark wings slightly decreases. Additionally, the
darker wings become v-shaped, pointing towards the center of the molecule, which is
also observed in the constant height images in Fig. 4.8. The same contrast change has
already been reported for CoPc on Cu(111) and SnPc on Ag(111) and assigned to an
asymmetric filling of the LUMO [WGM*09|. Considering the enhanced intensity differ-

ence observed in constant height images, another interpretation of these observations
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4. Monolayer formation of CuPc on Ag(110)

Figure 4.9.: STM images of CuPc on Ag(110) recorded at different bias voltages:
(a) Upias=0.342V, Lictpoint=0.5nA, (b) Upias=—0.300V, Lsetpoint=0.5nA. A strong
contrast difference between the pairs of opposite benzene rings can be observed for
positive bias (a). For negative bias (b), the contrast difference is less and v-shaped
split wings can be observed.

can be suggested. A geometric distortion of the molecules may occur, with the pair of
benzene rings with the more acute angle to the Ag[001] direction bent down towards the
substrate. In general, this does not necessarily imply a difference in the charge trans-
fer between the metal substrate and the initially degenerate molecular states. However,
based exclusively on STM images, we cannot distinguish between contrast features due
to electron density and due to topography and, hence, cannot conclude which of the two

reasons plays a decisive role.

In order to complement the information gained by microscopy, we investigate the lo-
cal electronic structure of the compact monolayer of CuPc on Ag(110) by tunneling
spectroscopy. Expecting to find features at different energetic positions, matching one
stronger occupied and one less occupied or even unoccupied state of the formerly de-
generate LUMO, and LUMOg, we compare differential conductance spectra recorded
above dark and bright molecular wings. The positions where spectra are recorded are
marked in Fig. 4.10c and the corresponding data (recorded on different days with un-

known, deviating tip condition) are presented in Fig. 4.10a,b.

Surprisingly, regardless of the position where a certain spectrum was taken, all curves

in Fig. 4.10a reveal only one strong resonance at about —0.33 V corresponding to an oc-
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Figure 4.10.: Scanning tunneling spectra, (a) Letpoimt=1.21A, (b) Lietpoint=1.0nA;
the resonance at —0.33 V corresponds to an occupied state, namely, of the for-
mer LUMO the part LUMO,, which is filled and shifted to a binding energy of
0.33eV; (¢) STM image (Upias=1.407V, Itpoint=1.2nA) and model of a CuPc
molecule with positions marked where corresponding spectra are recorded: 4 at
dark molecular wings, * at bright wings, V at the center of the molecule.
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cupied state with a binding energy of 0.33 eV. The intensity of the resonance is the same
over the entire molecule, even in the center where the intensities of LUMO, and LUMOg
are assumed to be weakest. The small differences ranging between —0.1e¢V and —0.2eV
are weak and do not demonstrate significant deviations. The spectra in Fig. 4.10b also
exhibit an occupied sample state at about 0.33eV binding energy in accordance with
the previous spectra, but there are additional resonances between —0.1eV and —0.2eV
as well as around —0.65eV. For the peaks close to the Fermi energy, small differences
between dark wings, bright wings, and the center of the molecule can be observed similar
as for the previous spectra, maybe pointing towards small differences in the occupation
of the different orbital parts over the dark and bright benzene rings, respectively. Regard-
ing all spectra, it seems that STS happens to be rather insensitive to slight differences of
the spatial distribution of the local DOS of an object, i.e. to sensing the tails of molec-
ular wave functions extending far into vacuum. Nevertheless, the resonance at —0.33V,
which appears in all spectra, may stem from the LUMO, contribution. The LUMOg — if
also weakly occupied — might cause one of the resonances between —0.1V and —0.2'V or
— if it is unoccupied — the feature between +0.1V and +0.2 V. One has to keep in mind
that the condition of the tip is not known and tip states have to be considered, which
may cause the resonances, e.g. at —0.65 V, that cannot be assigned to molecular orbitals.
The HOMO is not assigned to any feature in the spectra presented in Fig. 4.10 as from

previous experiments on Ag(111) we expect it to have a binding energy larger than 1eV.

Considering solely the differential conductance spectra, it is not possible to assign
the observed resonance to a molecular orbital and, in particular, distinguish between
LUMO, and LUMOg. But as we show now, ARUPS data and momentum space imaging
help to reveal the orbital ordering. The ARUPS data in Fig. 4.11 are in very good
agreement with the previously presented STS data, showing a resonance of an occupied
molecular state at a binding energy of approximately 0.3eV. A second occupied state
causes the resonance at the binding energy 1.35eV. In order to clarify the origin of these
two resonances, momentum space images are taken, yielding the data sets shown in
Fig. 4.12a,b. The intensity in the direction of negative k, in the top half of the image is
stronger than in the direction of positive ky, (bottom half of the images) due to forward
emission of photoelectrons in the negative k, direction. The backward emission yields
less photoelectron intensity, which here is the case for positive ky. This asymmetry is
a result of the A - p dependence of the photoemission intensity in the one-step model

and the grazing incidence geometry of the experiment [FGN*14]. Both experimental
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Figure 4.11.: Energy distribution curves along certain silver crystal directions
recorded at BESSY II (black and red) and angle-integrated photoemission inten-
sity recorded at Elettra (blue), showing two occupied orbitals at binding energies
of 0.3eV and 1.35eV

k-space images exhibit weak and sharp parabolic features at about (ky,ky)=(+1,£1.5)
attributed to the sp-band of the Ag(110) substrate. Molecular features are usually more
intense because of the selection of a k-map at a binding energy corresponding to a certain

molecular resonance from Fig. 4.11.

In order to reveal the symmetry of the two patterns and facilitate the analysis, inten-
sity profiles for all azimuthal angles are taken by integration over the width of the white
empty ring in Fig. 4.12a,b. These profiles, depicted as gray curves in Fig. 4.12c.d, are
normalized to a cosine (dashed curve), yielding the black curves, to account for the devi-
ation of intensity between forward (0°) and backward (180°) emission of photoelectrons.
The corrected black curve in Fig. 4.12¢ shows a 4-fold symmetry for the pattern recorded
at 1.35eV binding energy with peaks of highest intensity at 0°, £90° and 180°. Between
each of these peaks there are two features of weaker intensity. The corrected pattern
recorded at 0.3eV, given as black curve in Fig. 4.12d, exhibits a 2-fold symmetry with
peaks of highest intensity at 0° and 180°. The remarkably strong intensity of the side
peaks at about 0°4+35° compared to the side peaks at 180°£35° is due to emission from
the substrate sp-band. At azimuthal angles of about +£90° there are no intensity maxima
but rather minima, which will play a role in the identification of orbitals receiving the

charge transferred from the substrate into the molecule.
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Figure 4.12.: (a,b) Momentum space images recorded with PEEM at Elettra show-
ing the fingerprints of the occupied states at 1.35eV and 0.3eV. (c,d) Gray curves:
intensity profiles along the white ring marked in the momentum space images, in-
tegrated over the width of the ring. Black curves: corrected profiles accounting
for the intensity modulation along k, due to the asymmetry between forward and

backward photoemission.

The experimental patterns obtained by k-space imaging in PEEM are compared
(cf. Fig. 4.13) to simulated k-space maps calculated as follows: The real space distri-
bution of an orbital across the molecule as given in Fig. 4.13a,b,c is Fourier transformed
and projected onto the ky-ky-plane to obtain its 2-dimensional reciprocal space image
(Fig. 4.13d,e,f). Since in the case presented here the CuPc molecules are rotated on

the Ag[110] surface as shown in Fig. 4.13g,h,i, the Fourier transform is applied to the
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4.2. Electronic properties: Reduction of symmetry
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Figure 4.13.: k-space imaging results: HOMO (a,d,g,j), LUMO, (b,ehk),
LUMOA+LUMOg (cti]) of CuPc; (a)-(c) orbitals in real space; (d)-(f) corre-
sponding reciprocal space images obtained by Fourier transform of the images
above; (g)-(i) real space images of molecular orbitals rotated on the surface in-
cluding the mirror domain; (j)-(1) corresponding reciprocal space images of the
rotated molecules; (m)-(n) experimental reciprocal space patterns. The compari-
son reveals that the orbital detected at 1.35eV is the HOMO and the orbital found
at 0.3 eV better resembles the 2-fold symmetric LUMO, simulation pattern than
the 4-fold symmetric LUMOj+LUMOg simulation pattern.
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4. Monolayer formation of CuPc on Ag(110)

molecules in both mirror domains, yielding the reciprocal space images Fig. 4.13j kL.
The first column of Fig. 4.13 (a,d,g,j,m) presents the simulation data for the HOMO
and the experimental image taken at 1.35eV. The second column (b,eh k) gives the
simulation data for only the 2-fold symmetric LUMO, and the third column (c,fi,1)
takes into account the degeneracy of LUMO, and LUMOg, depicting a 4-fold symmet-
ric reciprocal space simulation image. Substrate effects and features are neglected in the

calculations but this will not affect the data analysis and interpretation.

Comparing the experimental k-space images to the simulated ones (Fig. 4.13j-n) we
find that the experimental 4-fold symmetric k-map at 1.35eV (Fig. 4.13m) strongly
resembles the simulated 4-fold symmetric k-map of the HOMO (Fig. 4.13j). The four
bright intensity maxima at the positions (kx,ky)=(0,£1.5) and (£1.5,0) as well as the
eight weaker features between the bright ones are clearly observable in the experimen-
tal as well as the theoretical image. In addition, the rotational orientation of the CuPc

molecules on the Ag(110) surface of about 28° is confirmed.

The experimental k-space image recorded at 0.3eV (Fig. 4.13n) has its features of
brightest intensity only at the top and at the bottom of the image for —1 < k; <
1, as mentioned above in the explanation of Fig. 4.12d. Hence, with the accuracy of
the method, the experimental pattern exhibits a 2-fold symmetry and, thus, resembles
the simulated 2-fold symmetric k-map of the LUMO, of CuPc given in Fig. 4.13k. In
contrast, the simulated 4-fold symmetric k-map of LUMO, and LUMOg together in
Fig. 4.131 features a ring with a periodically modulated radius but of nearly constant
intensity for all azimuthal angles, which is not found in the experimental pattern of the
orbital located at 0.3eV. Hence, in contrast to the case of FePc on the Ag(111) surface
as reported by Feyer et al. [FGNT14], here the 2-fold symmetric experimental pattern of
the LUMO cannot be constructed if both LUMO, and LUMOg were equally occupied,

providing evidence for an asymmetric charge transfer.

