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Referat 

Trotz einer Vielzahl von Forschungsarbeiten auf dem Gebiet der Phthalocyanin-basierten 
organischen Verbindungen fehlt nach wie vor ein umfassendes Verständnis des Zusammenspiels 
zwischen strukturellen und elektronischen Eigenschaften, die sich bei der Abscheidung dieser 
Stoffe auf anorganische kristallinen Substraten ausbilden. Vor diesem Hintergrund wurden für die 
vorliegende Arbeit vier metallbasierte Phthalocyanine ausgewählt und mittels organischer 
Molekularstrahl-Abscheidung (OMBD) im Ultrahochvakuum (UHV) auf Ag (111) Einkristalle 
adsorbiert. Für die anschließende eingehende Untersuchung dieser Proben wurden 
insbesondere Rastertunnelmikroskopie (STM) und -spektroskopie (STS) angewandt. Ergänzend 
kamen Ultraviolett- und Röntgen-Photoelektronenspektroskopie (UPS und XPS) zum Einsatz, 
wodurch komplementäre Informationen gewonnen wurden. Die aus diesen Untersuchungen 
resultierenden Ergebnisse liefern einen wesentlichen Beitrag zum oben genannten 
Forschungsgebiet. 
Die in dieser Arbeit untersuchten Metall-Phthalocyanine (MePc) wurden so ausgewählt, dass eine 
möglichst große Vielfalt an geometrischen und elektronischen Eigenschaften abgedeckt wurde. 
Planare cobaltbasierte Phthalocyanin-Moleküle wurden in zwei Konfigurationen untersucht: 
einerseits das protonierte CoPc, das sich als organischer p-Halbleiter verhält, und andererseits 
das vollständig fluorinierte F16CoPc, das n-Halbleitereigenschaften besitzt. Bei beiden Systemen 
zeigte sich an der Position des Cobaltions eine Kopplung zwischen den Molkülorbitalen des 
Adsorbats und den Elektronenzuständen des Substrates. 
Das nichtplanare Zinn-Phthalocyanin ist von besonderem Interesse aufgrund seiner beiden 
möglichen Adsorptionskonformationen up und down, bei denen sich das Sn-Ion oberhalb 
beziehungsweise unterhalb des Phthalocyaninliganden befindet. Damit stellt dieses System einen 
möglichen Kandidaten für Anwendungen als molekularer Schalter oder als Speichereinheit dar. In 
der vorliegenden Studie werden lokalisierte Schaltvorgänge einzelner Moleküle zusammen mit 
der Möglichkeit einer kontrollierten molekularen Nanostrukturierung gezeigt. 
Lutetium (III) bisphthalocyanin wurde ausgewählt als Vertreter einer neuen Gruppe von MePc, die 
eine Sandwichstruktur ausbilden, bei der zwei -́konjugierte Phthalocyaninliganden über ein 
Seltenerd-Ion miteinander verbunden sind. Die Untersuchung dieses Systems liefert wichtige 
neue Erkenntnisse, wie zum Beispiel ein umfassendes Verständnis der Vorgänge bei der 
Selbstassemblierung innerhalb der ersten und zweiten organischen Monolage. Zudem wurde bei 
der Charakterisierung des Tunneltransports durch einzelne Moleküle mittels STS ein negativer 
differentieller Widerstand (NDR) gefunden, der von der Anzahl molekularer Lagen abhängt. 
 

 

Schlagwörter 

Rastertunnelmikroskopie und -spektroskopie, Photoelektronenspektroskopie, Phthalocyanine, 
Organische Moleküle, Selbstorganisierten Monoschicht, Negativer Differentieller Widerstand.
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List of abbreviations 

 

Ag      Silver 

Ar      Argon 

Au      Gold 
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C      Carbon 

Co      Cobalt 

CoPc      Cobalt Phthalocyanine 
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IE      Ionization Energy 

Isp      Current Set Point 

LDOS      Local Density of States 

LEED      Low Energy Electron Diffraction 
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MePc      Metal Phthalocyanine 

ML      Monolayer 

MO      Molecular Orbital 
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NDR      Negative Differential Resistance 

NE      Normal Emission 

NiTPP      Nickel Tetraphenylporphyrin 

NW-FET     Nanowire Field-Effect Transistor 

O      Oxygen 

OFET      Organic Field-Effect Transistor 

OMBD      Organic Molecular Beam Deposition 

PBN      Pyrolytic Boron Nitride 

Pc      Phthalocyanine 

PES      Photoemission Spectroscopy 

RT      Room Temperature 

SEM      Scanning Electron Microscopy 

SMM      Single Molecular Magnet 

Sn      Tin 

SnPc      Tin Phthalocyanine 

STM      Scanning Tunneling Microscopy 

STS      Scanning Tunneling Spectroscopy 

SW-CNT     Single Wire Carbon Nanotube 

TSD      Tip-Sample Distance 

TSDDS     Tip-Sample Distance-Dependent Spectroscopy 

UHV      Ultra High Vacuum 

UPS      Ultraviolet Photoemission Spectroscopy 

VB      Valence Band 

Vsp      Voltage Set Point 

WF      Work Function 

XPS      X-ray Photoemission Spectroscopy 

ȹ      Vacuum Level Shift (interface dipole) 
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1. Introduction 

 

Due to a continuous downscaling tendency, the concept of tailoring organic material 

based nano-devices grew considerably in importance as an opportunity to overcome 

the limitations of the conventional semiconductor technology. A wide extended area 

of tunable electronic and attractive geometric properties recommends organic 

materials for distinct electronic applications. Consequently to the large amount of 

potential applications for the organic materials, the subject of molecular electronics 

has evolved during the last decade [Pett95]. The great advantage for the targeted 

aim is that single molecules or molecular aggregates at nanoscale can be used as 

active elements with extremely high density. However, the approach for new hybrid 

technology is definitely a slow process full of challenges where great efforts are 

required. Consequently, an extended work is carried out worldwide, aiming to find the 

best suitable candidates for distinct types of applications. Field effect transistors 

based on organic single crystals active elements [Bris06, Zhou10], organic solar cells 

[LeeJ10], high capacity memory [Gree07] or switching devices at single molecule 

level [Wäck10, Wan09a] are already reported to sustain the feasibility of the organic 

materials for future nano-technology. Among these the molecular switches are 

probably the most promising candidates with direct entry into the memory and logic 

electronic systems. Molecule based memory and switching nano-devices require 

feasible molecules with bistable conformations which can be reversibly tuned via 

different external agents. Behind the molecular switches concept an intense and 

extended work is carried out worldwide in order to address a comprehensive 

understanding from modelling via theory towards experimental characterization and 

final integration within functional devices. Therefore, switchable systems based on 

benzene-dithiolate molecules contacted between a gold surface and a gold STM tip 

have been modelled [Embe03] while a high switching efficiency of organic molecules 

assembled between SW-CNTs has been proven theoretically [Mart09]. Rotaxane 

molecules were chemically and electrochemically reversibly switched [Biss94] while a 

light-induced mechanical switching of adsorbed TTB-azobenzene molecules has 

been reported [Coms07]. A conductance switching of naphthalocyanine molecules 

has been found to occur via current-induced hydrogen tautomerization [Lilj07]. Via 

external electric field a molecular switching of lutetium triple-decker phthalocyanine 

complexes has been performed at a liquid/solid interface [Lei08]. The integration of 
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rotaxane molecules within distinct inorganic elements allowed the development of a 

high capacity molecule based memory device [Gree07]. A good example to 

emphasize the great advantages provided by the integration of the organic molecules 

within inorganic devices is the work carried out by Duan et al. [Duan02] where a 

bistable system switching between low and high conductance states has been 

achieved via integrating CoPc molecules within inorganic nano-wire field-effect 

transistors (NW FET) (refer to Figure 1.1a).  

 

Figure 1.1: SEM image of a parallel array of NW devices (a); G vs. Vg for an n-InP 

NW-FET before (green) and after (red) surface modification with CoPc recorded with 

Vsd=0.1V (b); reversible on and off switching of the device in (b) using +10 and -10V, 

respectively, 1s gate pulses (c); the images were reproduced from [Duan02]. 

 

The conductance measurements for an n-InP NW-FET before (green) and after (red) 

surface modification with CoPc are shown within the Figure 1.1.b. Before addition of 

CoPc the response was characteristic of an n-type FET. After CoPc modification, a 

significant hysteresis was induced in the G-Vg response. Therefore, the resulting low 

conductance off state and the high conductance on state allow the usage of the 

present device for switching or memory purposes. A typical reversible on/off 

switching cycle is shown within the Figure 1.1.c. 

With the same final goal, a controllable spin manipulation between two spin states 

will address the novelty of the molecular spintronics. A theoretical approach to 

identify molecular nano-magnets [Trif10] as well as a Kondo temperature 

manipulation via a tip-induced single molecule switching from a saddle to a planar 

conformation of TBrPP-Co molecules have been reported [Ianc06]. A reversible ñon-

offò switching between spin state ñ1/2ò and ñ0ò has been achieved via chemically-

induced NO attachment to the CoTPP molecules which allows a spin controlling 

within the adsorbed molecules [Wäck10]. Despite of relatively well defined and known 

bulk properties, the demand towards integrating organic molecules with distinct 
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inorganic elements at nanoscale, accelerated by a rapid miniaturization process, is 

accompanied by strong challenges. The biggest drawback is attributed to the high 

number of interfaces which grow considerably in importance at extremely low scales. 

Therefore, improving and achieving outstanding performances of organic based 

nano-devices are strongly dependent on the need for an extended and 

comprehensive understanding of the organic/inorganic interfaces. For most of the 

organic devices metal contacts are required, like top contacts or like substrates for 

the organic thin film growth, so a good understanding of the organic-metal interface 

formation is crucial for successful applicability. 

The present work is dedicated to the comprehensive understanding of the 

organic/metal interfaces formed upon adsorption of distinct types of metal substituted 

phthalocyanines on metal crystalline substrates. The very initial growth stage is 

studied by means of STM/STS and UPS/XPS. The thesis is structured into four main 

chapters. The first chapter addresses the importance of the organic molecules for 

future nanoelectronics. However, the strong request for a detailed understanding of 

the organic/metal interfaces down to the nanoscale is emphasized for a successful 

integration of the molecules within final electronic devices. This basically represented 

the strong motivation which conducted the current study. The second chapter 

contains an extended discussion on the experimental details. Therefore, an insight 

into the experimental methods used for the current study is presented. Additional 

details about the experimental setup as well as the sample preparation and 

investigation, are provided. The third chapter is highly extended and provides 

information about the obtained results and the corresponding interpretation. Six 

subchapters are included where the importance of various MePcs for future molecule 

based nanoelectronics as well as the effect of different metal substituted 

phthalocyanines on the organic/metal interface formation, is emphasized. The 

general conclusion remarks are given in the chapter four. 
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2. Experimental details 

 

This chapter provides an introduction into the experimental methods used for 

characterization, namely the STM/STS and PES. Accordingly, details about the 

corresponding setups are included. An insight into the sample preparation and 

investigation is addressed as well. The discussion addressing the theoretical 

background for the STM which is the main technique used throughout the work, was 

adapted after the textbooks of C. J. Chen, D. A. Bonnel and H.-J. Güntherodt 

[Chen93, Bonn93, Günt94]. 

 

2.1 Experimental methods 

 

2.1.1 Scanning Tunneling Microscope 

 

2.1.1.1 Working principle 

 

Invented in 1981 by Gerd Binnig and Heinrich Rohrer [Binn82a, Binn82b, Binn82c], 

the Scanning Tunneling Microscopy evolved in time as one of the most powerful 

techniques used in surface analysis. Later on in 1986 the development earned its 

inventors the Nobel prize in physics. Based on quantum mechanical tunnel effect, its 

invention was preceded by the first observation of metal-vacuum-metal tunneling 

reported by Young et al. in 1971 [Youn71, Youn72] which lead to the development of 

a novel instrument called topografiner which, however, was limited in vertical and 

lateral resolution to ñonlyò 30 ¡ and 4000 ¡, respectively [G¿nt94]. In 1981 the first 

successful combination of the vacuum tunneling with a piezoelectric drive was 

demonstrated by Binnig et al. A sketch of the basic working principle of STM is 

presented in Figure 2.1.1.1.1. A conductive sample and an atomically sharp metallic 

tip (usually made of W or Pt-Ir) are brought in close vicinity within a distance of just 

couple of Ångstroms. If a bias voltage (typically between 1 mV and 4 V) is applied 

between the tip and sample, a tunnelling current can flow between the electrodes as 

a result of the quantum mechanically tunnelling electrons through the gap. The 

electrons can tunnel from the occupied electronic states near Fermi level of one 

electrode into the unoccupied states of the other electrode depending on the bias 
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polarity. The tunneling current is amplified and compared to a reference value. The 

tip is attached to a piezoelectric scanner which carefully controls the three-

dimensional position of the tip within the sample. Depending on the applied voltage to 

corresponding electrodes (X, Y or Z) the piezo tube can elongate or contract 

accordingly allowing for a precise spatial control. There can be distinguished two 

distinct modes of operation. The first one which is the mostly used is called constant 

current mode. Within this working mode the tunnelling current is kept constant during 

the scanning via a real time adjustment of the tip-sample separation (z) using a 

feedback loop. The signal of the amplifier provides always a negative feedback. If, for 

example, the tunnelling current exceeds the reference value than a corresponding 

voltage is applied to the piezo in order to increase the tip-sample separation and vice 

versa. 

 

 

Figure 2.1.1.1.1: Schematic diagram depicting the working principle of the STM. 

 

While the tunnelling current between the electrodes is constant the z position of the 

tip is continuously adjusted to fulfil the previous condition. Therefore, by recording the 

tip height z(x,y) as function of the lateral in-plane position of the tip, a map of the 

sample surface can be achieved. Atomically flat surfaces are not required for this 
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operating mode since the usage of the feedback warranties for a relative safe 

running of the scanning process where the tip movement follows the surface 

corrugation. The drawback in using this mode is represented by the relatively low 

scanning speed due to the time delay in feedback response. A second operating 

mode which overcomes the speed limitation is called constant height mode. Within 

this working mode the feedback is off. Therefore, the scanning is performed at 

constant tip-sample separation while the variations in the tunnelling current as a 

function of the lateral position (x,y) will be recorded and will consist the surface map. 

Despite of the relatively high scanning speeds and tip stability, a strong requirement 

for atomically flat surfaces is needed in order to avoid a tip crash into high surface 

corrugations. Whatever operating mode is chosen for scanning the tunneling current 

is strongly influenced by the local density of states of the sample. Therefore, the 

sensitivity to the surface local density of states (LDOS) will restrain the possibility to 

achieve a pure topographical map of the sample surface. Despite the surface maps 

recorded via constant current and constant height modes are related to the 

topography and charge density, respectively, a delimitation of the two effects is not 

even close to being trivial. 

However, the great spatial resolution which can be achieved with STM allows for 

unique pioneering investigations at nano-scale. Behind the great sensitivity lies the 

exponential inverse dependence of the tunneling current with respect to the tip-

sample separation. Typically, via tuning this spacing by only 1 Å (e.g. increase) a 

change in the tunnelling current (e.g. decrease) of one order of magnitude can be 

detected. Lateral and vertical resolution of 1 Å and 0.01 Å, respectively can be 

effectively achieved with STM.  

 

2.1.1.2 Tunneling effect 

To fully understand the STM working principle, a look at the quantum mechanical 

tunneling process is strongly required. In classical mechanics the electron is 

considered a particle with mass (m). Accordingly, its total energy resulting from its 

one dimensional movement within a potential U(z) is given by the relation:   

)(
2

2

zU
m

p
E z += . 

In the energy region where E > U(z) the electron has a nonzero momentum pz. If in 

its path the electron encounters a potential barrier with U(z) > E, a corresponding 
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tunneling process is classically forbidden. However, at extremely low scale, the 

tunneling is allowed in quantum mechanics due to the wave-particle duality of matter. 

Therefore, the electron is described by the wavefunction Ɋ(z) which satisfies the 

Schrºdingerôs equation: 

)()()(
2 2

22

zEzzU
dz

d

m
Y=Yöö

÷

õ
ææ
ç

å
+-

>
. 

Outside the barrier the electron is treated as a free particle while inside the barrier of 

length d the corresponding potential exceeds the electron energy: 

U(z)=0  for z Î [0, d] (outside the barrier) 

U(z)=U0  for z Í [0, d] (inside the barrier). 

Consequently outside the barrier the solution is given by: 

ikzez °Y=Y )0()(  

where 

2

2

>

mE
k=   for z Î [0, d] is the wave vector. 

In the classically forbidden region the solution is given by: 

zez k-Y=Y )0()(  

where 

( )
2

02

>

EUm -
=k  for z Í [0, d] is the decay constant. 

Therefore, the wavefunction decays within the barrier in the positive z direction and 

the electron has a nonzero probability to tunnel through, proportional to ze k22
)0( -Y . 

At this moment a basic understanding of the vacuum tunnelling process between two 

metal electrodes (sample and tip) should be possible. A sketch of a metal-vacuum-

metal junction is shown in Figure 2.1.1.2.1. The work function (ū) is defined as the 

minimum energy required to remove one electron from the bulk into the vacuum. At 

0 K the Fermi level represents the upper limit of the occupied states into a metal. 

However, by neglecting the thermal excitation and considering the vacuum level as 

the reference point then EF = -ū. To simplify the analysis of the tunneling junction, 

both, tip and sample, are assumed to consist of the same material (equal work 

function). Consequently, electrons can tunnel through the vacuum barrier in both 

directions. However, no net tunnelling current can flow without an applied bias. 
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Figure 2.1.1.2.1: A one dimensional metal-vacuum-metal tunneling junction (adapted 

after [Chen93]). 

 

By applying a bias voltage V, a sample state Ɋn(z) with a corresponding energy level 

En between EFS-eV and EFS has a nonzero probability to tunnel into the tip. If the bias 

is considered much smaller than the work function, eV<<ū, the electronic states of 

interest are consequently very close to Fermi level, Enå-ū. Therefore, the probability 

of the nth sample state to be present at the tip surface (z=d) will be given by: 

d

n ew k22
)0( -Y=  

where Ɋn(0) represents the nth state at the sample surface and 

>

F
=

m2
k  is the decay constant of the sample state near the Fermi level inside the 

barrier. 

Because the tip condition does not change during scanning the tunneling current will 

be directly proportional to the number of states at the sample surface. By including all 

the sample states in the energy range eV which contribute to the tunneling process, 

the corresponding current will be given by: 

ä
-=

-Y¤
FS

FSn

E

eVEE

d

n eI k22
)0( . 

The first three dimensional theory for the tunneling effect was developed by Tersoff 

and Hamann [Ters85]. Here the tip is modelled as a spherically potential well as 
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approaching nearest the surface. For the given configuration (see Figure 2.1.1.2.2) 

the lateral resolution is given by [(2Å)(R+d)]1/2, where R is the tip radius and d is the 

vacuum gap. 

 

Figure 2.1.1.2.2: Schematic picture of tunneling geometry (adapted after [Ters85]). 

 

The tunneling current is expressed using the Bardeen formalism [Bard61] as 

following:  

( )[ ]ä -+-=
um

ummuum d
p

,

2

)(1)(
2

EEMeVEfEf
e

I
>

, 

where f(E) is the Fermi function, V is the applied voltage, Mɛɜ is the tunneling matrix 

element between the states Ɋɛ of the probe and Ɋɜ of the surface, and Eɛ is the 

energy of the state Ɋɛ in the absence of the tunneling. The equation reduces, 

however, in the limit of low voltages and temperature to the following expression: 

)()(
2

,
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FF EEEEMVeI --= ä m
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umu dd
p

>
. 

To estimate the tunneling matrix element Mɛɜ, the Bardeen approach considered the 

metal electrodes as two separated subsystems where the rate of transferring an 

electron from one electrode to another is treated using time-dependent perturbation 

theory. As a result Bardeen showed that the matrix element can be described as a 

surface integral over any surface lying entirely within the vacuum (barrier) region 

separating the two electrodes: 

( )ñ
** YÐY-YÐYÖ= muummu Sd

m
M

2

2>
. 

According to Tersoff and Hamann approximation for spherically tips with only  

s-states, and restricted to low voltages and temperature, the tunneling current can be 

described as follows: 

() ( )ä -Y¤
u

uu d EErI
2

0 . 
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The previous relation expresses a direct dependence of the tunneling current on the 

local density of states of the sample. 

 

2.1.1.3 Resonant tunneling process 

As it was already mentioned, the STM imaging is sensitive to the local density of 

states. Therefore, the ability for highly localized investigations of the electronic 

properties down to nanoscale is one of the milestone in nanoscience. With an 

opened feedback loop and a constant tunneling gap, via applying a voltage ramp on 

the tunneling junction the variation of the current relative to the voltage can be 

recorded [Chen93]. This will deliver the so called single point scanning tunneling 

spectrum which will be a convolution of the tip and sample LDOS. To completely 

address the goal of the scanning tunneling spectroscopy, namely to investigate the 

sample LDOS, a constant tip LDOS is required. Consequently, the tunneling current 

will be directly proportional to the bias and the sample LDOS: 

VLDOSI sample)(¤ . 

As a result the measured differential conductivity dI/dV will provide direct information 

about the sample LDOS. However, according to Selloni et al. [Sell85] the derivative 

dI/dV has no simple relationship to the density of states since the transmission 

coefficient is strongly V dependent especially when the bias equals a considerable 

fraction of the ū/e [Bonn93]. The solution was proposed by Stroscio and Feenstra 

[Stro86, Feen88] where a normalization of the conductivity (dI/dV)/(I/V) should 

eliminate such a V dependence. 

In the case of molecule/metal junctions, no continuous energy bands are formed at 

the interface but rather discrete molecular energy levels are created. Consequently, 

the STS spectrum will consist of well defined energy features within the tuned voltage 

ramp. Accordingly, distinct bias values can be chosen for the STM imaging in order to 

fulfil a resonant tunneling process. The DOS of different molecular orbitals are 

accessible this way as was previously reported by Repp et al. [Repp05]. Moreover, 

site specific interface effects originating from the molecule coupling to the metal 

surface states can be emphasized. To exemplify the voltage polarity dependence, 

the SnPc/Ag (111) system is chosen (see Figure 2.1.1.3.1). The recorded spectra on 

top of the two possible molecular conformations up (blue) and down (black), show a 

clear difference around -2.3 eV below EF due to the HOMO-1 orbital which contains 

strong contribution from the Sn ion. Via using a tunneling bias of -1 V, the tunneling 
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process is mediated by the HOMO orbital. The difference in height appearance 

between the two conformations is mainly a topographic effect since the HOMO orbital 

consist only of ˊ orbitals delocalized over the molecular ligand. Increasing the 

voltage to -2 V, the tunneling process is mediated now by the HOMO-1 orbital. 

Consequently, an enhanced resonant tunneling current at the Sn ion site is 

emphasized (refer as well to the difference in the corresponding profile lines). 

  

Figure 2.1.1.3.1: (Top) STS spectra (Vsp=-1 V, Isp=50 pA) for SnPc-down (black) and 

SnPc-up (blue); the molecular orbital contours for HOMO and HOMO-1 are included; 

(Bottom) STM images recorded using a Isp= 100 pA and bias voltage Vsp=-2 V (left), 

Vsp=-1 V (middle); the corresponding profile lines (right). 

  

A comprehensive analysis of the mentioned system is presented in the subchapter 

3.5. Therefore, STS together with the voltage polarity dependent STM imaging 

represents a great combination to investigate highly localized interface effects which 

not rarely manifest themselves at the sub-molecular level (see the subchapter 3.3.2). 

 

2.1.2 Photoemission spectroscopy (PES) 

 

The photoemission spectroscopy is a technique based on the photoelectric effect 

(discovered by Hertz in 1887) which addresses the energy measurement of electrons 

emitted from solids or liquids in order to determine the binding energy of electrons in 

materials. The corresponding mathematical description of the photoelectric effect was 
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introduced by Einstein in 1905 who proposed the concept of light quanta (photons) to 

approach its explanation which won him the Nobel prize in physics in 1921. 