4.3. Summary and Conclusion

In this chapter we presented the analysis of the properties of a complete monolayer CuPc
on the Ag(110) surface. By application of STM and LEED we found a long-range or-
dered structure and could give a model comprising two matrices describing the molecular

structure including dislocation lines in the 2-dimensional molecular lattice. These dislo-
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cation lines reflect the interplay of intermolecular forces, causing neighboring molecules
to arrange in energetic minima according to their pair potential, and molecule-substrate
forces, causing the molecules to arrange in a coincident structure (resulting in a com-
mensurate structure if taken four times in a row). Charge transfer from the substrate
into the molecules is the origin of a reorganization of electronic levels around the Fermi
energy. By comparison of experimental momentum space maps (k-maps) of photoemis-
sion to simulated ones, these occupied states can be assigned to certain orbitals. The
one part of the formerly unoccupied LUMO becomes filled, is shifted to a binding energy
of 0.33¢eV, and the degeneracy of the former LUMO, with the LUMOg is lifted. The
HOMO has a binding energy of 1.35¢eV.

Furthermore, we observed a 2-fold symmetric contrast in STM images that can have
two reasons: First, the molecules can be geometrically distorted with one pair of opposite
benzene rings bent further down towards the surface than the other [CKBT08, CCW 10,
USR13]. This distortion may appear due to a difference in the interaction strength be-
tween substrate and overlayer depending on the substrate crystal direction, which in the
case of the Ag(110) surface can be the closer packed [110] or the more open and, hence,
more reactive [001] direction. In the case discussed here, the molecular wings appearing
darker in STM are arranged with a more acute angle than the perpendicular wings to
the reactive [001] direction of the Ag(110) surface, suggesting a downward bending. The
second proposed reason for the observed contrast may be a difference in the electron
density of the two pairs of benzene rings. The LUMO part distributed over the one pair
of rings interacting stronger with the substrate receives the charge donated by the silver
while the orbital part distributed over the other pair of benzene rings remains unoc-
cupied. The asymmetric charge transfer means the lifting of the formerly degeneracy
of LUMO, and LUMOg. Naturally, these two reasons may appear either in a related
way — the orbital part distributed over the pair of benzene rings interacting stronger
with the substrate and therefore bent downwards receives more charge than the other —
or independently — bending occurs without a preferential charge transfer, representing
a purely topographic effect, or an uneven charge donation occurs without a noticeable

distortion, representing a purely electronic effect.

Assuming electronic effects to cause the 2-fold symmetric contrast in STM, we took
differential conductance spectra above the benzene rings and the center of a molecule

expecting to obtain different features in the corresponding spectra. One same resonance
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Figure 4.14.: Model of one CuPc¢ molecule in the dense layer on Ag(110): the pair
of benzene rings with the more acute angle to the more open Ag|001] direction
interacts stronger with the substrate than the perpendicular pair of benzene rings,
is slightly bent down towards the substrate, receives the charge donated by the
silver, and, due to these related effects, appears with darker contrast in STM.

was found in all spectra suggesting that all tunneling spectra show a density of states
averaged over the whole molecule. ARUPS measurements helped to assign the feature
found in STS to the corresponding orbital, namely, the 2-fold symmetric LUMO4. The
pair of benzene rings yielding this signal pattern is the one with the more acute angle to
the reactive Ag[001] direction, again suggesting a stronger interaction of these rings with
the substrate than the other pair of benzene rings. Thus, ARUPS, STS, and STM data
are in good agreement with each other concerning the fact that the formerly unoccupied
LUMO of CuPc becomes occupied by charge transfer from the silver substrate into the
molecule when it adsorbs onto the surface. For this reason the corresponding orbital part
is shifted across the Fermi edge to a binding energy of 0.33 eV. ARUPS also confirms that
only the LUMO, becomes occupied and the LUMOg remains unoccupied. Therefore,
the LUMOg is not observable in STS where it is to be located on the side of positive

bias, which is difficult to measure and does not show clear resonances at all.

In summary, we suppose that the observed symmetry reduction from 4-fold to 2-fold
for metal phthalocyanines on metal surfaces is a result of geometric and electronic effects
interacting with each other, see Fig. 4.14. One pair of molecular benzene rings is bent
down towards the surface, with a more acute angle to the more open Ag[001] direction,
interacting stronger with the substrate than the other pair of benzene rings, receiving
charge from the substrate, filling the LUMO,, and leaving the perpendicular LUMOg

unoccupied. The geometric distortion also causes the unoccupied pair of benzene rings
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4.3. Summary and Conclusion

to appear with brighter contrast in STM than the other pair, as STM also contains
information about the topography of the surface. As a remnant of the electronic structure
reordered upon adsorption, the pair of wings bent down becomes v-shaped for negative

sampling bias.
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5. Hetero-organic layers of CuPc
and PTCDA on Ag(110)

In the previous chapter we presented the results of a comprehensive study on the struc-
tural and electronic properties of a dense, closed monolayer CuPc on the Ag(110) surface.
The next step for a variation of the sample system will now be realized by adsorbing a

second species of molecules together with CuPc on this surface.

5.1. Hetero-organic systems involving CuPc and
PTCDA

Homo-molecular structures have been widely investigated. Adding a second type of
molecules offers a broad variety of possibilities to tune the known adsorbate lattices
regarding size and shape by varying the types of molecules and the ratio of molecules of
different types on the surface. This way one may become able to specifically modify and
even engineer the geometric and electronic structure of the interface between substrate
and adsorbed layer. For example, the lateral arrangement of molecules and the charge
transfer between all involved components and the corresponding energy level alignment
depend on the interplay of molecule-molecule and molecule-substrate interactions. By
mixing different molecules in one layer, one can also create new templates for the growth

of higher layers.

5.1.1. PTCDA as additional component

For the preparation of hetero-organic layers, we select PTCDA as second organic com-
ponent to be mixed with CuPc. The adsorption of the prototypical PTCDA molecule
on noble metal single crystal surfaces, e.g. on the Ag(110) surface, is very well stud-
ied by a variety of experimental and theoretical methods and the structural and elec-

tronic properties of the first monolayer are known very well [SALT97, SPF98, BSG98,
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5. Hetero-organic layers of CuPc and PTCDA on Ag(110)

GSS*T98, STST00, ZKS*t06, KTHT06, RTT07, KHT*08, ZFS*10, PRU'11, RLZ"12,
WHS*12, BMW'12, WSS*13]. An overview of these features can, for example, be found
in the reports of Umbach et al. [USF96, UGS98|, Tautz et al. [TEST02], and Willen-
bockel et al. [WLST15]. In the first monolayer, PTCDA molecules can assemble in two
different adsorption geometries depending on the amount of molecules and the area
size provided for self-assembly. The less dense ordered phase is the brickwall structure,
whose formation is driven by molecule-substrate interaction, forcing the molecules to ar-
range in a commensurate structure with one molecule per unit cell [SALT97, WHS*12].
The densest phase is the herringbone structure, which is compressed and incommensu-
rate to the substrate with two molecules of different rotational orientation in the unit
cell [SPF98, WHS*12]. Regarding the electronic properties of the PTCDA /Ag(110) in-
terface, it is known that PTCDA molecules are chemisorbed [USF96, GSST98, TEST02],
forming a bond with the m-electron system of their carbon backbone to the silver sub-
strate [EST03, HKC*05, BMW*12]. During the adsorption process, charge is transferred
from the silver substrate into PTCDA, filling the LUMO, which therefore is shifted across
the Fermi level to a binding energy of approximately 0.7eV [WHS*12]. The properties
of PTCDA adsorbed on Ag(110) differ to some degree from the properties of CuPec.
PTCDA molecules form the ordered brickwall structure already at low coverages, since
the intrinsic quadrupole moment causes attractive intermolecular forces supporting the
formation of hydrogen bonds between adjacent molecules. The charge transfer from the
metal substrate into the molecule is great enough for a full occupation of the LUMO,
in contrast to the partial occupation of the CuPc LUMO in the homo-molecular phase.
These differences make the combination of PTCDA with CuPc an interesting object for

experiments on hetero-organic layers.

Laterally mixed layers of CuPc and PTCDA have rarely been investigated, e.g. the ad-
sorption on the compared to Ag(111) more reactive Cu(111) surface has been addressed
twice [ BWBMO03, CSST12|. A mixed structure with one CuPc molecule and two PTCDA
molecules in the unit cell has been found and described [BWBMO03|. Furthermore, the se-
quence of molecule deposition in the preparation process is found to affect the formation
of mixed structures and long-range ordering [BWBMO03, CSS*12|. Stadtmiiller et al. pre-
pared mixed layers of CuPc and PTCDA on Ag(111) [Stal3, SLW*14, SSB*14, SHS*15]
and found three mixed ordered structures with different molecular ratios, namely, the
“mixed brickwall” structure with a CuPc : PTCDA ratio of 1 : 2 in the unit cell, the
“mixed zig-zag” structure with a CuPc : PTCDA ratio of 2 : 1 in the unit cell, and the
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5.1. Hetero-organic systems involving CuPc and PTCDA

“mixed 1 to 1”7 structure with a CuPc : PTCDA ratio of 1 : 1 in the unit cell. Photoemis-
sion and STS experiments showed that in the hetero-molecular “mixed brickwall” layer
PTCDA receives even more charge than it does in a homo-molecular layer. Meanwhile,
the CuPc LUMO, which is also partly occupied in the homo-molecular layer, gets de-
populated in the hetero-organic structure. This means that the strong acceptor PTCDA
receives even more charge in the hetero-molecular layer and the weak acceptor CuPc is
turned into a donor [SLW*14].

Mixed ordered structures on Ag(111) have also been reported for variations of the
donor and the acceptor molecule, namely CuPc with NTCDA and SnPc with PTCDA,
respectively [SSB*14]. We assume that ordering may also be possible for the two molec-
ular types CuPc and PTCDA on the Ag(110) surface. Since the (110) surface of crystals
with an fcc lattice differs from the (111) surface by higher reactivity and less symmetry,
molecules may be less flexible to realize different lateral arrangements and rotational
configurations. Our aims are to find recipes for the preparation of different mixed or-
dered structures, characterize them concerning the geometric arrangement of molecules
and the electronic level alignment of the systems, and compare - as far as possible - to

the already known hetero-organic structures.

The following chapter consists of two parts for two different mixed ordered struc-
tures that will each be investigated by STM and LEED regarding the lateral monolayer

structure and by STS for a revelation of the local electronic structure.

5.1.2. Sample preparation

For the preparation of long-range ordered mixed phases of CuPc+PTCDA on Ag(110) we
took into account that, as known from literature [SHK*09, KLST09, KSS*10, SKRK11]
and our experience described in the previous chapters, CuPc molecules repel each other
and distribute in a dilute phase on the surface when the coverage is not high enough
to force them to form an ordered structure. In contrast, PTCDA molecules are known
to immediately form islands driven by attractive electrostatic and van-der-Waals inter-
molecular forces [WHS*12, WSS*13, SAL*97, SPF98, GSS*98, UGS98|. Due to these
behaviors, we decided to first deposit CuPc with a sub-monolayer coverage followed
by annealing to achieve a homogeneous distribution of these molecules on the surface.
Secondly, PTCDA molecules are deposited onto the relatively reactive Ag(110) surface,

again followed by annealing to facilitate diffusion and desorb molecules from higher layers
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than the first monolayer. All experiments are carried out after the last annealing proce-
dure. For these two types of molecules on the Ag(111) surface, it has been shown that
the same three reported mixed structures can be obtained in two ways [Stal3, SHS*15]:
If CuPc is deposited first and then PTCDA molecules are added, they form mixed struc-
tures with a ratio only depending on the initial amount of CuPc molecules on the surface.
If first PTCDA and then CuPc molecules adsorb onto the surface, subsequent annealing
is necessary to add activation energy for the mixing process in which CuPc molecules
have to penetrate the PTCDA islands.

5.2. Mixed phases of CuPc and PTCDA on Ag(110)

Similar as described by Stadtmiiller [Stal3, SHS*15], we find that the molecules do not
mix for low coverage but, comparable to pure CuPc on Ag(110), CuPc and PTCDA
molecules only form ordered mixed structures when the coverage is high enough to force
the molecules to align with respect to each other. When the coverage is less, they mix in
disorder as presented in Fig. 5.1 where an only weak tendency for co-orientation and local
ordering is observed. If the amount of PTCDA molecules deposited onto the CuPc pre-
covered Ag(110) surface is greater than the portion of coverage that the still uncovered
surface areas can host until it is completely covered, an interesting exchange is observed
after annealing. Additional PTCDA molecules not fitting into the first molecular layer
will not adsorb in the second layer. They drive existing CuPc molecules out of the first
layer and the PTCDA molecules go to the molecule-metal interface themselves. CuPc
molecules driven out to the second layer desorb in the annealing process. This exchange
reaction has also been observed by several methods for the same two types of molecules
on the Ag(111) surface [Stal3, SGP*14].

Depending on the relative amounts of CuPc and PTCDA molecules deposited, we have
observed two different mixed ordered structures achieved from two different preparation
processes, namely, a structure with a ratio of CuPc : PTCDA = 1 : 4, which we will
call the ‘windmill structure’, and a structure with a ratio of CuPc : PTCDA = 4 : 5,
which we will call the ‘stripe structure’. Compared to the mixed ordered phases found
on Ag(111) as demonstrated in Fig. 5.2, we observe that on Ag(110) there seems to be
a tendency towards the formation of larger unit cells with remarkably more molecules

and a difficulty to accommodate simple packing motifs of CuPc and PTCDA together.
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5.2. Mixed phases of CuPc and PTCDA on Ag(110)

Figure 5.1.: In the low coverage regime, the darker, cross shaped CuPc molecules
and the brighter, oval PTCDA molecules form a mixed but disordered phase on
the Ag(110) surface, Upias=0.126 V, Lsetpoint=0.35 DA.
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Figure 5.2.: The comparison of laterally mixed ordered structures of CuPc and
PTCDA on Ag(111) (green) and on Ag(110) (red) reveals a tendency to form
larger unit cells with more molecules on Ag(110).
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5. Hetero-organic layers of CuPc and PTCDA on Ag(110)

5.3. Windmill structure (ratio 1:4)

The first phase has been prepared according to the procedure described in Sec. 2.4.2 by
first depositing approximately 0.3 ML CuPc followed by soft annealing up to 220 °C for
10 min. Subsequently, approximately 0.8 ML PTCDA have been deposited followed by

annealing up to 350 °C for 10 min to desorb molecules from the second and higher layers.

5.3.1. Structural properties: Chiral structure formation

From the preparation description it is likely that the whole surface is covered with
molecules and no clean silver surface is available. This fact is verified by STM images
that have been recorded of several different areas of the sample. The whole surface is
covered with flat lying molecules, mostly in ordered phases, cf. Fig. 5.3. There exist
two of these: a mixed phase with CuPc and PTCDA molecules, forming the long-range
ordered windmill structure, and another phase containing only PTCDA molecules ar-
ranged in the herringbone pattern. Only in some smaller areas at domain boundaries
and substrate step edges molecules are not included in the order. The pure PTCDA
herringbone phase covers significantly more than 50 % of the surface but the islands of
the mixed ordered phase appear frequently and their lateral size of up to 1000 A is large

enough for comprehensive investigations on the structure.

The lateral arrangement of CuPc and PTCDA molecules in the windmill phase is
shown in Fig. 5.4. Eight PTCDA molecules form a ring surrounding one CuPc molecule.
The PTCDA rings merge into each other and, thus, the ratio of molecules in the unit cell
is CuPc : PTCDA = 1: 4. All CuPc molecules are oriented in the same direction with
an angle of ~22° with respect to the Ag[001] direction. The four PTCDA molecules of
one unit cell exhibit two different rotational orientations that are almost perpendicular
to each other, namely, ~0° and ~93° w.r.t. Ag[001]. Lengths and angles of the unit cell
vectors have been measured in 19 different STM images and the evaluation of the data

yielded values for the unit cell listed in Tab. 5.1. These values correspond to the matrix

39 65
M, = (5.1)
—46 5.7

describing the molecular structure (uncertainty of +0.1 for each matrix element).
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disordered

ordered
PTCDA
molecules
(herringbone)

Figure 5.3.: The whole surface is covered with CuPc molecules (approximately
20 %) and PTCDA molecules (approximately 80 %). Three different structures can
be observed: the ordered mixed windmill structure (left hand side and center),
the ordered PTCDA herringbone structure (right hand side), and a disordered
mixed phase (t0p), Upias=0.852V, Lictpoint=0.62 nA.

length angle to Ag[001] | angle to by
by | 24.5A+£05A 50°+1° 89°+1°
by | 25.1 A+0.5 A 139°41° -

Table 5.1.: Values from STM describing the windmill structure of CuPc and
PTCDA on Ag(110)

When comparing the mirror domains of the windmill structure in Fig. 5.5, one can
see that the structure is chiral. The observed structure is called A and is identical to
the structure B, which is obtained by a rotation of A of 180°. Their mirror images
A’ and B’, obtained by a mirror operation at the [110] surface direction, which are
the same as A” and B”, obtained by a mirror operation at the [001] surface direction,

cannot be constructed from the original image A by simple translation and rotation

7



5. Hetero-organic layers of CuPc and PTCDA on Ag(110)

Figure 5.4.: STM image of the windmill structure: PTCDA molecules are oriented
in two different rotational directions (0° and 93° w.r.t Ag[001]) and form rings
around the CuPc¢ molecules. CuPc molecules are rotated by 22° w.r.t Ag[001].
The unit cell containing one CuPc and four PTCDA molecules is marked with
the pair of red vectors (Bl, 62); Ubias=0.565V, Lsetpoint=1.2 nA.

operations but a mirror operation is required. The reason for the emergence of chiral-
ity is not obvious, since neither of the involved types of molecules, CuPc and PTCDA,
is chiral. In spite of this fact, recalling the data presented in Ch. 4 about the dense
monolayer of CuPc on Ag(110), the homo-molecular phase is chiral taking into account
the rotational configuration of the molecule on the surface. The same holds for the
homo-molecular PTCDA herringbone phase, which is presented with a model in liter-
ature [WHST12, WSS*13, WLS*15|. Even for achiral molecules, handedness is often
created upon adsorption [Rav09, MFR11, Ernl3]. In the same way as for the homo-
molecular phases, chirality in the hetero-molecular phases is created upon the formation
of the ordered structure involving both types of molecules, although the mixed wind-
mill structure is chiral even without taking the substrate into account. The tendency to
form large, complex unit cells mentioned before (cf. Fig. 5.2) supports the emergence of

chirality.
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mirror operation
yields domain’

| —
[1 1 0] not found

wﬂmm
3 gg’*ﬁk*?ﬁi

Hdat ffp
%mmﬂ mmwﬁ

domain A mirror domain A’=B"'(=A""=B

1l
-~

mirror domain A”'=B’(=A"=B"") rotational domain B (=A)

wwmm mmww
gmg *'*xe s 3&85 'a”' ;é?;
; i"f:w '...' W o ’-”; i
mmw% et

—
o
o
—
| S )
urewop spjalA
uolelado Josiw

not found found

Figure 5.5.: Two rotational domains A and B, rotated by 180°, are not distinguish-
able from each other and are observed as one domain. Their mirror domains A’, B’
(mirror axis: [110] direction), A”, and B” (mirror axis: [001] direction) also cannot
be distinguished from each other forming the expected second domain that is not
observed.

Interestingly, only one domain (A=B) of the mixed ordered structure has been ob-
served in STM images (e.g. Figs. 5.3 and 5.4), although for the Ag(110) surface we expect
two rotational domains and one mirror domain for each rotational domain, i.e. four do-
mains of which two each cannot be distinguished, as explained above, since the molecular
structure also exhibits a rotational symmetry that leads to the two expected domains
demonstrated in Fig. 5.5. From the symmetry point of view, both the ideal Ag(110)
surface crystallography and the CuPc and PTCDA molecular structures, there seems to
be no reason for a preferential formation of only one chiral arrangement and the sup-
pression of its mirror domain. Whether the mirror domain does not exist or has simply

not been observed by coincidence remains unclear at this point.
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a) b

Figure 5.6.: (a) Experimental SPA-LEED image of the sample with patches of
the windmill structure and with patches of the PTCDA herringbone structure
on Ag(110), 30eV. (b) Experimental MCP-LEED image of the pure PTCDA
herringbone structure on Ag(110), 19eV.