According to this explanation the photon energy is described by the following relation: 

nhE=  

where h is the Planckô constant and n is the frequency of the radiation. Therefore, 

the photoelectric effect can be described as follows: 

F--= Bkin EhE n  

where Ekin is the kinetic energy of the photoelectron above the vacuum level, nh  is 

the photon energy, EB is the binding energy of the electron measured from EF and ū 

is the work function of the sample. 

When a sample is irradiated using photons energy of which exceeds (EB+ū), then 

photoelectrons can be ejected from the atom. The kinetic energy distribution of the 

emitted photoelectrons represents the photoelectron spectrum. 

 

 

Figure 2.1.2.1: Schematic diagram of the UPS and XPS (adapted after [Gavr05]). 

 

The energy of the emitted photoelectrons is a characteristic of their original electronic 

state. Therefore, information about the elemental composition within the sample and 

the corresponding chemical environment are effectively accessible via PES. Via 

tuning the energy of the incident light beam, both, valence and core electrons can be 

excited. The first type of electrons are accessible using UV light sources for excitation 
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(ex. HeI, HeII) whilst the second type of electrons can be excited using X-ray sources 

(ex. AlKŬ, MgKŬ). Consequently, these techniques are known as UV photoemission 

spectroscopy (UPS) and X-ray photoemission spectroscopy (XPS) respectively (see 

Figure 2.1.2.1). 

 

 

Figure 2.1.2.2: Induced electronic processes during the primary photoionization 

(adapted after [Gavr05]). 

 

The core electrons are tightly bound to the nucleus and are only slightly perturbed by 

the environment of the atom. As a result they have only a second role to the chemical 

bonding between the atoms. Because every atom has core level electrons with well 

defined binding energies the spectra of the emitted photoelectrons can be used for 

quantitative analysis of the sample. The ionization of a core electron will lead to the 

formation of an instable core-hole state. An extra energy can be released via a 

redistribution of the valence electrons described by an electron transfer to the core 

vacancy. The partial deexcitation of the system will correspondingly increase the 

kinetic energy of the outgoing electron leading to so called core-hole screening 

effects. Therefore, the exact position of the core level in the spectrum will depend on 

the chemical state of the probed atom. Sometimes, this energy can be transferred to 

another electron which can be ejected from the atom, known as the Auger effect. Due 

to the high binding energies of the core-electrons, during the primary photoionization 
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other electrons can be excited to higher bound states (shake-up process) or even 

ejected from the atom (shake-off process) (Figure 2.1.2.2). Consequently, shake-up 

and shake-off satellites can be detected within the core level spectrum located at 

higher and lower binding energy relative to the main core level component. 

 

 

Figure 2.1.2.3: A sketch of an experimental valence band spectrum for the CoPc/Ag 

(111) system. 

 

The valence electrons are more loosely bond in an atom (low binding energy) 

compared to the core electrons and therefore can combine with other valence 

electrons of different atoms to lead to the formation of chemical bonds. 

Consequently, the interpretation of the valence spectra is challenging since in this 

energy region an overlapping of the atomic orbitals takes place which is responsible 

for the formation of molecular orbitals and bands. To further proceed to the 

interpretation of the valence spectra, a basic understanding of the photoemission 

process is required. The photoemission is assumed to occur in a three-step process. 

In the first step the photon is absorbed leading to an excitation of the electron into a 

final state at the location of the absorption. In the second step, the electron migrates 

towards the sample surface and in the third step it escapes into the vacuum. During 

the migration towards the surface, inelastic scattering processes can occur. 

Therefore, the recorded photoemission spectrum contains information coming from 

two different components. The first one comes from the primary emitted electrons. 

These are emitted without suffering any inelastic collision inducing spectral features 
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which reflect the density of states of the sample. The second component is 

represented by the secondary electrons which loose considerably amount of energy 

during the collisions. The corresponding spectral features are identified as a 

continuous energy spectrum down to zero kinetic energy. While the primary features 

are consistent with the binding energies of the electronic states, the secondary 

features are used for work function determination. According to the equation 

F--= Bkin EhE n  the fastest emitted electrons will be the primary electrons having 

zero binding energy (EB=0) and therefore those emitted directly from the Fermi edge. 

In comparison, the slowest emitted electrons will be the secondary electrons which 

can barely leave the sample and correspond to a zero kinetic energy (Ekin=0). In 

order to detect the edge (Ecut-off) of the secondary electrons an accelerating potential 

is required to send them into the detector. The corresponding kinetic energy will be 

equal to the accelerating energy (Eacc). Consequently, the entire PES spectrum will 

be shifted with the corresponding value. Now using the energy cut-off as describing 

the binding energy of the slowest secondary electrons, the work function of the 

sample can determined: 

)( accoffcut EEh +-=F -n . 

A sketch of an experimental valence band spectrum for the CoPc/Ag (111) system is 

present in Figure 2.1.2.3. Upon organic/metal interface formation, an energy level 

alignment with respect to EF is driven by the alignment of the chemical potential. As a 

result, an interface charge transfer occurs until the Fermi levels align. The 

corresponding vacuum level shift (ȹ) can be determined from the shift of the 

secondary electrons edge which is consistent with the work function variation upon 

subsequent deposition. The sign of the induced interface dipole will carry information 

about the charging behaviour at the interface. 

 

2.2 Experimental setup 

 

2.2.1 UHV lab in Chemnitz 

A simplified top-view sketch of the ultra high vacuum (UHV) chamber used for STM 

investigations is presented in the Figure 2.2.1.1. The system consists of 3 main 

chambers namely entry lock, preparation and analysis chamber, separated via UHV 

valves. A turbo pump is used to obtain a high vacuum regime in the fast entry lock 

where the samples are initially inserted. They can be further transferred using a feed 
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through into the preparation chamber where an UHV regime in the range of 

10-10 mbar is achieved via a pumping system consisting of a turbo-molecular, ion 

getter and titanium sublimation pump. Here, several Knudsen cells are available for 

Organic Molecular Beam Deposition (OMBD). A sputter gun is available as well, for 

tip and metal surface cleaning by Ar+ bombardment.  

 

Figure 2.2.1.1: Experimental setup for the UHV STM lab in Chemnitz. 

 

With a similar feed through the samples can be further transferred in the analysis 

chamber equipped with a variable temperature STM and a Spectra Low Energy 

Electron Diffraction (LEED) from Omicron. A XYZű manipulator allows a fine sample 

handling. Moreover, the manipulator head consist of a highly accurate Pyrolytic 

Boron Nitride (PBN) heater which allows for fine and reliable annealing procedures. 

The sample can be finally manipulated into the STM stage using a wobble stick. An 

ion getter and titanium sublimation pump, are available for UHV maintenance. The 

STM is equipped with sample cooling facility via a liquid helium flow cryostat. 

Therefore, experiments at low temperature of ~30 K can be conducted. The entire 

UHV system is built on a chamber stage which is vibration isolated from the ground. 

 

2.2.2 Material Science end-station at Elettra 

The Material Science beamline at Elettra is managed by the Institute of Physics of 

the Academy of Science of the Czech Republic and by the Charles University in 

Prague, in collaboration with Sincrotrone Trieste (Italy). Dedicated to the study of 
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solids and surfaces, photoemission experiments including core levels and valence 

levels studies are highly accessible. The monochromator is a plane grating 

instrument with a spherical refocusing mirror, and there are toroidal pre and post 

focusing mirrors [Vaġi01]. The energy range covered is (22-800) eV. The 

experimental station is equipped with a high luminosity electron energy analyser 

(Specs Phoibos, 150 mm mean radius, with 9 channels), an angle resolved electron 

energy analyser, 50 mm mean radius, single channel), a fast entry lock, LEED, 

sputter gun, He lamp, Mg/Al KŬ anode for off-line work, gas inlet, mass spectrometer, 

and sample heating and cooling. A base pressure of low 10-10 mbar is maintained in 

the analysis chamber. There exists the possibility for the users to install their own 

evaporator. This facility was definitely used in order to keep constant as much as 

possible the preparation conditions used in the UHV lab in Chemnitz. 

 

2.3 Sample preparation and investigation 

Both, sample preparation and investigation were performed in situ under ultra high 

vacuum conditions (base pressure was low 10-10 mbar). Prior to any deposition, the 

metallic crystalline substrates were carefully cleaned. Regardless of the soft 

contamination via interaction with particles from the background pressure in the 

vacuum chamber, more problematical are the non-metallic contaminants as C or O. 

Since the first type of contamination can easily be removed via thermal annealing, 

the second one requires subsequent cycles of sputtering and annealing. Therefore, 

the silver single crystals used as substrates in this work were cleaned via subsequent 

Ar+ sputtering (pressure not exceeding 5 x 10-6 mbar) and annealing steps 

(up to 675 K). The surface quality was checked using LEED. The metal crystals with 

an orientation accuracy better than 0.1° were purchased from MaTeck GmbH. 

For a high quality and purity molecular film, the organic material must be preliminarily 

degassed to reduce the amount of contaminations since the impurities may have a 

strong negative impact on the self-assembled molecular structure. Therefore, thermal 

gradient sublimation was employed for the purification of the organic material 

purchased from Aldrich GmbH with a purity larger than 97%. Information about the 

amount of evaporated material is of crucial importance for any kind of experiment 

reproducibility. Therefore, a micro-quartz balance based thickness monitor was used 

to control the evaporation rate. A careful calibration is required for distinct types of 

organic molecules relative to the corresponding molecular density as well as for 
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different sample-evaporator distances. The molecular monolayers were grown using 

organic molecular beam deposition (sublimation temperature around 670 K) on the 

freshly cleaned metal substrates held at room temperature. 

Of great importance for a successful STM experiment is the request for a good 

metallic tip. Atomically sharp tip is required in order to obtain highly resolved STM 

images. Besides the sharpness, the cleanliness is important as well since a 

contaminated tip will exhibit a low conductivity and consequently a low tunneling 

current moves the tip too close to the sample risking a further tip contamination or 

crash. In this work, tungsten tips were prepared from a polycrystalline W wire 

(99.99%) by electrochemical etching in 2M NaOH solution. The remaining 

contaminations and etching residues are primarily removed via dipping the tip into 

35% hydrofluoric acid (HF) followed by in situ treatment consisting of annealing 

and/or sputtering steps. 

All the STM/STS measurements were performed at 30K if not specified else. The 

STM images were obtained in constant current mode. Single point STS was used to 

record the current-voltage curves. The data evaluation was done using the SPIP and 

WSxM software packages. The photoemission experiments were carried out at the 

Material Science end-station at the Elettra synchrotron radiation facility in Trieste. All 

PES data were recorded in normal emission (NE) mode at room temperature under 

similar UHV conditions. The Al KŬ line (1487 eV) of an X-ray source was used to 

excite the XP spectra, while the used synchrotron radiation energy values are 

addressed later on individually for each investigated system. The attenuation of the 

Ag 3d core level signal according to [Seah79] was used for the thickness estimation 

because the system did not allow the mounting of the quartz microbalance in a 

suitable position and therefore a reliable thickness monitor was not possible via this 

way. A thickness estimation via the attenuation of the Ag 3d core level signal is 

reliable only for the layer by layer growth in the early deposition stage. Therefore, at 

higher coverage the average estimation may vary considerable from the reality. 

However, for our study of ultra-thin molecular films this issue should not represent a 

drawback. The density functional theory (DFT) calculations were performed using 

Gaussian ô03 software package hosted on the Chemnitzer Hochleistungs-Linux-

Cluster (CHiC). 
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3. Results and discussion 

 

This chapter is subdivided into six main sub-chapters where the first one emphasizes 

the importance of the phthalocyanines molecules for future organic electronics. The 

rest of five represent an individual and detailed study of distinct types of 

organic/metal interfaces formed upon adsorption of different metal substituted 

phthalocyanines on metal crystalline substrates. The 2nd and 3rd sub-chapters are 

dedicated to the study of n type planar F16CoPc grown on different symmetry silver 

substrates, namely Ag (110) and Ag (111). For the rest of investigated systems the 

same Ag (111) crystal was used as a substrate. Therefore, the 4th sub-chapter 

addresses the study of p type planar CoPc while the 5th and 6th sub-chapters are 

dedicated to the study of non-planar single-decker SnPc and double-decker LuPc2, 

respectively. For each investigated system, three main aspects are addressed, 

namely the self-assembly mechanism at the interface (adlayer structure), the 

adsorption-induced electronic effects (electronic properties) and the general final 

remarks (conclusions). 

 

3.1 Phthalocyanines 

 

Produced accidentally in 1907 by Braun and Tcherniac, the phthalocyanines evolved 

in time as one of the best studied systems in organic chemistry. Consequently, 

several textbooks devoted exclusively to their chemistry and physical properties were 

published [Lezn89, McKe98]. The parent compound, hydrogenated-phthalocyanine 

(metal-free H2Pc), with the chemical formula C32N8H18 is a ˊ-conjugated macrocyclic 

ligand (see Figure 3.1.1a). Around 70 different element ions are possible to 

accommodate in the corresponding central cavity leading to the formation of 

organometallic complexes. Depending on the central metal cation a wide extended 

variety of physical and chemical properties can be obtained illustrating the great 

advantages of organic materials. Due to their high chemical and thermal stability and 

very strong optical absorption in the visible region, the molecules are well known as 

dyes [Inab04]. 
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Figure 3.1.1: Schematic top-view of the metal free phthalocyanine (a); molecular 

structure variation as a function of the substituted metal ion: single-decker planar 

(top) and non-planar (middle), and double-decker non-planar (bottom) (b). 

 

Transition metal based (Co, Fe, Cu, Ni, Pt, Pd etc.) phthalocyanines are known to 

exhibit a planar molecular geometry (see Figure 3.1.1b top). An extended STM study 

has been dedicated recently, towards understanding the adsorption of such 

molecular complexes on distinct crystalline substrates in terms of morphology 

[Stad09, Huan10, Wan09b, Lu96] and electronic properties [Yama10, Pipe10, 

Garg10, Wei09a, Gopa08, Barl04]. The coupling of single molecules with the 

corresponding inorganic substrates has been intensively addressed [Wang10, 

Chan08, Hein10]. Moreover, the self-assembly mechanism within the first densely-

packed monolayer has been investigated [Lu96, Scar08, Gopa04] while their 

suitability for OFETs has been proven [Otey05, Bao96]. Distinct perturbing external 

factors at the formed interfaces like temperature [Sama10], nitrogen exposure 

[Suey10], electron doping [Crac06, Ding08] or molecular orientation [Che08a] were 

addressed as well. Due to the STS sensitivity to the local density of states, real space 

images of molecular orbitals could be achieved when decoupling from the substrate 

with an insulating interlayer was employed [Repp05] or even different electronic 

properties corresponding to distinct sub-molecular parts could be emphasized 

[Taka05, Krög07]. In particular the CoPc has been recently reported to be of great 
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interest for spintronics area. The protonated CoPc investigated by means of low-

temperature spin-polarized scanning tunneling microscopy reveals a ferromagnetic 

exchange interaction with the underlying cobalt magnetic nanoleads [Iaco08]. In thin 

films of CoPc, anti-ferromagnetic chains have been found due to a superexchange 

mechanism pathway involving an Eg orbital of the phthalocyanine ring, the dz
2 of the 

same molecule and the dz
2 of the neighboring molecule [Che08b].  

A very attractive aspect represents the ability to tune the semiconductive behaviour 

via a simple chemical substitution using halogen atoms (F, Cl). The most investigated 

ñnò type substituted metal phthalocyanines are CuPc [Huan10, Pipe10, Chen09, 

Zha10a, Huan08] and ZnPc [Yama10, Calz10, Giov08]. In particular, the F16CuPc 

molecule was used as electron acceptor in organic photovoltaic cells [Jian07] while a 

combination with the corresponding ñpò type counterpart in intermixed films [Huan10], 

ñp-nò single crystalline junctions [Zha10b] or OFETs [Wei09b] was also studied. A 

thickness-dependent structural transition of F16CuPc molecular film was reported as 

well [Otey06]. Despite of this extended study, the corresponding metal substituted 

F16CoPc is poorly reported in literature. We have recently addressed the interface 

formation upon adsorption of F16CoPc on Ag (110) [Toa10a, Toa10b] and Ag (111) 

[Toa11a] while Scudiero et al. [Scud03] reported a densely-packed bimolecular 

structure formed via intermixing with nickel (II) tetraphenyl-porphyrin. 

By using bigger atomic radius metals (Sn, Pb, Ge) the molecular geometry is tuned 

from a planar towards a ñshuttlecockò shape, where the metal ions are too large to 

accommodate completely in the molecular cavity and therefore lie above the plane of 

the Pc ring (see Figure 3.1.1b middle). The non-planarity of some MePc [Bara10] 

which exhibit non-zero dipole momentum along the z axis [Stee10] opens a new 

possibility for application in switching or memory devices at single molecule level. 

[Wan09a] The corresponding self-assembly mechanism is of great interest since it 

leads to the formation of densely-packed layers [Stad09] via two possible molecular 

adsorption conformations adopted by the molecules. Consequently, the formation of 

interesting molecular superstructures [Stad09, Lac02a] and electronic properties 

[Wang10] initiates a continuous interest for such systems. There is a general 

agreement that the organic adlayer formation is governed by a fine balance between 

the molecule-molecule and molecule-substrate interactions. However, for the 

particularly chosen system, SnPc adsorbed on Ag (111), the present work brings 

substantial advances in how these types of interactions can be probed in detail 
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[Toa11b]. Additionally, despite of the already reported single molecule switching 

using an STM tip, still the influence of a second metal electrode on the energy level 

alignment at the interface is not yet described. Therefore, the present work covers 

comprehensively the tip-sample distance influence on the interface electronic 

properties [Toa11c]. 

Rare earth (lanthanide) elements are of great interest due to their large magnetic 

moment and anisotropy. There are already reports which dedicate strategies towards 

Single Molecular Magnets (SMM) based on lanthanide ions. [Sess09] Of great 

interest represents the ability to use the lanthanide elements as bridges between two 

phthalocyanine ligands leading to the formation of so-called sandwich complexes 

(see Figure 3.1.1b bottom). Interesting properties rise from the stable neutral radical 

state and the strong interaction between the two tightly bond Pc rings [McKe98]. The 

-́conjugated organometallic complexes such as lanthanide bis-phthalocyanines, 

have been proven to behave as magnets at single molecule level [Ishi03]. Later on, it 

was shown by the group of Ishikawa et al. [Ishi05] that these systems exhibit 

quantum tunneling magnetization. Moreover, such work could be extended to 

dinuclear lanthanide complexes with phthalocyaninato ligands [Ishi07]. Triple-decker 

complexes have been investigated [Yosh07] and reported to exhibit an electric driven 

molecular switching effect at liquid/solid interfaces. [Lei08] However, more extended 

work is dedicated to the double-decker SMM based on mononuclear lanthanide ions 

[Goni10, AlDa08]. Their suitability for organic based field effect transistors was 

probed as well [Su05, Kato09]. Corresponding properties like photosensitivity 

[Cao03] and magnetic response [Kyat09] have been successfully enhanced in hybrid 

complexes using carbon nanotubes. However, outstanding performance of molecule 

based nanodevices will strongly depend on the interfaces formed upon adsorption on 

distinct inorganic substrates, where the morphological and electronic properties 

deviate considerably with respect to bulk-like thick films. Therefore, a comprehensive 

understanding of organic/inorganic interface formation in the initial growth phase is 

needed. A preservation of the magnetic behavior was reported for adsorbed double-

decker TbPc2 [Vita08, Step10] on metal surfaces. This is of great advantage 

compared to the single plane counterpart CoPc where the magnetic spin is quenched 

for the 1st monolayer (ML) [Che08b]. Different works address the adsorption of 

distinct lanthanide based bis-phthalocyanine complexes using STM [Ye06, Miya09, 

Zhan09, Zha10c]. However, highly resolved extended molecular close-packed arrays 
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(small domains are reported [Zhan09, Zha10c]) are still missing. Moreover, there is a 

question mark concerning the exact in-plane orientation within highly dense-packed 

structures. Information concerning the 2nd ML formation in terms of morphology and 

electronic behavior is still missing as well. The previous lack of information is 

comprehensively addressed and covered in the present work dedicated to the initial 

growth of LuPc2 on Ag (111) [Toa11d]. 

 

3.2 F16CoPc on Ag (110) 

 

3.2.1 Adsorption geometry 

The optimized geometrical structure of F16CoPc molecule using density functional 

theory performed by a Gaussian 03 software package [Gaus03], is presented in 

Figure 3.2.1.1a. Like the entire family of Pc it belongs to, it is a planar four-fold 

symmetrical aromatic macrocyclic organic molecule. In particular, the peripherical 

hydrogen atoms of the benzene rings are substituted with fluorine atoms inducing a 

higher electron affinity of the entire molecule and in consequence leading to a much 

more reactive system. So far there are many investigations using scanning tunneling 

microscopy concerning the adsorption of non-substituted MePc on different well 

defined crystalline substrates. On weakly interacting substrates like graphite of which 

electronic surface is mainly dominated by ˊ electrons, the organic ultra-thin layers 

are reported to condense forming large areas of nearly defect free square crystalline 

structures [Hiet05, Gopa04]. The weak adsorbate-substrate interaction allows a 

nearly unrestricted molecular diffusion and the final symmetry of the organic layer is 

determined mostly as a result of intermolecular interaction consisting of weak 

attractive van der Waals forces and steric repulsions. As a result, the reported square 

symmetry of the self-assembled structure of MePc is induced by the shape of these 

molecules mostly having a planar structure characteristic for the D4h symmetry group 

excepting the out-of-plane MePcs like SnPc [Lac02a] which belong to C4v. When 

investigating the molecular self-assembly process of MePc at metal surfaces the 

situation changes considerably. Due to the nearly free electrons which dominate the 

metal surface states a stronger adsorbate-substrate interaction is expected as well as 

a charge transfer can occur at the interface and the final molecular adlayer structure 

is strongly influenced by the metal symmetry as has been shown in various reports 

about the MePc crystalline structure formation on highly symmetric metal single 
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crystal surfaces (mainly with six-fold symmetry as fcc (111)) [Lu96, Krög07]. Despite 

of this growth scenario superimposed by the molecule-substrate interaction, still the 

four-fold symmetry specific to MePc layers, tends to be conserved also in the film 

formation, as a result of the weak van der Waals intermolecular interaction, directly in 

the early deposition stages [Lu96, Taka04, Scar08, Jian08] or induced by annealing 

processes [Mana07]. For fully halogenated MePc layers adsorbed on metal 

substrates the literature offers a remarkable lower number of reports using STM 

investigation. Two recent works on the same molecular system F16CuPc adsorbed on 

equivalently symmetric metal single crystal surfaces Cu (111) [Waka07] and Ag (111) 

[Huan08] have investigated the molecular self-assembly process using low 

temperature STM. Despite the same four-fold symmetry of the molecule conserved 

after the substitution, the organic crystalline structure is far even from a pseudo-

square symmetry. The monolayer formation is governed by the point-on-line epitaxy 

leading to a two-dimensional (2D) assembly with a rhombic or oblique unit cell, 

respectively. 

On the other hand, the molecule of interest here, F16CoPc, was reported previously 

by Scudiero et al. [Scud03] to form a well defined structure while mixing with NiTPP 

(nickel tetraphenylporphyrine) on Au (111) even at sub-monolayer coverage. When 

depositing F16CoPc alone with the same coverage, although it seemed to aggregate, 

no ordered structure could be observed and no single molecule could be imaged with 

sub-molecular resolution. This drastic contrast compared with usual protonated CoPc 

adsorbed on Au (111) which forms a 2D crystalline structure of high order [Lu96] has 

been explained as a result of fluorine substitution with a great impact on the 

molecular electron affinity as well as molecular thermal motion induced at the 

surface. 

In this work the same molecule is deposited on a lower-symmetry metal single crystal 

substrate Ag (110) with a coverage corresponding to a saturated monolayer. 