For further structural investigations, an electron diffraction image is taken with a SPA-
LEED and is depicted in Fig. 5.6a. Unfortunately, a more precise analysis is impossible,
since due to the preparation conditions required to achieve the windmill phase, the
amount of PTCDA molecules provided is dominant and correspondingly the major part
of the surface is occupied by the PTCDA herringbone (HB) structure. Accordingly, only
diffraction spots of this pattern are observed in LEED. For comparison, an image of the
pure PTCDA HB phase is given in Fig. 5.6b and is described by the matrix

1.9 3
Mprcpa-HB = [WSS*13]. (5.2)
-3.8 5

Comparing M1.4 to Mprcpa.as it becomes clear that spots of the corresponding diffrac-
tion patterns will be close to each other, since the first unit cell vector of the windmill
structure is about twice as long and in the same direction as the first unit cell vector of
the PTCDA HB phase (upper rows of matrices) and the second vectors of both struc-
tures do not differ much in length and direction (bottom rows of matrices). Hence, a
separation of the contributions of the two phases, namely PTCDA HB and windmill,

will be difficult and requires very clear electron diffraction data.
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[170]*

Figure 5.7.: (a,b) STM images and (c,d) their appropriate calculated 2-dimensional
Fourier transform, which corresponds to the diffraction image of the dis-
played molecular structure. (a) Upias=0.814 V, Lietpoint=0.6 nA, (b) Upjas=2.121V,
Lietpoint=1.21nA. (e,f) The simulated diffraction patterns are constructed with val-
ues extracted from the analysis of STM images, reciprocal unit cell vectors are
marked (BT, B;), (e) diffraction pattern of the one domain observed in STM,
(f) diffraction pattern of the observed domain (red spots) and its mirror domain
(dark spots).
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length angle to Ag[001] | angle to b
by | 24.5A+0.3A 50°+1° 89°+1°
by | 24.9A40.2A 139°4+1° -

Table 5.2.: Values from FFT (of STM images) describing the windmill structure of
CuPc and PTCDA on Ag(110)

Figure 5.8.: The experimental SPA-LEED image (30eV) is superimposed with sim-
ulated LEED patterns. The corresponding reciprocal unit cell vectors are marked
(l_)':, B;) (a) Simulation of the PTCDA HB pattern, (b) simulation of the wind-
mill pattern (two domains), (c) both simulations superimposed. The circled area
marks a weak diffraction spot contributed by the windmill structure.

In order to obtain indications what the diffraction pattern of the windmill structure
would look like, some STM images of the extended windmill structure (Fig. 5.7a,b)
are evaluated in WSXM [HFGR'07| by a fast Fourier transformation (FFT), which
corresponds to the diffraction pattern of the imaged structure. The FFT yields the almost
rectangular patterns in Fig. 5.7¢,d, which of course represent only the one domain that is
present in the corresponding STM images. Additionally, we simulate a diffraction pattern
with the unit cell values extracted from STM. Figure 5.7e shows this simulation of only
one domain, for direct comparison to the FFT images, and in Fig. 5.7f both domains
are taken into account, producing a mirror symmetric pattern. The FFT images and
the simulation for the one corresponding domain are in good agreement. For a deeper
analysis and more precise values for the unit cell vectors, the reciprocal space vectors are
measured in the FFT images yielding the values listed in Tab. 5.2. The matrix elements

do not change within the accuracy given in Eq. 5.1.
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5.3. Windmill structure (ratio 1:4)

A comparison of simulated diffraction patterns with the experimental one is depicted
in Fig. 5.8 where in (a) the PTCDA HB simulation, in (b) the windmill simulation
with both domains, and in (¢) the PTCDA HB and the windmill simulation together
are superimposed to the experimental pattern. Obviously, the differences are small and
we cannot clearly separate the contributions of the pure PTCDA HB and the windmill
phase. The contribution of the latter, covering a significantly smaller part of the surface,
is too weak to yield a clear signal and the PTCDA HB pattern is in better agreement
with the experimental image for large areas in reciprocal space. Only in the circled area
one observes a diffraction spot that is assigned to the windmill pattern and is not covered
by the PTCDA HB simulation.

5.3.2. Electronic properties

The local electronic properties are investigated recording tunneling spectra above all
five different molecules of the unit cell in the range from —1.8V to 1.8 V. Since, here
again, the entire surface is covered with molecules, we cannot present any spectra of
areas of clean Ag substrate for comparison with the molecular spectra. Accordingly, the
conventional way of preparing a spectroscopically applicable tip by dipping it into the

surface, picking up silver atoms, cannot be used.

The molecules are labeled as given in Fig. 5.9¢ to distinguish their spectra. C denotes
spectra corresponding to the CuPc molecule, P| denotes the PTCDA molecules aligned
parallel to the Ag[001] direction, and P, denotes the PTCDA molecules perpendicular
to the Ag[001] direction. The corresponding differential conductance data are shown in
Fig. 5.9a in total and in b, ¢, and d with certain parts enlarged for easier distinction.
All spectra are rather smooth without dominating features in different spectra and with
similar intensities. Hence, we assume that the tip was clean so that the observed features

can be attributed to the sample.

Taking a closer look at the spectra, one can find that for negative bias, i.e. occu-
pied sample states, the spectra of the PTCDA molecules feature a resonance between
approximately —0.6V and —1.0V that is hardly observable in the spectrum of CuPc
(cf. Fig. 5.9b). This peak can probably be assigned to the PTCDA LUMO [ZKS*06,
ZFS*t10, PRUT11, WSS*13]. The slightly enhanced intensity in the PTCDA spectra at
about —1.2V cannot directly be assigned to a molecular orbital since the HOMOs of

PTCDA molecules in the herringbone phase are expected to have stronger binding ener-
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5. Hetero-organic layers of CuPc and PTCDA on Ag(110)
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Figure 5.9.: (a) The differential conductance spectra of the two different PTCDA
molecules (P and P ) and the CuPc molecule (C) in the unit cell exhibit flat
curves with few features, Lsetpomt=1.00n4; (b,c,d) zoom images of spectra depict-
ing small differences between the spectra of the different molecules. () STM
image: The molecules are labeled for distinction of the spectra, Ups=0.565V,

Isetpoint =1.2 IlA .

gies than 1.5eV, cf. [ZKST06, ZFST10, PRU*11, WSS*13]. The weak feature at —1.4V
in the spectrum of CuPc probably appears due to a resonance of the CuPc HOMO,
which we found to be located at —1.35V in Ch. 4. Around the Fermi edge (Fig. 5.9¢),
the CuPc and the PTCDA | spectra feature a small dip followed by a small step towards
positive bias, which the PTCDA| spectra do not exhibit. This feature might stem from
the CuPc LUMO, which could be depopulated compared to the pure CuPc phase, simi-
lar as it is the case in the mixed phase on Ag(111) in [SLW*14]. The LUMOg as second
part of the originally degenerate orbital parts (LUMO,A /LUMOg) might then cause the
weak resonance in the CuPc spectrum at 0.5 V. The gap between this latter feature and
the assumed HOMO (—1.4V) corresponds to the band gap of CuPc as mentioned in
Ch. 3 and [HH63, Ham67]. On the side of positive bias (Fig. 5.9d), the two PTCDA
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5.3. Windmill structure (ratio 1:4)

molecules again exhibit features that are not observed in the spectrum of CuPc, namely,
PTCDA| shows a resonance at about 0.9V and PTCDA | at about 1.3V.

Plotting the data as % for a compensation of the parabolic background
intensity does not yield more information. The intensity of individual features increases
only very slightly, but the noise level is significantly increased and the data range be-
tween —0.1V and 0.1V cannot be evaluated anymore due to strongly fluctuating values
around Upias = 0, where Igetpoing = 0, too. Therefore, to make differences between the
spectra of the molecules more clear, they are subtracted from each other and the result-
ing curves are depicted in Fig. 5.10. Here, the features appear with enhanced intensity.
Both PTCDA molecules dominate the range of negative bias whereas CuPc dominates
the spectra for positive bias. The difference curve between PTCDA) and PTCDA re-
veals that the resonance between —0.6 V and —1.0V is not equal for the two molecules,
but PTCDA | features this resonance at less negative bias causing the dip at approx-
imately —0.7V while PTCDA| features this resonance at approximately —0.8 V. Also
the energetic distance between the peaks at 0.9V and 1.3V becomes more pronounced.
Same holds for the dip of PTCDA, at —0.1V and the step at the Fermi edge. The step
of CuPc at 0.1V is weakly present in the difference curves of CuPc subtracted from
PTCDA| and PTCDA,; .

Regarding the spectra of all molecules in the unit cell and the differences between
the spectra, we can say that the HOMO of PTCDA mainly contributes to the rising
intensity between —1.3V and —1.8V while the CuPc HOMO lies at approximately
—1.4V. The PTCDA LUMOs corresponding to the two different molecular rotational
configurations are observed at about —0.8 V and —0.7 V with a small difference between
the two PTCDA molecules, similar to what has been described for the pure PTCDA HB
phase on Ag(110) [WSS*13]. The CuPc LUMOy, is probably less occupied than in the
homo-molecular phase and may be located at about 0.1V while the LUMOg may be
located at 0.5V where CuPc exhibits a slightly stronger intensity compared to PTCDA.
Further resonances may originate from higher unoccupied orbitals of PTCDA, again

with a small difference between the two PTCDA molecules.

Comparing the values for the orbital binding energies of PTCDA and CuPc in the
windmill phase to the values of the pure PTCDA herringbone monolayer in [WSS*13]

and the pure CuPc monolayer in Ch. 4 as shown in Fig. 5.11, we see that the trend that



5. Hetero-organic layers of CuPc and PTCDA on Ag(110)

Figure 5.10.: The graphs showing spectra from Fig. 5.9a subtracted from each
other enhance the visibility of individual (marked) features. (a) P,-C, (b) Py-C,
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5.3. Windmill structure

(ratio 1:4)
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Figure 5.11.: The energy level rearrangement for the windmill structure compared
to the energy level rearrangement of the homo-molecular PTCDA herringbone
structure on Ag(110) (data taken from [WSS*13|) and the dense CuPc monolayer
on Ag(110) (data from Ch. 4.)

has been observed for the mixed brickwall structure of CuPc and PTCDA (ratio 1 : 2) on
Ag(111) [SLW*14] can also be assumed for the windmill structure on Ag(110): PTCDA
as the stronger acceptor accumulates even more charge than in its homo-molecular phase,
shifting the PTCDA LUMOs to larger binding energies. At the same time, CuPc accepts

less charge (almost turning into a donator) with its LUMO, shifted back across the Fermi

level to the side of unoccupied states.
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5. Hetero-organic layers of CuPc and PTCDA on Ag(110)

5.4. Stripe structure (ratio 4:5)

For the preparation of the second phase, only the amount of deposited molecules and
the subsequent annealing temperature have been changed. First, 0.6 ML CuPc have been
deposited followed by soft annealing up to 220 °C for 10 min. Secondly, 0.6 ML PTCDA
have been deposited and the sample has been annealed to 400 °C for 10 min. The higher
temperature was necessary to desorb molecules that did not fit into the first layer and

to provide the molecules in the first layer with enough energy for diffusion and mixing.