Belonging to the fcc crystalline structure the silver cut along the (110) plane exhibits a 

surface with a rectangular unit cell described by the lattice constant a=4.0862 Ȕ 

along ]001[  and b=2.892 Ȕ along ]011[  [Wyck63]. Figure 3.2.1.1b shows a 3D model 

of Ag (110) surface including the first four top layers, using a DSViewerPro software 

package from Accelrys. It is clearly visible the relatively low symmetry of this surface 

with much higher corrugation along ]001[  compared with ]011[ , leading to the 

formation of real potential notches propagating along ]011[  which may act as pinning 
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lines for the adsorbate molecules restricting them to a highly anisotropic motion. 

Figure 3.2.1.1c shows a high resolution STM image of F16CoPc adsorbed onto 

Ag (110) recorded in constant current mode where the right-inside inset presents the 

corresponding LEED image of the metal substrate surface. 

 

Figure 3.2.1.1: The molecular structure of F16CoPc (a); a 3D model of the Ag (110) 

metal surface (b); a high resolution STM image (25 x 15 nm2) of F16CoPc adsorbed 

on Ag (110) recorded in constant current mode at Vsp=2 V and Isp=200 pA (the inset 

shows a LEED image of Ag (110)) (c). 

 

As was expected the adsorbate-substrate interaction plays an important role in the 

adlayer formation. The organic molecules are growing preferentially along the ]011[  

crystallographic axis of the metal surface. Despite the high negatively charged 

periphery which involves a strong intermolecular repulsion, the molecules aggregate 

forming a well defined relatively close-packed structure. The observed oblique 

structure A
C

x B
C

, marked by black arrows, is described by the unit cell of 

1.68 x 1.86 nm2 with an angle ɗ in between of 73° and a corresponding azimuthal 

angle ŭ of 43Á. If we refer to the report of Oison et al. [Oiso07] where half 

halogenated F8ZnPc has been deposited on Ag (111) imposing a close-packed 

square structure with a lattice constant of 1.5 nm as a result of the strong 

electrostatic H-F bond formation, we may conclude that the intermolecular spacing 



- 32 -  Results and discussion 

 

found here is in the right order of magnitude, considering the strong intermolecular 

repulsion as well as the geometrical length of 1.54 nm along one axis. Each single 

molecule is identified as a four lobe structure mainly due to the delocalized ˊ orbitals 

extended over the benzene rings imposing a flat lying adsorption, as a result of the 

electronic wave function overlapping with the metal surface states. Due to the face-

to-face arrangement of the molecular lobes along ]011[ , a strong repulsion is 

induced resulting in a larger inter-molecular spacing even if the orientation is along 

the atomically closest packed crystallographic axis. This arrangement is sustained by 

the presence of symmetrical voids along ]011[  compared with their lack along A
C

 

where molecules are brought closer by interdigitation. For a better understanding of 

the epitaxial growth process the influence of the substrate symmetry on the adlayer 

structure is checked by measuring the inter-molecular rows spacing along the ]001[  

direction. In particular, two molecular central cavities are fairly well aligned along 

]001[  over four molecular rows (follow the broken white line between two white 

arrows in Figure 3.2.1.1c, leading to well defined corrugations in the height profiles 

which allows a better understanding. The depicted length L has been measured and 

the average ratio L/a has been determined to be very close to the integer number 16.  

In conclusion, the molecules arrange in well defined molecular rows along ]011[  at 

4a lattice constants of the substrate along ]001[  separated from each other. At this 

moment we may describe the crystalline structure using a rectangular model which is 

quite easy to be understood. It is important to mention that the perfect rectangularity 

might deviate with ± 2° due to the direction determination uncertainties as well as the 

molecular central position determination since the central cavity extends over a 

certain area. Nevertheless, the proposed model Figure 3.2.1.2a is important for 

reproducibility of the line profile shape particularities which helped for a very precise 

inter-molecular rows spacing determination. The model is based on a rectangular unit 

cell with four molecules at the corners and three molecules located with their center 

along the diagonal, at 4a inter-molecular rows spacing. Figure 3.2.1.2c shows a real 

profile line which extends over four molecular rows along ]001[  connecting two 

molecular central cavities. The line was recorded from the STM image in 

Figure 3.2.1.2b and corresponds to the broken white arrow marked as 1. The color 

code was introduced for a better identification of the line particularities and direct 

comparison between the model and the real profile line. Because of the four lobe 
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structure the molecule is identified in the STM image, we marked the two equivalent 

pairs of lobes as LH and LV corresponding to horizontal and vertical axis in the plane 

of the image. The blue area was attributed to the LH and the red one to the LV, while 

the yellow corresponds to the hallow area (H) characteristic to the intermolecular 

voids and the green represents the central cavity C. The central cavity corresponds 

to a small depression indicating that the cobalt metal ion does not contribute to the 

tunneling current when the substrate is positively biased. This one is followed by a 

peak as a result of the molecule crossing and further by a double peak corresponding 

to the LH and LV and ending into a deep depression H. The second half of the profile 

line is totally symmetric revealing a very good correlation between the model and the 

real image. 

 

Figure 3.2.1.2: A rectangular model used to explain the organic adlayer structure (a); 

constant current topography (30 x 18 nm2) of F16CoPc adsorbed on Ag (110) 

recorded at Vsp=2 V and Isp=200 pA (b); the corresponding height profiles labeled in 

(b) as 1 (c), 2 and 2ô (d), and 3 and 3ô (e). 

 

Figure 3.2.1.2b shows a high resolution STM image where also defects like missing 

molecules are present. The largest empty area appears at the boundary of two 

different domains labeled as D-I and D-II. The relaxation processes at the boundary, 

pointed by a white dotted line, induce larger intermolecular spacing which deviates 

from the close-packed structure. The relaxation direction and its magnitude are 
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strong indications for determining the favorable molecular adsorption sites. Figure 

3.2.1.2d presents the height profiles 2 and 2ô corresponding to the green interrupted 

arrow and to the red one, respectively. Each single molecule can be identified in the 

profile as a double shouldered peak with a small hole in between corresponding to 

the central metal ion. The presence of the intermolecular dark area sustains a 

relaxation along ]011[  where the molecular dimers adsorb at ~2.32 nm far away 

which corresponds to an excess of ~0.46 nm from the length of the unit cell vector B
C

. 

Because the height profile is not recorded exactly along ]011[  due to the domains 

mismatching this length should be slightly corrected with a factor which will lower the 

value into a minor way, so the correction has not been performed. The relaxation 

magnitude is found to match very well with a value of (3/2)b=0.43 nm. Moreover, the 

edge molecule of D-II (the intersection of profiles 2 and 3ô) exhibits a similar 

relaxation with a magnitude very close to (1/2)b=0.14 nm. It is not surprising to find 

this relaxations along ]011[  with magnitudes corresponding to integer numbers of 

half units of lattice constant b since the length of the unit cell vector B
C

 (~1.86 nm) 

has a negligible mismatch comparing with (13/2)b=1.87 nm. Song et al. [Song07] 

have reported using DFT slab calculations that in case of CuPc adsorption on the 

same substrate Ag (110), the most favorable adsorption site (the adsorption site 

refers to the position of the central Cu ion) is the hallow site (H-the top site of the Ag 

atom located in the second layer) followed energetically by the long bridge site 

(LB-the boundary site of two Ag atoms located in the second layer). Nevertheless, 

the relaxation processes corresponding to well defined integers of half units b are 

indications that one adsorption site is more favorable. On the other hand, the height 

profiles 3 and 3ô shown in the Figure 3.2.1.2e correspond to the blue and black 

interrupted arrows and are used to determine the mismatch between the domains. 

Starting from the same molecular row belonging to the D-II we will end up on 

molecules belonging to different domains marked with white small arrows. The 

difference between these two lengths, corrected by sinɗ, is equal to ~0.80 nm very 

close to 2a=0.81 nm sustaining a pinning effect of the molecular rows along ]011[ . 

Moreover, the same molecule which shows a relaxation along ]011[  exhibits no 

deviation from the closed packed position along A
C

, so implicit along [001] (see height 

profile 3ô from Figure 3.2.1.2e). Defects like missing single molecules, marked using 

white dotted circles, impose no similar deviations (see Figure 3.2.1.2e height  
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profile 3). As for the molecule embedded in between the small dark arrows, we may 

not speak about a relaxation along [001] since it belongs to none of D-I or D-II and 

adsorbs at the boundary site at equal distances from both domains. 

 

Figure 3.2.1.3: The proposed commensurate adsorption geometry model of 

F16CoPc/Ag (110). 

 

The epitaxial structure can be completely understood now and a proposed 

commensurate model is shown in Figure 3.2.1.3. The molecules arrange exclusively 

on the potential notches along ]011[  adopting alternating adsorption sites, H and LB, 

while the neighboring molecule in the other direction adsorbs at 4 lattice constants a 

away preserving the same alternating selectivity for the adsorption site. Because two 

molecules relatively aligned with the central cavities along ]001[  posses different 

adsorption sites, the model deviates from a perfect rectangularity by an angle of 

+1.15Á, which is within the previous modelôs predicted error bar. The model unit cell, 

described as 1.69 x 1.87 nm2 and the angle in between of 75°, are in very good 

agreement with the measured parameters. The small difference in angle value might 

be due to the error in determination as well as to small drift effects. The entire 

arrangement is not accidental, since in this configuration the main electron acceptors 

of the molecule, like the pyrrole nitrogen and especially the fluorine atoms, adsorb 
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close by to the first silver layer enabling an efficient coupling between their electronic 

clouds and the surface states.  

 

Figure 3.2.1.4: STM images (30 x 25 nm2) (a) and (25 x 20 nm2) (b) of the 

self-assembled monolayer of F16CoPc at the defects proximity recorded at Vsp=2 V 

and Isp=300 pA and 200 pA respectively; corresponding height profiles (aô) and (bô); 

corresponding models for the packing mechanisms (aôô) and (bôô). 

 

Two neighbor molecules along A
C

, exhibit an arrangement of the lateral fluorine 

atoms on opposite equivalent sites imposing a symmetrically interaction along ]001[ , 

suppressed by the pinning force responsible for the molecular anisotropic relaxation, 

described previously. The formation of crystalline structure is well balanced by the 

molecule-substrate and molecule-molecule interactions. While the growth is 

superimposed through the pinning of each single organic molecule along ]011[ , 

allowing a motion with well defined pinning centers, the final 2D crystalline structure 

is adjusted by the intermolecular interaction. The epitaxial relation between the 

adlayer lattice and the substrate can be described as follows: 
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C
on ]001[ . 
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The epitaxial process proposed previously is strongly sustained by the self-assembly 

mechanism in the proximity of defects. Figures 3.2.1.4a and b show two STM images 

where molecular clusters on top of the monolayer are clearly observed as bright 

disordered areas. An equal number of steps (follow the blue line in Figure 3.2.1.4a) is 

not sufficient to enclose a molecular island and in consequence an additional vector, 

the so called Burgers vector (pointed by the green arrow), is needed to close the 

loop. This is an indication that a 2D edge dislocation in the monolayer might act as a 

seed for the island growth inducing also a propagation of this dislocation in the 

crystalline structure, and finally leading to the formation of a new phase. In 

consequence, two domains are formed with a certain boundary, embedded in 

between two interrupted white lines, which belongs to none of the domains. In our 

case the domain boundary consists of a single molecular row which together with the 

two adjacent rows induces a new phase (between the dotted black lines) with a 

mirrored structure. Due to the soft pinning centers along ]011[  and to the two-fold 

symmetry of the substrate, each adsorption site has an equivalent position mirrored 

with respect to ]001[ , leading to the same packing mechanism responsible for the 

perfect fitting of the boundary to the domains. As a result the mirrored structure is just 

a crossing phase between two identical close-packed structures (follow the 

interrupted arrow). Figure 3.2.1.4aô shows the height profile recorded along the 

interrupted black arrow. No relaxation effects are induced over the intermolecular 

spacing as a result of the self assembly process which obeys to the same line-on-line 

pinning selectivity. The measured length between the small black arrows ~ 3.39 nm 

corresponds to 2| A
C

|. An additional island encountered during the boundary phase 

propagation has no repercussions on the phase structure. Just a slight shifting with a 

magnitude of one molecular row was observed. The model for the boundary phase 

formation (see Figure 3.2.1.4aôô) is based on the same principles and in particular it is 

just an extension of the proposed commensurate one where one molecular row along 

]011[  glides adsorbing in equivalent adsorption sites symmetrically with respect to 

]001[ . The unit cell corresponding to the mirrored structure (identified as black 

parallelogram) matches perfectly to that describing the close-packed structure of the 

domains (depicted as white parallelograms). A similar situation is encountered in 

Figure 3.2.1.4b. A perfectly assembling is observed between two molecular domains 

independently growing or induced by the island present in the proximity, like in the 

previous case. Although no physical boundary (depicted by the dashed white line) 
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can be identified, still the same mirrored structure is induced by the two edge 

molecular rows with a similar interspacing characteristic to the close-packed structure 

(see Figure 3.2.1.4bô). The self-assembly mechanism responsible for the boundary 

formations obeys to the same adsorption sites selectivity previously proposed 

allowing the development of an accurate model denoted in Figure 3.2.1.4bôô.   

 

Figure 3.2.1.5: A topographic STM image (25 x 20 nm2) recorded at Vsp=-2 V and 

Isp=200 pA, denoting a square molecular lattice (a); the proposed commensurate 

model (b) 

 

A second observed phase, presented in Figure 3.2.1.5a with a square structure is 

characterized by a unit cell described as 2.05 x 1.99 nm2 ( A
C

x B
C

) with a 90°angle in 

between. The unit cell vectors are very close in length to five atomic surface lattice 

constants a, 5a=2.04 nm and to seven atomic surface lattice constants b, 

7b=2.02 nm respectively, leading to a perfect commensurable adlayer structure 

where each single molecule adopts an equivalent adsorption site. The epitaxial 

relation between the substrate and the adlayer lattice can be described using a 

matrix transformation between the unit cell vectors of the adlayer and the substrate 

as follows: 
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A structural model explaining the adsorption geometry of F16CoPc on Ag (110) is 

presented in Figure 3.2.1.5b. Comparing with the oblique structure where molecules 

adopt alternative adsorption sites H and LB, here all molecules possess the same 

adsorption site indicating that one of them is energetically more favorable, in good 
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agreement with the observed relaxation mechanism discussed previously for the 

oblique structure. Nevertheless, the question whether this site is H or LB, remains 

open since there are no indications to elucidate which one is preferred. Even if the 

molecular growth obeys to the same line-to-line pinning principles, a larger spacing, 

between the preferentially aligned molecular rows along ]011[ , induces a totally 

different structure. The higher azimuthal angle reflects a relaxation from the 

superimposed face to face arrangement due to the intermolecular steric repulsion. It 

would have been expected that this relaxation is a more attractive one since there is 

a higher molecular interdigitation. Still, a repulsive relaxation is observed as a result 

of the repulsive intermolecular interaction towards a crystalline structure formation 

governed by a tendency of the organic molecules to conserve their four-fold 

symmetry, well accepted by the two-fold symmetry of the substrate. This type of 

structure is very well known and reported to be specific to MePc which form square 

molecular crystals by symmetry conservation, with a lattice constant in the range of 

14-16 Ȕ [Hiet05, Lack02, Lu96]. In this work a lattice constant of ~20 Ȕ sustains the 

stronger intermolecular repulsion achieved after the peripherial halogenation 

comparing with the non-substituted MePc where the intermolecular interaction is 

governed by weak van der Waals forces. The inter-rows spacing dependent 

molecular structure formation can be explained based on packing density variations 

from one structure to another. Since the oblique phase shows a packing density of 

0.33 molec/nm2, the square phase exhibits a structure described by a packing 

density of 0.24 molec/nm2. 

 

3.2.2 Electronic properties 

The reported preferential growth as well as the anisotropic relaxation processes with 

well defined pinning centers, were strongly correlated with the good coupling 

between the dz
2 orbital of the coordinated cobalt ion and the metal surface states. 

Figure 3.2.2.1a shows a tunneling voltage polarity-dependent high resolution STM 

image. The line marked by two horizontal white arrows, separates two regions of the 

same STM image where single molecules can be identified as four-leafed structures 

due to the delocalized ˊ orbitals over the benzene rings, with a shallow depression or 

a bright protrusion at the central cavity, when positively or negatively biased, 

respectively. Understanding the contrast mechanism of the molecular central cavity is 

of great importance in elucidating the nature of the interface effects. It is clearly 



- 40 -  Results and discussion 

 

observed from the polarity-dependent orbital tunneling imaging, a strong contribution 

of the cobalt ion to the tunneling process since this ion is coordinated at the 

molecular central cavity. The line profile included in Figure 3.2.2.1b and recorded 

along the dotted black line from image (a) denotes an average height difference of 

~ 0.6 Ȕ between the molecular central cavities for CoPc when a polarity switching is 

employed. 

 

Figure 3.2.2.1: High resolution tunneling voltage polarity-dependent STM image for 

F16CoPc adsorbed on Ag (110) recorded at Isp= 200 pA and Vsp= ±2 V (a); profile line 

corresponding to the black dotted arrow from a (b). 

 

The higher density of filled states emphasized at the cobalt ion site when negatively 

biased, can be explained based on a charge transfer effect at the organic/metal 

interface, most likely an electron transfer from the metal into the molecule as it will be 

shown later on. It is reasonable to assume that the tunneling process is mainly 

mediated by the dz
2 orbital of the coordinated cobalt ion which points perpendicularly 

to the molecular plane and in consequence to the substrate due to a molecular flat-

lying adsorption, imposing a strong overlap with the metallic surface states. As a 

result, an electron injection into the molecule after the interface formation, might 

explain the increasing of the filled states of the dz
2 orbital of the cobalt ion, otherwise 

being half-filled for the free molecule. Hipps et al. [Lu96, Scud03, Barl04] have 

explained the difference in the tunneling contrast for phthalocyanine transition metal 

complexes as a consequence of different occupation of the d orbital. Therefore, it 

was possible to distinguish between different single molecules from mixed films like 

CuPc and CoPc [Lu96] as well as NiTTP and F16CoPc. [Scud03] In consequence, 

after the organic/metal interface formation driven by the adjustment of the chemical 

potential to equilibrium which leads to changes in the electronic configuration of 
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transition metal ions, an identification of distinct metal complexes, having otherwise 

the same symmetry (4-fold in this case) and the same STM imaging appearance, 

becomes possible just relying on the contrast mechanism at the metal ion site. 

Moreover, in a mixed film of CoPc and CoTTP [Barl04] a slightly different height 

appearance of the same metal ion coordinated to distinct molecular complexes of the 

same symmetry, has been emphasized and helped to distinguish between the two 

species. Nevertheless, an estimation of the coupling strength of the two species was 

probed based on a rough current-distance relation, given by I ~ e(-1.5z) where z 

denotes the distance in Ȕ between the tip and the substrate. Using the same 

approach, an attenuation factor of the tunneling current at the cobalt ion site could be 

estimated based on the previously discussed difference in height appearance of 

~0.6 Ȕ. Therefore, the variation of the tunneling transport at the central cavity when 

polarity switching is employed can be described using the following relative current 

ratio I+/I- ~ 0.4. Being highly sensitive to the local density of states, the tunneling 

process is mediated by the filled or empty states when negative or positive polarity is 

used for imaging. Consequently, a stronger tunneling transport at the cobalt ion site 

for negative sample biases, it is presumably assigned to a higher density of filled 

states at the corresponding site. A considerable coupling between the d orbitals of 

the Co ion and the metal surface states drives a negative charge transfer at the 

interface from the substrate into the molecule. The validity of this scenario is 

comprehensively described and proven in the next subsequence. 

Since the electron acceptance capability is described by the electron affinity 

(EA-energy difference between the LUMO and vacuum level), this quantity is 

expected to change considerably upon the fluorination. In order to monitor the 

influence of the fluorination process on the electronic properties of the protonated 

CoPc, a series of free molecule DFT calculations were employed using the 

Gaussian 03 software package [Gaus03] and always the same UB3LYP method and 

6-311G basic set. Therefore, the electronic properties for the entire family of 

symmetrically substituted cobalt phthalocyanine complexes (CoPc, F4CoPc, F8CoPc, 

F16CoPc) have been checked (different geometrical isomers can be also chosen). 

The energy level diagrams for all substituted metal complexes are included in 

Figure 3.2.2.2 where the Fermi level of each molecular complex, considered at the 

middle of the Highest Occupied Molecular Orbital (HOMO) - Lowest Unoccupied 

Molecular Orbital (LUMO) gap (due to the molecular charge neutrality and intrinsic 
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properties of the free molecule), is depicted together with the work function of 

Ag (110) (ū ~ 4.6 eV [Lide08]) for a direct comparison of the chemical potentials. 

There is a noticeable systematic shift of the energy levels towards lower energies via 

increasing the number of the fluorine atoms. A higher EA and ionization energy 

(IE-energy difference between the HOMO and vacuum level) is achieved when 

crossing from the protonated CoPc towards the fully fluorinated specie. 

 

Figure 3.2.2.2: The calculated energy level diagram close to the EF, for CoPc, 

F4CoPc, F8CoPc and F16CoPc free molecules. For the last one the molecular orbital 

charge density contours and the corresponding symmetries are depicted. 

 

Therefore, while the molecular Fermi level corresponding to CoPc is located at 

+0.4 eV above the Fermi level of the silver, this one shifts upon fluorination to a final 

position located at -0.95 eV below the metal Fermi level (which sustains the 

possibility of a negative charge transfer at the interface). An interface formation will 
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lead in consequence to a negative vacuum level shift for CoPc/Ag heterostructure 

while a positive vacuum level shift will occur upon the F16CoPc adsorption. Scudiero 

et al. [Scud03] have reported by UPS a vacuum level shift of -0.4 eV upon CoPc 

adsorption on Au (111) which turns into a positive +0.8 eV shift upon F16CoPc 

adsorption. If we refer to the work function of the Au (111) (4.7 eV), the results can be 

well correlated with our calculations. A complete representation of the F16CoPc 

molecular orbital (MO) contours corresponding to the first five filled and empty levels 

close to EF, as well as the corresponding symmetries are included in the right inset of 

Figure 3.2.2.2. Characteristic to the neutral D4h phthalocyanine, are the degenerated 

LUMO/LUMO+1 and HOMO-1/HOMO-2, consistent with previous reports [Zahn06, 

Gopa08]. Both degenerated levels show two equivalent 2-fold symmetry MO (rotated 

by 90°) as well as contributions from the d orbital with z character (dyz, dzx) of the 

cobalt ion. The a1u MO assigned to HOMO shows no contribution from the metal ion, 

but only from the ˊ electrons delocalized over the molecular backbone. 

In addition, the HOMO and degenerated LUMO of the investigated species 

continuously extend over the fluorine atoms upon fluorination (refer to 

Figure 3.2.2.3a) leading to a systematic shift towards lower energies, as a result of 

the high electronegativity of the fluorine (4 eV, maximum on the Pauli scale). In the 

case of F4CoPc and F8CoPc the position of HOMO and LUMO levels corresponding 

to symmetrically substituted isomers, are indicated by the black crossed-circles. 

When hydrogen atoms located closer to the porphyrin ring are substituted by fluorine 

atoms, only slight shifts towards higher energies (~0.17 eV for F4CoPc and ~0.13 eV 

for F8CoPc) were observed, while the HOMO - LUMO gaps remain totally 

unchanged. Despite of the continuous extension of the corresponding electronic 

wavefunctions over the fluorine atoms which explains the previously discussed 

dramatic changes of the EA and IE , the HOMO - LUMO gap corresponding to 

fluorine modified cobalt-phthalocyanines shows no systematic changes with 

increasing number of fluorine atoms (refer to Figure 3.2.2.3 b). Similar results have 

been reported for CuPc where DFT calculations have shown no strong influences on 

the band gap upon fluorination. [Zahn06] Nevertheless, when adsorbed on hydrogen 

passivated silicon (H-Si (111)) (ū ~ 4.2 eV) a systematic shrinkage of the band gap 

has been found for CuPc, F4CuPc and F16CuPc which exhibit a band gap of 2.2, 1.95 

and 1.8 (± 0.2) eV, respectively. As a result of the strong influence of the fluorination 

on the EA and IE (direct observable for the neutral species in DFT calculations) as 
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well as the extension of the HOMO and LUMO over the fluorine atoms, it is expected 

a different behavior for modified phthalocyanines at the interface, leading to different 

gap values and types of interface charge transfer effects. 