5.4.1. Structural properties: Combination of chiral building

elements

Similar as described before in Sec. 5.3.1, here again the whole surface is covered with
molecules leaving no free silver patches as demonstrated, for example, by STM in
Fig. 5.12. The molecules lie flat on the surface and are either arranged in an ordered
mixed stripe structure or in disorder but also mixed. The ordered islands cover about
50% of the surface and are large enough for comprehensive investigations on the geo-

metric structure and local electronic properties.

| == F -. . .
: mpged § ! s 6
molecules s -

in disorder |

¢ stripe
structure

Figure 5.12.: The whole surface is covered with CuPc molecules (~50%) and
PTCDA molecules (x50 %). Large islands of an ordered mixed structure (top
and bottom) can be observed between areas of mixed molecules in disorder,
[Ibians:O-SG5 V; Isetpoint =64 pA

88



5.4. Stripe structure (ratio 4:5)

Figure 5.13.: (a) In STM images, stripes of two different molecular arrangements
with each five PTCDA and four CuPc molecules are observed: the meander-
ing ‘S” and the bent ‘C’ configuration, Upins=0.493V, Isetpoint=2-1nA. (b) The
chains of four CuPc molecules exceed the chains of five PTCDA molecules in
length along the Ag[110] direction, forming separating space of darker contrast
between the PTCDA chains, which appear with brighter contrast, Uy;,s=0.358 V,
Letpoint=1.0nA. (¢) All PTCDA molecules lie parallel to the Ag[001] direction
while the CuPc molecules show two different rotational orientations; molecules are
labeled for distinction of the nine molecules (P; to P5 for the PTCDA molecules
and C; to C4 for the CuPc molecules), Upius=0.400 V, Tsetpoint=1.1 nA.

Upon a close look, the ordered mixed molecular stripe structure exhibits short chains
of five PTCDA and four CuPc molecules, respectively, alternating along the Ag[001]
direction. The chains are slightly bent and with their long direction oriented approxi-
mately parallel to the Ag[110] direction. There are two different molecular arrangements
of PTCDA and CuPc molecules (plus their mirror domains) observable, an ‘S’-shaped
configuration and a ‘C’-shaped configuration, both marked in Fig. 5.13a. In each config-
uration, comprising nine molecules with a ratio CuPc : PTCDA =4 : 5 (cf. Fig. 5.13b),
the three PTCDA molecules in the middle (Pq, P3, Py, cf. Fig. 5.13¢) form a straight
line along the Ag[110] direction with their long axis parallel to the Ag[001] direction.
The molecules at either end (P; and Pj) are rotationally oriented in the same direction
but each is shifted parallel to the Ag[001] or Ag[001] direction, yielding the meandering

‘S” shape or the bent ‘C’ shape. The CuPc molecules are arranged correspondingly in ‘S’
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5. Hetero-organic layers of CuPc and PTCDA on Ag(110)
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Figure 5.14.: The basic structural unit is chiral and appears with all four rotation
and mirror images. r can only be transformed into 1 by a mirror operation, ' and
1" are achieved by application of a rotation by 180°.

or ‘C’ shape, but the chain of four CuPc molecules is a little bit longer than the chain of
five PTCDA molecules. So, benzene rings of the CuPc molecules at the end of the chain
reach out and form a short separating space between adjacent PTCDA chains along the
Ag[110] direction, appearing with darker contrast between the brighter PTCDA chains
in STM. The four CuPc molecules in one chain exhibit two slightly different rotational
orientations of their long axis with respect to Ag[001]. The top (C;) and bottom (Cy)
CuPc molecule are rotated by ~47°(£2°) and the two CuPc molecules in the middle (Cs,
Cs;) are rotated by ~38°(£2°).

The two different configurations of the molecular arrangement can be split up into ba-
sic structural units comprising two CuPc molecules and two and a half PTCDA molecules
as depicted in Fig. 5.14. The involved molecules are arranged along a short bent line and

it becomes obvious that this basic structural unit is chiral. The elements r and 1’ can be
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5.4. Stripe structure (ratio 4:5)

Figure 5.15.: The chiral basic structural units are combined with each other to form
the extended stripe structure observed in STM. (&) Upias=0.493 V., Lietpoint=2.1 1A,
(b) Upias=0.619 V, Lictpoint=1.1 nA. The transition between two units next to each
other along the Ag[110] direction is fixed at the position between two molecular
chains, here marked with dashed lines. The transition is arbitrary at the position
in the middle of a molecular chain, here marked with solid lines. The two adjacent
small units at a fixed transition are combined forming the large units R and L,
respectively.

transformed into each other by a rotation operation. Same holds for 1 and ', but r and
1 are connected via a mirror operation and cannot be transformed into each other by a

rotation.

From several STM images, e.g. in Fig. 5.15a,b, one can extract rules for the combi-
nation of the basic structural units r, 1/, 1, and 1’ to form the extended ordered stripe
structure. The transition from one unit to the next one in the negative direction of
Ag[110] between two molecular chains, i.e. between the molecules P5 and P1 and be-
tween C4 and C1, is fixed: 1’ is always followed by r and 1" is always followed by 1 as
marked in Fig. 5.15a by dashed lines. In contrast, the transition in the middle of a chain
(solid lines in Fig. 5.15a) at the position of the (split) molecule P3 and between the

molecules C2 and C3 is arbitrary, such that r can be followed by 1’ or I’ and 1 can as well

91



5. Hetero-organic layers of CuPc and PTCDA on Ag(110)

be followed by 1’ or I in the negative [110] direction. Hence, we combine the four basic

structural units into two new, larger units R and L, with L being the mirror image of R:

v/ ¢
R= and L= . (5.3)
r 1

Thus, R and L denote the two mirror domains of the ordered stripe structure. The
domains extend parallel to the Ag[001] direction and their boundaries occur with an

arbitrary probability along the Ag[110] direction.

Regarding the basic structural units and the possible variations of their order in the
stripe structure, this mixed molecular arrangement of CuPc and PTCDA with the ratio
4 : 5 combines periodicity (molecular arrangement within a basic structural unit and
along the Ag[001] direction) with stochastics (alternation of the large units along the

Ag[110] direction, i.e. alternation of the two mirror domains).

Taking a careful look at the overview images in Fig. 5.16, basic structural units (cir-
cled) can also be found in the areas of the mixed disordered phase of the sample hosting
the stripe structure (Fig. 5.16a), demonstrating that the nucleation of the clusters from
the gas phase already happens as chiral elements. Thus, here again, the chirality is
created upon the formation of the mixed ordered structure. Figure 5.16b, which is the
overview image of the windmill structure discussed in Sec. 5.3, even reveals the forma-
tion of some basic structural units of the stripe phase in the disordered areas of the
layer on the sample mainly hosting the pure PTCDA herringbone phase and the mixed
windmill structure. Hence, it seems that these basic structural units consisting of four
or five molecules correspond to a stable element of CuPc and PTCDA together on the
Ag(110) surface where locally the ratio of CuPc : PTCDA is approximately 4 : 5. In
the layer that mainly hosts the PTCDA herringbone and the windmill structure, the
overall ratio does not provide enough CuPc for the formation of basic structural units,
but locally in the disordered phase there are enough CuPc molecules for combination
with PTCDA to yield some of these.

The unit cell for describing the stripe structure is defined by the two vectors b, and

b, marked in Fig. 5.17. The corresponding lengths and angles have been measured in 33
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5.4. Stripe structure (ratio 4:5)
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Figure 5.16.: Even in the mixed disordered phase of (a) the sample hosting the
stripe structure, Upips=0.565V, Isetpoint =64 pA, and (b) the sample hosting the
windmill structure (cf. Fig. 5.3), Upias=0.852 V, Lsetpoint =620 pA, some basic struc-
tural units (r, 1, 1, ') can be found (circled).
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5. Hetero-organic layers of CuPc and PTCDA on Ag(110)

o
L]

‘oo,

Figure 5.17.: The unit cell is marked with a pair of vectors (Bl, 52) going from the
middle of one molecular chain to the next chain, Uyins=0.493 V, Litpoing=2.1nA.

length angle to Ag[001]
by | 27.2A4+0.3A 0°
by | 47A+1A 95°+1°

Table 5.3.: Values of unit cell variables describing the mixed ordered stripe structure

of CuPc : PTCDA=4:5 on Ag(110)

STM images and the values describing the whole structure are summarized in Tab. 5.3.

The molecular arrangement corresponds to the following matrix:

6.7+£0.1 0
My = . (5.4)
~14£05 163+05

Another remarkable feature of the STM images of the mixed stripe structure is that
in most pictures the CuPc molecules Cy and Cj (for labeling see Fig. 5.13¢) appear
with two brighter and two darker molecular wings similar to what has been observed for

the homo-molecular layer of CuPc on Ag(110). In the mixed structure it becomes clear
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5.4. Stripe structure (ratio 4:5)

that the 2-fold symmetric contrast probably depends on the rotation of the molecule
with respect to the substrate symmetry directions. The molecules Cy and Cs have their
darker wings oriented with an acute angle to the more open Ag[001] direction, whereas
the molecules C; and C, are rotated by ~45°, all their benzene rings sense the same
substrate directions, and they appear with the same brightness in STM. Furthermore,
in some STM images recorded with weakly negative bias, e.g. in Fig. 5.18a,b, it can be
observed that the CuPc molecules Cy and Cj, instead of showing brighter and darker
wings, seem to appear as chiral structures with all wings at the same brightness. There
are few reports about similar observations on metal phthalocyanine molecules exhibiting
a chiral shape (cf. Fig. 5.18¢,d) for certain measurement conditions in STM and corre-
sponding DFT calculations [MLO%10, MRK*12]. For CuPc on the Ag(100) surface, it
is reported that this chirality (in contrast to the structural chirality discussed earlier in
this section) is a purely electronic effect originating from the interplay between the ro-
tation of the molecule on the surface by 230° and the charge transfer from the substrate
into the molecule, mainly into the LUMO and partially into a singly occupied molecular
orbital (SOMO) energetically located between HOMO and LUMO. The chiral contrast
being strongest in images measured with negative bias (in [MLOT10] as well as here)

supports the assumption that it stems from the frontier occupied orbitals.

For an additional structural analysis, we recorded the electron diffraction image of
the stripe structure depicted in Fig. 5.19a. According to the structural properties found
in STM, this experimental pattern with its broad features corresponds to the pattern
described by the matrix My.5 in Eq. 5.4.