 

Figure 3.2.2.3: Systematic negative shift of IE and EA for substituted cobalt-

phthalocyanines with corresponding charge density contours of HOMO and one of 

the LUMO orbitals for each distinct species (a) corresponding geometrical structures 

and calculated transport gaps (b). 

 

The normalized differential conductivity (NDC) spectra, characteristic to a saturated 

monolayer of F16CoPc adsorbed on Ag (110), are presented in Figure 3.2.2.4. 

Different current set points were used in order to probe the influence of the 

tip-sample distance (TSD) on the molecular gap. A higher set point corresponds to a 

smaller tip-sample spacing. It is important to study the tip-sample distance influence 

on the NDC, since induced tip polarization effects may occur and perturb the final 

position of the energy levels and in consequence the reliability of the experimental 

HOMO-LUMO separation depends on such studies. Gopakumar et al. [Gopa08] 

showed in the case of d8 (Ni, Pt, Pd) phthalocyanines adsorbed on HOPG (0001) 

using tip-sample distance-dependent spectroscopy (TSDDS), a systematic shift of 
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the HOMO towards Fermi level when the tip-sample distance increases, while the 

unfilled levels near EF remain pinned. However, Deng et al. [Deng03] reported 

TSDDS studies on similar organic molecule, NiTTP adsorbed on Au (111) where no 

changes have been observed over the filled and empty levels position via the tip-

sample distance variation. The difference between the two reported TSD effects 

might be explained based on a more capacitive organic/HOPG interface compared 

with the more Ohmic organic/metal interface. A strong organic-metal interaction 

involves a tunneling current immediately transferred into the substrate as a result of 

the molecular orbital overlapping with the metal surface states whilst a weakly 

interacting substrate as HOPG dominated by ˊ electrons leads to the formation of 

certain live-time charging effects at the interface.  

 

Figure 3.2.2.4: The normalized differential conductivity (NDC) spectra for F16CoPc 

adsorbed on Ag (110). 

 

In this work, the variation of the tip-sample distance induces no deviation of the 

ionization and electron affinity levels position. All the NDC spectra recorded at 

different current set points while keeping the voltage value constant, could be fitted 

using the same number of Gaussian peaks (7) corresponding to the first empty and 

filled states close to the Fermi level. Thus, the average values of the estimated 

positions included in Table 3.2.2.1, may be used for a reliable determination of the 

orbital levels. The features located close above and below the Fermi level are 

considered as adsorption induced interface states. Their presence sustains an 

interface formation driven by a strong adsorbate-substrate interaction, fairly well 
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correlated with the previously reported commensurate template-guided adlayer 

growth. 

 

Isp 

(pA) 

Position of ionization levels and electron affinity 

levels ( V ) 

I2 I1 S- S+ E1 E2 E3 

200 -1.43 -1.03 -0.58 0.40 0.75 1.16 1.88 

300 -1.47 -1.05 -0.53 0.35 0.90 1.31 1.93 

400 -1.46 -1.03 -0.61 0.21 0.72 1.16 1.87 

Average -1.45 -1.03 -0.57 0.32 0.79 1.21 1.89 

Table 3.2.2.1: The experimentally determined positions for the ionization (I) and 

electron affinity levels (E) close to Fermi energy as well as for the induced interface 

states (S- and S+). 

 

The calculated density of states (DOS) (refer to the bar diagram in Figure 3.2.2.5) 

using Gaussian ô03 software package, shows a relative ratio of the LUMO/HOMO 

intensity of 2:1, well distinguishable in the experimental spectra. To best fit the theory 

and experiment, the DOS was calculated by taking the number of states per 0.43 eV. 

The energy values are with respect to vacuum level while the EF corresponds to the 

zero bias in the experimental spectra. The first filled and empty orbital levels are used 

to estimate the HOMO - LUMO gap to be about 1.8 ± 0.1 eV. The double shoulder 

feature corresponding to the first empty orbital was attributed to the LUMO/+1 (after 

the degeneracy lifting) which shows a splitting of ~400 meV upon adsorption. A 

ground state degeneracy lifting is mainly addressed to a Jahn-Teller effect explained 

based on adsorption induced molecular wavefunction distortion upon a hybridization 

effect with the metal surface states. According to Takada et al. [Taka05] when CoPc 

adsorbs on Cu (100), the LUMO of the molecule hybridizes with the surface states 

inducing a gap hybrid state in the empty region close to EF. A dI/dV mapping in that 

region emphasizes a large contribution from the porphyrin ring. Relying on our own 

DFT calculations, a large contribution of the porphyrin ring to the LUMO can be 

observed, sustaining a possible hybridization effect responsible for the new gap state 

(S+) located at +0.3 V above EF. As a result, induced changes in the molecular 

structure might contribute strongly to the observed degeneracy lifting of LUMO. Very 

recent works [Chan08, Kara09] reported symmetry reduction effects of MePc upon 
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adsorption on metal surfaces by means of topographic STM imaging, which might 

sustain the LUMO splitting emphasized in the STS spectra. 

 

Figure 3.2.2.5: NDC spectra for F16CoPc/Ag (110) and the calculated DOS (bar 

diagram) for free molecule. 

 

The third empty orbital level (1.89 V) is considered to correspond to LUMO+2 despite 

of the larger energy separation with respect to Fermi level (2.71 eV) it has been 

found within the DFT calculations. This involves a separation with respect to 

degenerated LUMO of 1.59 eV in DFT calculations while experimentally this 

separation is estimated with respect to the former LUMO+1 to be around 0.68 V 

(refer as well to the energy level diagrams in the Figure 3.2.2.6). A strong 

perturbation of the empty states upon adsorption is emphasized this way. Similar 

LUMO-LUMO+2 separation difference between calculated (1.23 eV) [Gop06a] and 

experimentally estimated (0.67 eV) [Gop06b] splitting was reported in case of SnNc 

adsorbed on HOPG (0001). Despite of the weakly interacting substrate, the non-

planar structure of SnNc, with the metal ion pointing out of the molecular plane, helps 

to form a good Ohmic contact with the substrate. As a result, TSDDS studies have 

shown no changes in the energy level positions, which is opposite to what has been 

reported for planar non-metalic Nc. [Gop06b] In good agreement with [Taka05, 

Krög07] we consider the newly induced gap state located at -0.57 eV below EF (S-) to 

originate from the coupling between the dz
2 orbital of the coordinated cobalt ion and 
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the metal surface states. In both papers the dI/dV spectra recorded at the center of 

the CoPc molecule, show clear features located at -0.18 V [Krög07] and -0.3 V 

[Taka05] below EF while the spectra recorded on top of the molecular lobes show no 

more similar features. Moreover, in the last case [Taka05] dI/dV mapping in the area 

of interest shows a bright center indicating a large contribution of the d orbital of the 

Co ion to the LDOS. Lukasczyk et al. [Luka07] have reported using UPS, an 

adsorption induced gap state at -0.62 eV below EF when CoTTP is grown on 

Ag (111). This feature is characteristic for the first monolayer which carries 

information about the interface electronic properties while in the multi-layer system it 

vanishes completely. Even in the case of coadsorbed Co atoms on the same 

substrate the feature is missing concluding that the new filled state arises due to the 

overlapping of the coordinated cobalt ion orbital with the metal surface states. 

According to molecular orbital calculations for CoPc [Liao01] the d orbitals of the 

cobalt ion are located in the HOMO-LUMO gap, in good agreement with our report. 

Located in the filled states region the reported gap state sustains an interface charge 

transfer effect from the substrate into the molecule mainly mediated by the dz
2 orbital 

of the Co ion, proposed previously to explain the voltage polarity-dependency of the 

STM contrast discussed in the first section of this paper. Adsorption induced filled 

gap states have been also reported using photoelectron spectroscopy [Giov08, 

Amsa07, Schw04] and they could be clearly reproduced using alkali intercalation in 

order to explain the interface charge transfer effects. Therefore, Schwieger et al. 

[Schw04] have reported an electron transfer from the silver into the LUMO of F4CuPc 

molecules which leads to rising of a new occupied gap state at -0.4 eV below EF, for 

low coverage. Despite of the interface state reproduced by alkali intercalation 

(-0.5 eV), a pure charge transfer could not explain totally the interface formation 

which is more complex in nature. In this work, the interface gap states were 

explained based on charge transfer and hybridization effects which mainly lead to a 

perturbation of the unfilled levels. An analytical energy level diagram at the formed 

F16CoPc/Ag (110) interface is shown in Figure 3.2.2.6. The corresponding vacuum 

level shift is marked by ȹ. The red curve refers to an experimentally NDC spectrum 

recorded at a current set point of 400 pA. Referring to the unoccupied level positions 

with respect to EF, a shift towards the substrate Fermi level upon adsorption, is 

clearly observed for the LUMO and LUMO+2. The observed shift is consistent with a 

n doping behavior which sustains an electron transfer from the silver into the 
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molecule. A LUMO filling is likely to appear since its molecular orbital has been found 

using DFT calculations to exhibit d contribution from the cobalt ion which has been 

reported to mediate the tunneling current. Therefore, a filling of the LUMO shifts its 

corresponding position towards the Fermi level with a magnitude of -0.3 eV while the 

LUMO+1 suffers only a small shift (+0.1 eV far from EF). The relative shifts are 

always given with respect to the EF. The adsorption induced interface effects like 

charge transfer and hybridization, affect considerably the unfilled levels governed by 

a degeneracy lifting effect, while the first filled level HOMO remains nearly 

unchanged with respect to EF (+0.1 eV shift towards EF).  

 

Figure 3.2.2.6: The energy level alignment diagram at the F16CoPc/Ag (110) 

interface; a corresponding experimental NDC spectra (red curve) and the energy 

diagram for the free molecule (right inset) are also shown. 

 

In good agreement with previous reports on F16CuPc [Lei06, Peis03], the drastic 

changes observed on the IE and EA upon fluorination, affect only weakly the top 

position of the HOMO with respect to EF. The larger impact on the LUMO in the case 

of substituted phthalocyanines is due to the electron transfer effect which mainly 

affects the unoccupied levels by means of a negative shift in energy. As a result, a 

smaller HOMO-LUMO separation of 1.8 eV is achieved compared with the calculated 

one 2.2 eV. A similar gap narrowing has been reported for substituted F16CuPc 

compared with the protonated CuPc [Zahn06, Lei06]. Driven by the chemical 

potential adjustment to equilibrium, an upward energy shift arises at the interface 

(due to the location of the EF for free molecule below the Fermi of the metal 

substrate). Therefore, a corresponding positive vacuum level shift ȹ strongly sustains 

an electron flow from the substrate into the molecule. If we consider the reported 
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vacuum level shift ȹ= + 0.8 eV for F16CoPc adsorbed on Au (111) [Scud03], we end 

up with an ionization potential value of IP= 6.43 eV in good agreement with the ~7 eV 

found in the same work or other papers which investigated other fluorinated metal 

phthalocyanines like F16ZnPc (6.8 eV) [Schl01] and F16CuPc (6.3 eV) [Zahn06], 

(6.7 eV) [Lei06], (6.1 eV) [Peis03]. The observed discrepancies might be due to 

different techniques and contact electrodes used for investigation, as well as small 

variation of the vacuum level upon different thicknesses.  