In Fig. 5.19b the experimental LEED image is fitted with a simulated pattern con-
structed of the values extracted from STM images. It is clear that the vector by in real
space is parallel to the Ag[001] direction and the uncertainty of its length is rather small
as the vertical dark lines in LEED are narrow and of precise periodicity. In contrast, the
vector by cannot be determined more precisely, since the diffraction spots modulating
the lines are rather broad and blurry due to the stochastic influence of the frequent al-
ternation between the two domains R and L along the Ag[110] direction, and especially
the first order spots are not observable. Similar as reported for PTCDA adsorbed onto
the potassium-doped Ag(110) surface in [MBW™13], the stochastic distribution of the
structural motifs causes the smearing of the diffraction spots along the direction that is

less well defined.
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5. Hetero-organic layers of CuPc and PTCDA on Ag(110)

Figure 5.18.: In STM images recorded with small negative bias the CuPc molecules
Cy and Cj, which are circled here, appear with a chiral contrast shape in-
stead of exhibiting two brighter and two darker molecular wings as they do
in STM images with positive bias (cf. Fig. 5.13 and 5.17), (a) Upis=—0.2'V,
Lictpoint=1.00A, (D) Upias=—0.1V, ILietpoint=0.85nA. (c) Shape of an originally
achiral CuPc molecule, (d) contour of the molecule appearing with electronically
chiral contrast.

5.4.2. Electronic properties

For the analysis of the local electronic structure of the molecules involved in the stripe
phase we apply differential conductance spectroscopy (STS) to resolve the ordering of the
frontier orbitals, hoping to find results comparable to the electronic structure of mixed
CuPc+PTCDA layers on Ag(111) [SLW'14]. Spectra are recorded between —0.9 V and

0.9V above all nine molecules of the unit cell with up to 5 spectra per molecule: at
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5.4. Stripe structure (ratio 4:5)
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Figure 5.19.: (a) The experimental SPA-LEED image of the sample with the stripe
structure is a pattern with stripes of modulated intensity, 50eV. (b) The SPA-
LEED image is superimposed with a pattern simulated corresponding to the unit

cell values extracted from the above STM analysis, reciprocal vectors are labeled,
30V.
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5. Hetero-organic layers of CuPc and PTCDA on Ag(110)

the two long sides, the two short ends and the middle of PTCDA molecules, at all four
benzene rings and the center of CuPc molecules, as marked in the zoom window of
Fig. 5.20a. The spectra of PTCDA molecules do not show any differences neither be-
tween the various positions above one molecule nor between the five molecules in the
unit cell. Therefore, in Fig. 5.20b the average of all PTCDA spectra is plotted as one
(black) line. The spectra of CuPc molecules also do not show any differences between the
four molecules in the unit cell and we will not distinguish them. But small differences
can be found between spectra taken above the benzene rings appearing with brighter
contrast in STM, those with darker contrast, and the center of the molecule. For this

reason, the CuPc spectra are plotted separately in Fig. 5.20b.

From negative bias to positive bias, several features are found in all four spectra. The
rising background intensity from —0.85 V towards more negative bias is probably due to
the HOMOs of PTCDA and CuPc, which are expected to have binding energies larger
than 1.0eV, cf. Ch. 4 and [WSS*13]. The shoulder at —0.8 V or the peak at —0.6 V may
be assigned to the PTCDA LUMO, which in the pure PTCDA brickwall phase has a
binding energy of 0.75eV [WSS*13]. The other one of these two features may originate
from a tip state. At —0.23 V, all spectra feature a peak, also probably due to a tip state,
which is followed by a second peak at —0.1 V only in the spectra of the CuPc wings with
dark contrast and the CuPc center. The latter feature may originate from the CuPc
LUMO,, which is expected to be substantially less populated than the PTCDA LUMO
or even depopulated (cf. [SLW™14]) and is distributed over two opposite benzene rings
(cf. Ch.4). The peak at 0.1V in all spectra may be a tip state similar to the feature
at 0.6V. At 0.2V and 0.3V small features can be observed for the CuPc center and
the benzene rings where the intensity of the PTCDA spectrum is lower than that of
the three CuPc spectra. Here might be the second part of the degenerate parts of the
CuPc LUMO, the LUMOg, provided that the degeneracy is still lifted in the mixed
phase. Since there are no ARPES data for orbital tomography, we cannot make more
precise statements about the assignment of peaks in the differential conductance spectra

to certain molecular orbitals.

In a comparison of the energy levels in the stripe structure to the corresponding
energy levels of the homo-molecular phases of PTCDA, arranged in the brickwall (BW)
structure, and CuPc, see Fig. 5.21, it becomes clear that the trend observed for the

windmill structure reported in Sec. 5.3.2 and for the mixed brickwall structure of CuPc
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5.4. Stripe structure (ratio 4:5)
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Figure 5.20.: (a) The molecules are labeled (P for PTCDA and C for CuPc) in an
STM image and the zoom image gives the positions above the molecules where
spectra are taken, Upias=0.400 V, Litpoint=1.1 nA. (b) The differential conductance
spectra of all PTCDA molecules in the unit cell and of all positions above them
are averaged since they did not exhibit noticeable differences. The spectra of all
CuPc molecules in the unit cell also did not differ from each other but so do the
spectra recorded at different positions above the CuPc molecules. Thus, spectra
taken above dark molecular wings, bright wings, and the molecular center are

plotted separately, Lietpoint=2.1nA.
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Figure 5.21.: The energy level rearrangement for the stripe structure compared to
the energy level rearrangement of the homo-molecular PTCDA brickwall struc-
ture on Ag(110) (data taken from [WSST13]) and the dense CuPc¢ monolayer on
Ag(110) (data from Ch. 4.)

and PTCDA on Ag(111) [SLW*14] is also weakly observable for the stripe structure on
Ag(110). Assuming that the PTCDA LUMO in the stripe structure has a binding energy
of 0.8eV and that the feature at a binding energy of 0.6 eV originates from a tip state,
which will not be considered further, the PTCDA LUMO is shifted to a slightly larger
binding energy. Accordingly, the CuPc LUMO, shifts from a binding energy of 0.33eV
in the homo-molecular phase to 0.1eV in the stripe phase. The HOMOs of PTCDA and
CuPc cannot be discussed here because the range where differential conductance spectra

were measured is too narrow to include these orbitals.
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5.5. Summary and Conclusion

In this chapter ordered mixed phases of CuPc and PTCDA molecules on the Ag(110)
surface have been presented. Compared to mixed monolayers of these types of molecules
on the Ag(111) surface [Stal3, SLW'14, SSB*14, SHS*15|, the preparation of mixed
ordered structures on the Ag(110) surface yields more complex structures due to the
stronger interacting substrate with lower symmetry. We started the preparation of
the mixed molecular layers with the deposition of CuPc followed by the deposition
of PTCDA. No mixed ordered structure could be obtained for a coverage of less than
one monolayer, i.e. when the surface is not completely covered with molecules. Never-
theless, mixed disorder seems to be more favorable than a separation of molecules into
two homo-molecular phases and the formation of small basic structural units consisting
of about two CuPc and two to three PTCDA molecules can be observed. When enough
molecules are on the surface, it requires significantly higher annealing temperatures on
Ag(110) than on Ag(111) to form mixed ordered structures and desorb molecules from

higher layers.

The two mixed ordered structures here differ remarkably from those with two or
three molecules per unit cell found on Ag(111). On Ag(110), we found mixed ordered
structures with five and nine molecules per unit cell and corresponding molecular ra-
tios of CuPc : PTCDA = 1 : 4 and 4 : 5, respectively. Hence, the unit cell areas are
much larger, similar as observed for mixed ordered structure of CuPc and NTCDA
(naphthalene tetracarboxylic dianhydride, Ci4H40Og, similar to PTCDA but shorter
carbon backbone) on Ag(111) [Sch15]. In the windmill structure (CuPc : PTCDA =
1 : 4), PTCDA molecules appear with two rotational orientations similar to the her-
ringbone phase on Ag(110) [SPF98, WHS*12, WSS*13|. This way they form a ring
around each CuPc molecule, which does not exhibit any noticeable intramolecular con-
trast or symmetry change, and create an overall chiral structure. The stripe structure
(CuPc : PTCDA = 4 : 5) comprises meandering and bent stripes built of the basic
structural unit and the corresponding mirror and rotational images. Here, all PTCDA
molecules are oriented parallel to the Ag[001] direction, resembling the homo-molecular
brickwall phase [SALT97, BSG*98|. The rotation of two out of four CuPc molecules in
a unit cell is such that a reduced 2-fold symmetry can be observed similar to what we

reported earlier in this work for the homo-molecular phase on Ag(110) (cf. Ch. 4).
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5. Hetero-organic layers of CuPc and PTCDA on Ag(110)

Interestingly, for both mixed ordered molecular layers in this chapter, structural chi-
rality is found, even without consideration of the substrate and the orientation of the
molecules, although neither CuPc nor PTCDA as single molecules are chiral. In the wind-
mill structure, of which only one mirror domain is observed, the chirality obviously is
created by the ring-like arrangement of the 2-fold symmetric PTCDA molecules around
the 4-fold symmetric CuPc molecules. In the stripe structure, the basic structural unit
is chiral and all rotation and mirror images are observed in STM. For the formation of
the extended structure, the basic structural unit is combined with its rotation image
creating one domain. The mirror image of the basic structural unit with its own rotation
image forms the mirror domain. All domains extend parallel to the Ag[001] direction.
The sequence of domains along the Ag[110] direction is arbitrary. The frequently oc-
curring domain boundaries make this ordered structure a combination of periodicity —
regarding the basic structural units and the extent of domains in the [001] direction — and
stochastics — regarding the alternation of domains perpendicular to their lateral extent
direction. In both mixed phases, windmill and stripe, the structural chirality emerges
from the molecular arrangement. So, the combination of two different types of achiral

molecules on the sample surface imprints this chirality to the jointly formed structures.

STS experiments helped to reveal the electronic structures close to the Fermi energy.
The PTCDA LUMO, which in the mixed ordered structures of CuPc+PTCDA on the
Ag(111) surface becomes stronger occupied by charge donation from CuPc¢ molecules
whose LUMO gets depopulated, could most probably be identified in the spectra. The
CuPc LUMO, and LUMOg are difficult to assign, especially since we do not know if
their degeneracy is lifted as it is the case in the homo-molecular phase. We can speculate
that these two orbital parts, which are each distributed across two opposite benzene rings
of the molecule, are occupied to different degrees and one is located very close to the
Fermi edge, because there one can observe small deviations when comparing differential
conductance spectra recorded above different wings of one CuPc molecule. The shift of
all LUMO binding energies — to larger binding energies for PTCDA and to smaller or
even negative binding energies for CuPc — suggests the same effect occurring in mixed
structures on Ag(110) as on Ag(111). The stronger acceptor PTCDA attracts more
charge than in its homo-molecular phases and the weak acceptor CuPc receives (almost)

no charge anymore from the metal substrate.
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Figure 5.22.: Energy level rearrangements of the two mixed ordered structures
investigated here, windmill structure and stripe structure.

Upon a close look at the energy level comparison diagram depicted in Fig.5.22, one
can see, that the effect of charge reorganisation between the two types of molecules
even seems to depend on the ratio of molecules in the mixed layers. In the windmill
structure with one CuPc molecule competing with four PTCDA molecules for the charge
transferred from the substrate into the molecular layer, the CuPc receives a very little
amount so that its LUMO parts are both located on the side of negative binding energy.
In contrast, the four CuPc molecules competing with ‘only’ five PTCDA molecules in the
stripe phase still receive enough charge so that their LUMO, is shifted across the Fermi
edge to the side of positive binding energy. Here it would be interesting to experimentally
investigate other molecular ratios and to simulate the charge reorganisation for different
molecular ratios, similar as done for CuPc and PTCDA on Ag(111) [SLW*14].
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6. Summary, Conclusion, and

Outlook

In the work of this thesis, homo- and hetero-organic layers comprising the organic
molecule CuPc have been investigated on two different silver crystal surfaces. Several
sample systems have been developed and studied as variations of the well known system

of one monolayer CuPc on Ag(111) by exchange and addition of components.

The first modification discussed in Ch. 3 was realized by depositing a second layer
of CuPc on top of the first layer CuPc on Ag(111). Microscopy (STM) and diffraction
(LEED) studies demonstrated that the lattice describing the lateral molecular structure
of the second layer is the same as for the first layer. While the molecules in the first
layer adsorb in a flat geometry on the silver substrate, molecules in the second layer
are inclined. The interaction of the first layer with the substrate is much stronger and
happens via bonds of the delocalized w-electron system of the molecules to the metal.
Molecules in the second layer only sense a weak interaction with the underlying layer
and, hence, can take a different configuration. The lateral arrangement of molecules in
the first layer still acts as a template for the second layer molecular lattice. The interac-
tion of molecules in the first layer with the Ag(111) substrate is accompanied by a charge
transfer from the metal into the molecules filling the former LUMO to a certain degree.
This charging of the molecules also causes the intermolecular repulsion observable at
low coverage. Molecules in the second layer do probably not receive any charge, which is
in agreement with the immediate formation of islands during the growth of the second
layer. Our findings about the structural and electronic properties are in agreement, with
data published before [HHP*09, KSS*10].

In a second variation step (Ch. 4), the Ag(111) substrate was exchanged by Ag(110),
offering stronger interaction of the substrate with adsorbed molecules. In contrast to

CuPc on Ag(111) where the densest structure of one monolayer is of point-on-line co-



6. Summary, Conclusion, and Outlook

incidence, the Ag(110) surface dominates the lateral molecular arrangement driving
molecules into a coincident structure that becomes commensurate in higher (fourth)
order. On the other hand, the intermolecular interaction dominates the lateral arrange-
ment from time to time forming a slightly deviating structure, not admitting the com-
mensurate registry. This interplay of interactions causes the appearance of dislocation
lines in the molecular lattice, which are observable in both STM and LEED. Regarding
the electronic properties, we applied differential conductance spectroscopy (STS) and
angle-resolved PES finding charge transfer from the substrate into the molecule. Here
and in combination with a slight downwards bending of two opposite benzene rings that
are arranged with a more acute angle to the more open [001] substrate direction, the
degeneracy of the two LUMO parts, LUMO, and LUMOg, is most probably lifted by
filling the orbital part distributed above the pair of opposite benzene rings that interacts
stronger with the substrate than the perpendicular pair of benzene rings. The asymmet-
ric charge distribution and the distorted geometry lead to a 2-fold symmetric contrast

of the originally 4-fold symmetric molecules in STM.

Comparing homo-organic layers of CuPc on Ag(111) and on Ag(110), we observed
the expected increasing influence of the (110) substrate on the layer formation and elec-
tronic level alignment at the interfaces, similar to reports about PTCDA on different
silver surfaces [TEST02, WLS*15].

The third part in Ch. 5 dealt with hetero-organic layers. CuPc and PTCDA were
found to form mixed ordered structures on Ag(110) characterized by STM and LEED,
although mixing on this low-symmetry and reactive substrate shows a higher degree of
complexity than mixing on the less reactive Ag(111) substrate [Stal3, SHS*15]. Even
for a lower coverage when the surface is not completely covered, the mixing in disorder
seems to be preferred to a phase separation. The unit cells of the two mixed structure
on Ag(110) are remarkably larger than those on Ag(111) and contain more molecules,
from this aspect rather resembling the structures that have been found for CuPc and
NTCDA on Ag(111) [Sch15]. The windmill structure consists of unit cells with one CuPc
and four PTCDA molecules, the unit cell of the stripe structure consists of four CuPc
and five PTCDA molecules. Measurements on the local electronic structure of the two
mixed phases were dominated by signals assigned to PTCDA molecules. The PTCDA
LUMO is most probably filled by charge obtained from the metal substrate. The CuPc

molecular orbitals hardly yield any signal so that we cannot say with absolute certainty
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whether the CuPc LUMO is filled or not and if the degeneracy of LUMO, and LUMOg
is lifted or not. The 2-fold symmetric contrast in STM of certain CuPc molecules in the
stripe structure suggests a similar asymmetry due to electronic and geometric effects as
observed for the homo-molecular phase of CuPc on Ag(110). The same molecules appear
with a chiral electronic contrast in STM images recorded with a different bias voltage,
which also stems from the asymmetry of the 4-fold symmetric molecule adsorbed onto

a 2-fold symmetric substrate with a certain rotational direction.

In general, compared to Ag(111), the stronger interaction with adsorbed molecules
and the lower symmetry of the Ag(110) surface strongly affect the lateral molecular
arrangement of homo- as well as hetero-organic layers giving rise to considerably differ-
ent structures. Especially upon the formation of laterally mixed ordered hetero-organic
layers on Ag(110) the emergence of structural chirality is observed by the combination

of the two achiral molecular types CuPc and PTCDA.

Some additional aspects about one monolayer of CuPc on Ag(110), e.g. the adsorp-
tion height and the growth of the monolayer, could be investigated, for example by x-ray
standing wave (XSW) experiments and low energy electron microscopy (LEEM). Since
many features of this structure are revealed, it would also be interesting to investigate
multilayers of CuPc on Ag(110) similar to the experiments performed on Ag(111) in
order to find out the influence of the substrate on the second layer and the interaction
between the first layer and higher layers. Regarding the hetero-organic systems, adsorp-
tion height measurements by XSW and pair-potential calculations could help to clarify
the mechanism driving the lateral ordering of the two types of molecules and the emer-
gence of the structural chirality. Together with photoemission spectroscopy and orbital
tomography, these methods can give a comprehensive image of the structural and elec-
tronic properties and the coupling of geometric and electronic effects as described for,
e.g., CuPc and PTCDA on Ag(111) [SLW*14, SSB*14]. A further aspect is to find out if
there exist stable mixed structures containing more CuPc than PTCDA molecules in the
unit cell on the Ag(110) surface and if mixing is possible for a variation of the preparation
steps when first PTCDA and then CuPc is deposited. The crucial point will probably be
the question if by annealing enough energy can be added to enable diffusion before the
molecules start to desorb thermally from the surface. Finally, experiments on a stacked
hetero-organic system of CuPc on PTCDA on Ag(110) would be interesting to examine

regarding the properties of a large area of an organic-organic interface. A system with
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6. Summary, Conclusion, and Outlook

PTCDA deposited onto CuPc on Ag(110) will most probably not form stable stacked
layers, similar as reported for this stacking series on Ag(111) [Stal3, SGPT14], since
during the preparation of laterally mixed structure we observed in STM that PTCDA
molecules do not stay in the second layer when the first layer is completely filled with
CuPc and PTCDA molecules. PTCDA molecules drive CuPc molecules out of the first
layer as the interaction of PTCDA with the silver substrate is considerably stronger and

preferred.
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2.1. (a) Model of a silver crystal showing a face centered cubic (fcc) lattice
with a lattice constant of 4.09A. The blue and yellow lines mark the
(111) and (110) plane. (b) The Ag(111) surface is 3-fold rotational sym-
metric and the atoms form a hexagonal surface lattice (c) The Ag(110)
surface is 2-fold rotational symmetric with a rectangular surface lattice.
The uppermost layer of molecules is given in bright gray and the next

underlying layer in dark gray. . . . .. .. ... . oL 6

2.2. (a,b) CuPc is a geometrically 4-fold symmetric macrocyclic molecule.
The distributions of the electron wave functions of the (c) HOMO and
(d) LUMO across a CuPc molecule were calculated by Gaussian [FTST04]. 7

2.3. PTCDA is a geometrically 2-fold symmetric aromatic molecule with nega-
tive partial charge located at the oxygen atoms and positive partial charge
at the hydrogen atoms. The delocalized m-electron system is distributed

over the carbon backbone (perylene core). . . .. ... .. ... ... .. 9

2.4. In quantum mechanics, a particle, e.g. an electron, with an energy E that
is smaller than the height ¢ of a potential barrier of width z between two
electrodes can tunnel from one electrode through this barrier into a state
of equal energy in the other electrode. Inside the barrier, the particle wave

function is exponentially damped. . . . . . .. ..o 11

2.5. For STM, a voltage Uy is applied to the sample to be investigated shift-
ing the level of occupied states relatively to the level of the Fermi energy
Er. (a) A negative bias voltage raises the sample Fermi level and electrons
can tunnel from occupied sample states through the vacuum barrier into
the tip. (b) A positive bias voltage lowers the Fermi level in the sample

and electrons from the tip can tunnel into unoccupied sample states.. . . 12
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2.7.

2.8.

2.9.

2.10.

2.11.

In STM measurements a sharp metallic tip is scanned laterally over the
(semi)conducting sample surface controlled by piezo elements for the z-
and y-direction. The tunneling current is set to be constant. Thus, the
distance z between tip and sample is permanently controlled and corrected
by a feedback loop and a piezo element adjusting the tip height. The height

signal is recorded and processed yielding an image of the sample surface.

Constant current mode in STM: The distance z between tip and sam-
ple is constant for one material work function ¢;, also across a step of
the surface. z changes with changing ¢ adjusting the tip height so that
the current between tip and sample is constant. An image of a constant

electron LDOS right above the sample surface is obtained by this method.

In the Tersoff-Hamann model the tip is assumed to be spherical and rep-
resented by an s-wave function. The center of the tip is located at 7} and

its radius is R. The distance between the tip and the sample is z.

Setup of a very compact, rigid, easily operable, and thermally stable STM
unit: The sample is placed in the middle of three piezo tubes that carry
the ramp plate on small insulating spheres. A fourth piezo tube with the
probing tip is attached to the center of the ramp plate. Each piezo tube
has four contacted segments at its outside for any movements in the z-
y-plane parallel to the sample surface. Contacts at the top and at the

bottom allow motion along the z-direction. . . . . . . . ... . ... ...

The complete experimental setup comprises the STM unit in a separate
vacuum chamber attached to a cryostat system and the preparation cham-
ber with additional elements for sample preparation and investigation.
Springs and an eddy current damping system isolate the STM unit from
mechanical vibrations. For further explanations on the preparation cham-
ber see Sec. 2.4. . . . ..

In a conventional low-energy electron diffraction experimental setup, elec-
trons hit the crystalline sample surface at normal incidence. The interfer-
ence pattern of the scattered electrons is detected with angular resolution

on a fluorescent screen. . . . . . ... L.
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2.13.

2.14.

2.15.

2.16.
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List of Figures

The Ewald construction illustrates the creation of an electron diffraction
pattern. (a) In a conventional LEED setup the incoming electrons with a
wave vector Eo hit the sample at normal incidence and are scattered into
the direction of ¥'. Diffraction spots can be observed where the Ewald
sphere intersects the reciprocal lattice rods. (b) In a SPA-LEED setup
the angle between incident and scattered electrons is fixed and does not
change, but the angle of incidence, i.e. the direction of ko is rotated for a
complete scan of the reciprocal space, together with the direction of K.

In a SPA-LEED the electron detector is mounted at a certain position with
a fixed angle relatively to the electron gun. The octopole plates control
and vary the path of incident and scattered electrons, thus, scanning the
reciprocal space to obtain a 2-dimensional diffraction image. Figure taken
from [ZHO2J. . . . . . . ..
(a) In an STS measurement the bias voltage is ramped, e.g. from 0V
towards negative Upss. (b) The tunneling current Iseqpoint increases when
going through a resonance. The increase of the current is observable as
a peak in the differential conductance dletpoint/dUbias, Which is directly
proportional to the sample LDOS. . . . . . .. .. ... ... ... ..
Photoelectron spectroscopy is based on the photo effect where photons
release electrons from a sample. The kinetic energy of the emitted elec-
trons is measured and the binding energy of the state they come from can
be calculated as the difference between the photon energy fw, the work
function ¢, of the analyzer, and the kinetic energy Fi;, of the electrons. .
In angle-resolved photoelectron spectroscopy not only the energy but also
the emission angle ¢ is detected. By a rotation of the sample around the

azimuthal angle 6, the full hemisphere above the sample can be imaged. .

(a) The SPA-LEED image of one monolayer CuPc on Ag(111) shows
the experimentally obtained pattern superimposed by a pattern simu-
lated according to the matrix describing the superstructure. The vectors
l_)j and B; mark the unit cell in reciprocal space. The image is adapted
from [KSS*10], the abscissa is given in percentage of the Ag(111) Bril-
louin zone, the matrix relates to the substrate vectors &@; (parallel to [110])
and @, (parallel to [011]) with an angle of 120° between them. (b) STM
image of the first layer CuPc on Ag(111) with the unit cell vectors b; and

by marked, Upias——1.250 V, Litpomt—23PA. .« o o oo oo
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3.2.

3.3.

3.4.

3.5.

(a) As long as the coverage is in the submonolayer regime, CuPc molecules

distribute in a dilute phase all over the surface, Upias=—0.200 V, Lietpoint =26 PA.

(b) Flat lying molecules are ordered in the densest possible structure in
the first layer. Molecules in the second layer are tilted and form islands
even if the second layer is not completed, Upias=—1.250 V, Lietpoint =59 PA.
(¢c) In the zoom image of few molecules in the second layer one can esti-

mate the direction of inclination, Upis=—1.250V, Lsetpoint=59 PA.

Line profiles of STM images (obtained in WSXM [HFGR'07]): A sample
area with a line is given in the upper row, the corresponding profile is
depicted below (from the left end to the right end of the line in the image
above). The height (ordinate of profile graph) is not calibrated. (a,b) The
roughness of the first layer is that of flat lying molecules, Up;,s=—1.250V,
Lsetpoint=23 pA. (c,d) The roughness of the second layer shows the inclina-
tion of the molecules, Upias=—1.250V, Letpoint=DIPA. . . . . . . . . . ..

Line profiles of STM images (obtained in WSXM [HFGR'07]): A sample
area with a line is given in the upper row, the corresponding profile is
depicted below (from the left end to right end of the line in the image
above). The height (ordinate of profile graph) is not calibrated. (a,b) A
height profile across a Ag(111) step is shown, i.e. from the second layer
with inclined molecules on the lower terrace to the first layer with flat
lying molecules on the upper terrace across upright standing molecules
at the step edge, Upias=—1.250 V., Lietpoint=240 pA. (c,d) A height profile
across a step from the second layer with inclined molecules to the first layer
with flat lying molecules on the same terrace is depicted, Upjs=—1.250V,
Letpoint=DIDPA. . . .

STM images of the flat lying molecules in the first and inclined molecules

in the second layer on two adjacent terraces, Upias=—1.250 V, Lsetpoint=59 PA.

(a) The unit cells are the same for the first and the second layer. The pair
of vectors (Bl, 62) can be shifted laterally and does describe both appear-
ing structures. (b) The adsorption site of the second layer on top of the
first layer can be determined by an additional grid. The nodes coincide
with the centers of the molecules in the first layer and with the uppermost

benzene ring of the molecules in the second layer. . . . . .. . ... ...
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LEED images of 1.3 ML CuPc on Ag(110), i.e. the first and the second
layer, show 3-fold symmetric diffraction patterns. The experimentally ob-
tained patterns are superimposed with the pattern simulated by Spot-
Plotter [Bay08| according to the values describing the molecular lattice
of the first layer of adsorbed molecules. (a) Image recorded with a con-
ventional LEED, 12.4eV. (b) Image recorded with an MCP-LEED, 45eV.
Obviously, the second layer structure can be described by the same values

as the first layer structure. . . . . . . ... ...

(a) Differential conductance spectra of flat lying CuPc molecules in the
first layer on Ag(111) feature many resonances, of which several might
occur due to tip states. The HOMO can be observed at —1.4V. The
LUMO is expected at approximately —0.15V and probably disappears
in the strong resonance at —0.5V; Ltpoint=050pA (b) In an STM im-
age of one CuPc molecule the positions are marked where spectra are
recorded, Upias=—1.250 V, Lictpoint =09 PA. (c) In the difference of the spec-
trum taken above the molecular center and the spectra taken above the
benzene rings the individual contributions can be discriminated more eas-
ily. (d) The UPS data of 0.9 ML CuPc on Ag(111) are depicted for com-
parison with the STS data, figure taken from [KSS*10]. . . . . . ... ..

Real space distributions of the frontier CuPc orbitals which yield reso-

nances in the differential conductance spectra. . . . . . ... ... ...

(a) Differential conductance spectra of inclined CuPc molecules in the
second layer on Ag(111) exhibit many features that partly occur due to
tip states, Lsetpoint=D9PA. The HOMO at —1.7V is shifted to a larger
binding energy compared to spectra of first layer molecules (Fig. 3.7). The
LUMO is probably not occupied and may cause the resonances at 0.1V
and 0.3V taking the degeneracy of LUMO, and LUMOg of an isolated
molecule into account. (b) The positions where spectra are recorded are
marked in STM images, Upias=—1.250V, Letpoint=DIPA. . . . . . . . ..

The energy level rearrangement for the first and second layer of CuPc on
Ag(111) found in this work is compared to literature [KSS*T10].. . . . . .
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4.1. STM images of CuPc on Ag(110) at different coverage. (a) At a low cover-
age of less than one monolayer the molecules distribute in a dilute phase
all over the surface. When the coverage is high enough for the molecules
to touch, they start to form chains and clusters as marked in the image by
a box and an ellipse, Upias=0.4 V, Lsetpoint=0.75nA. (b) At one monolayer
coverage the molecules form an extended ordered structure covering the

whole surface, Upias=0.6 V, Lsetpoint=1.11nA. No clean substrate is visible.

4.2. STM image showing the densest structure of one monolayer CuPc on
Ag(110), Upias=—0.2V, Lsetpoint =30 pA. Dislocation lines of the molecular
lattice are marked with dashed lines. The unit cell, consisting of b; and
‘52, and the second pair of vectors describing structure with dislocation

lines, consisting of by and bs, are marked by arrows. . . . . . . ... ...

4.3. Experimental SPA-LEED image, Ey;,=30¢eV, with simulated LEED pat-
terns for both sets of vectors (Bl, Bg as small spots and Bd, Bg as large

rings) showing complete reconstruction. . . . . . . . ... ... ...

4.4. Model of the unit cell of extended ordered domains of CuPc on Ag(110)
described by (Bl, 62) and the second pair of vectors (Bd, 62) describing

the molecular arrangement at a dislocation line. . . . . . . . .. ... ..

4.5. Pair potential calculation for CuPc molecules, modified from [KSWT11].
The green arrows labeled Bl, 62, and by mark the positions of the neighbor-
ing molecules in the CuPc monolayer on Ag(110). by and by clearly point
towards favorable positions close to energy minima whereas by points
towards an unfavored position that the molecules are forced to take by

interaction with the substrate. . . . . . . . . . ... ... ... ... ...

4.6. Ag(110) surface lattice (gray) and CuPc lattice (green) with dislocation
lines (yellow) depicting how the dislocation lines interrupt the coincident

lattice so that commensurism in 4th order is not established. . . . . . . .

4.7. top: model of the monolayer CuPc on Ag(110) without (black) and with
(colored) dislocation lines; bottom: zoom of shift between the structure
forced by the molecule-substrate interaction and the structure favored by

molecule-molecule interaction . . . . . . ... ... L.

4.8. STM images of CuPc on Ag(110) recorded in constant height mode.
(@) Upias=0.05V, Lsetpoint=0.75 1A, (b) Upias=—0.05V, Lsetpoint=0.75 nA.
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