 

3.2.3 Conclusions 

The epitaxial relation between an ultra thin monolayer of F16CoPc and the Ag (110) 

substrate denotes the formation of commensurate adlayer structures strongly 

superimposed by the surface symmetry. The strong difference in atomic corrugation 

exhibited by the metal surface leads to the formation of real potential notches along 

the ]011[  crystallographic axis which act as pinning centers for the monolayer 

growth. The well aligned molecular rows along these notches adsorb at integer 

number of the lattice constants along ]001[ , 4a or 5a leading to the formation of an 

oblique close-packed structure or a square more loosely-packed structure, 

respectively. The highly anisotropic molecular growth imposed by the line-on-line 

pinning effect allows soft relaxation processes along ]011[  with well defined pinning 

centres. The influence of the fluorine atoms on the intrinsic electronic properties of 

the free molecules have been discussed based on DFT calculations. Despite the 

considerable changes of IE and EA (strong negative shift in energy) upon 

fluorination, the molecular gap shows no significant changes. The organic/metal 

interface is found to be driven by a strong interaction of the LUMO orbital of the 

molecule with the underlying substrate. Adsorption induced gap states observed in 

the NDC spectra, are thought to arise as a result of a LUMO hybridization with the 

metal surface states as well as from an electron transfer from the substrate into the 

molecule, mainly mediated by the dz
2 orbital of the coordinated cobalt ion, in very 

good agreement with the voltage polarity dependent STM image which emphasizes a 

higher density of filled states at the metal site. This assumption is well sustained by 

the reported degeneracy lifting of the LUMO, which has been found in DFT 

calculation to be a degenerated orbital which exhibits d contribution from the metal 

ion. A HOMO-LUMO gap shrinking behavior was observed upon adsorption, where 

the unoccupied levels shift towards EF while the HOMO remains nearly unchanged 
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with respect to EF. The interface energy level alignment driven by the unique 

chemical potential of the subsystems in equilibrium reveals a gap narrowing as a 

result of the electron transfer effect which fills and shifts the unfilled states. 

 

3.3 F16CoPc on Ag (111) 

 

3.3.1 Adsorption geometry 

 

 

Figure 3.3.1.1: STM images for F16CoPc adsorbed on Ag (111) recorded in constant 

current mode using a current set-point (sp) Isp=100 pA for: (a) 1st ML (Vsp=+3 V); the 

inset depicts an isolated molecular trimer; (b) 2nd ML in the early stage growth 

(Vsp=-1.5 V); the inset shows the corresponding line profiles recorded on top of the 

1st ML (green) and 2nd ML (red); (c) 2nd ML in the early stage growth (high resolution); 

the inset emphasizes a symmetry reduction characteristic for the 1st ML (Vsp=-0.5 V); 

(d) close-packed 2nd ML (Vsp=+2.5 V, Isp=75 pA at RT). 

 

A typical high resolution STM image for the close-packed molecular monolayer 

formed upon F16CoPc adsorption on Ag (111) is shown in Figure 3.3.1.1a. As we 
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reported previously for the Ag (110) surface [Toa10a] a template guided molecular 

growth is observed, where the conjugated ˊ molecular plane adsorbs parallel to the 

metal surface. Therefore, well oriented molecular rows aligned relative to one of the 

main crystallographic axes of the substrate are formed due to a relatively strong 

molecule-substrate interaction. The self-assembly mechanism is driven by the 

molecular coupling to the metal surface states right from the beginning of the 1st ML 

initial growth. Isolated small molecular domains like the molecular trimer included in 

the inset of Figure 3.3.1.1a are reported to be formed for which one molecular axis 

fits with one of the equivalent underlying surface directions. Similar arrangement is 

reported within densely-packed arrays in the 1st ML. The lattice parameters required 

to describe the molecular adlayer structure are shown in the Figure 3.3.1.1a where ɗ 

represents the angle between the unit cell vectors while ŭ depicts the angle mismatch 

between one molecular axis and one unit cell vector. Therefore, the organic 

molecules grow preferentially along one crystallographic direction of the metal 

substrate while keeping one molecular axis aligned with one of the remaining 

directions (ŭ = 60°). In particular, one preferentially growth along direction ñ2ò will 

lead to the formation of actually two possible molecular domains depending on the 

crystallographic direction the molecules align the axis with: ñ2-1ò and ñ2-3ò (see 

Figure 3.3.1.1a). In consequence, subsequently mirrored molecular domains with 

different in-plane orientations are formed. Moreover, they are found to be glided with 

respect to each other at the corresponding boundary (refer to the dashed white lines) 

driven by a minimization process of the molecule-molecule interaction. This effect 

was reported to strongly characterize the self-assembly mechanism of F16CuPc 

[Huan10, Huan08]. We report the formation of a rhombic unit cell (ɗ = 69° ± 4) which 

is different from the one found for Ag (110) [Toa10a] where the lower symmetry of the 

metal surface leads to the formation of coexisting asymmetric oblique and square 

structures. However, along the same atomically packed substrate direction a similar 

unit cell vector length is reported (1.62 nm ± 0.05). Despite of the point-on-line 

epitaxy found in this work, no commensurability is achieved. Similar findings were 

reported for F16CuPc adsorbed on Cu (111) [Waka07]. The initial stage formation of 

the 2nd ML is reported to be dictated by a non-homogeneous distribution of isolated 

molecules (Figure 3.3.1.1b). Between well oriented molecular rows, large uncovered 

areas are found emphasizing a long-range attractive intermolecular interaction. 

However, within a short-range, the molecule-molecule interaction turns on to be a 
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repulsive one, reflected by a relatively low packing density of the ordered areas. As a 

result, the minimum intermolecular separation along the matching substrate direction 

is found to be twice larger than the corresponding value for the 1st ML (refer to the 

inset in Figure 3.3.1.1b). Huang et al. [Huan08] reported the formation of similar 

molecular dot-chains in the 2nd ML for F16CuPc. A higher resolution STM image (see 

Figure 3.3.1.1c) shows clearly a right top position for the molecules adsorbed in the 

2nd ML which are found to be rotated with respect to the underlying molecules by a 

corresponding angle of 45°. For F16CuPc this observation relies on a minimization 

effect of the interlayer repulsive interaction [Huan08]. However, besides this 

argument we assign a further origin in a symmetry reduction effect which arises upon 

adsorption of the molecules in the 1st ML. The molecules directly coupled to the metal 

electronic states are found to exhibit a non-equivalent appearance of the four 

molecular lobes (see inset in Figure 3.3.1.1c). The reported symmetry reduction from 

4-fold to 2-fold is attributed to a charge redistribution within the molecular ligand as a 

consequence of a non-equivalent coupling of the molecular wavefunctions with the 

metal surface states along the two molecular axes and/or to a slight geometry 

distortion (Jahn-Teller effect). A similar symmetry reduction effect is reported for non-

substituted phthalocyanines adsorbed on metal surfaces [Chan08]. Compared to the 

1st ML the molecules adsorbed in the 2nd ML are differently imaged. Two scenarios 

are possible for this observation. On one hand, a weaker molecule-substrate 

interaction will lead to a shift of the energy level alignment. Therefore, a resonant 

tunneling transport mediated by a lower symmetry orbital leads to a different 

molecular appearance which may suggest an asymmetric molecular distortion. On 

the other hand, a conservation of the 4-fold symmetry is reasonably sustained by the 

relative in-plane rotation (45°) of the molecules in the 2nd ML with respect to 

underlying ones. Consequently, the formation of a 4-fold symmetric adlayer structure 

governed by the intermolecular interaction was observed. However, within a close-

packed 2nd ML, a phase transition is reported (see Figure 3.3.1.1d). A higher packing 

density induces a smaller intermolecular separation which enables a molecular 

rearrangement within the densely-packed molecular arrays. The clearly observable 

well oriented domain boundaries (indicated by white arrows) which are most probably 

a blueprint of the domain structure in the 1st ML, are indications for different in-plane 

orientations adopted by the molecules in the close-packed 2nd ML. Moreover, 

unsaturated areas of molecular dot-chains are found to coexist (see dashed 
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rectangle in Figure 3.3.1.1d) and represent a more favorable adsorption location for 

the molecules which stack in the 3rd layer (see white circles). 

 

3.3.2 Electronic properties 

Via a complete fluorination process involving a substitution of all hydrogen atoms at 

the periphery, the planar 4-fold symmetric molecular geometry does not change with 

respect to the corresponding protonated counterpart (see the inset in Figure 3.3.2.1). 

As we reported using DFT calculations [Toa10b] a systematic shift towards lower 

energies of the ionization and electron affinity levels is achieved via increasing the 

number of fluorine atoms. Therefore, the introduction of the fluorine atoms is 

expected to have strong influence on the final molecule/substrate interaction. The 

corresponding C 1s core level spectra for 1.37 nm (0.4 nm thickness corresponds to 

about one monolayer) of F16CoPc adsorbed on Ag (111) is shown in Figure 3.3.2.1. 

 

Figure 3.3.2.1: C 1s core level spectra for 1.37 nm of F16CoPc adsorbed on Ag (111) 

measured using synchrotron radiation (450 eV); the inset depicts the molecular 

structure of F16CoPc where the corresponding different types of C atoms are 

indicated. 

 

For a detailed analysis, synchrotron radiation was used since it allows the recording 

of much better resolved spectra. Prior to the discussion, an assignment of the used 

notations is required. The carbon atoms are distinctly labeled with respect to the 

neighboring atomic species to which they are directly bonded to (see Figure 3.3.2.1). 
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With the corresponding number ratio of 2 : 2 : 4 (C-1 : C-2 : C-F) each type of carbon 

atoms introduces a specific feature line in the C 1s spectra. Besides the main core 

level states, additional small peaks (assigned by S) arise at higher energies. Denoted 

as shake-up satellites they are caused by a kinetic-energy loss of photoelectrons via 

simultaneously excited ˊ ï ˊ* transitions [Peis03]. In good agreement with previous 

reports for F16CuPc [Pipe10, Peis03] an energy splitting of 1.7-1.8 eV was found 

between the main lines and the corresponding shake-up satellites. Piper et al. 

[Pipe10] addressed this energy splitting as an estimative value for the molecular gap 

since the ˊ ï ˊ* transitions are generally assigned as transitions from the HOMO to 

the LUMO. A value of 2 : 1.81 : 3.95 is reported for the fitted intensity ratio described 

as (C-1+SC-1) : (C-2+SC-2) : (C-F+SC-F). The reported value is in good agreement with 

previous work on F16CuPc [Peis03] where a similar ratio of 2 : 1.9 : 4.5 was found. 

Despite the good correlation of the fitted intensity ratio and the ideal numerical ratio 

of distinct carbon atoms identified in the molecular ligand, still a non-constant satellite 

intensity relative to the main core level component is reported as following: SC-1/C-1, 

SC-2/C-2 and SC-F/C-F correspond to 0.05, 0.39 and 0.14, respectively. According to 

Peisert et al. [Peis03] these variations are assigned to a different localization of the 

molecular wave functions at the corresponding atom site for the HOMO and LUMO. 

In good agreement, we found the highest satellite / component intensity ratio for the 

C-2 carbon which is directly bonded to the N atoms. Piper et al. [Pipe10] supported 

the strong contribution of the C-N species to the HOMO and LUMO of F16CuPc via 

an experimental N K-edge XES and XAS study. Our previous simulated molecular 

orbital contours for HOMO and LUMO [Toa10b] show indeed a high contribution from 

the C-2 atoms. Moreover, via a systematic progressive fluorination process the 

corresponding molecular orbitals increasingly extend over the fluorine atoms. 

Therefore, a charge relocalization to the C-F site of both HOMO and LUMO 

enhances the corresponding contribution to the ˊ ï ˊ* transition which explains the 

relatively high intensity of the measured C-F satellite feature. 
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Figure 3.3.2.2: Valence band UP spectra (55 eV) evolution at F16CoPc/Ag (111) 

interface as a function of the molecular thickness: (a) wide range; the corresponding 

work function evolution is shown in the inset; (b) Fermi level region; STS spectra for 

the 1st ML recorded at Vsp=-1.2 V, Isp=75 pA; the inset indicates the tip location 

relative to the molecule during STS recording. 

 

The valence band (VB) evolution as a function of the molecular thickness is shown in 

Figure 3.3.2.2a. Molecular features are found to develop within the entire energy 

range with increasing film thickness while the Ag electronic states (between 4 - 8 eV) 

are increasingly quenched. The corresponding energy shift towards lower binding 

energies (BE) is consistent with the work function (WF) evolution. A systematic WF 

increase occurs after subsequent depositions (see inset of the Figure 3.3.2.2a). For a 

final investigated molecular thickness (1.37 nm) a work function value of 5.29 eV is 

reported. The WF (energy difference between the EF and vacuum level) evolution at 

the organic/inorganic interface is consistent with the formation of interface dipoles. 

The corresponding orientation (the sign of the induced dipole) is an indication for the 

doping character at the interface. Therefore, the induced interface dipole of 

ȹ = +0.83 eV indicates an n doping character at the F16CoPc/Ag (111) interface 

accompanied with an electron flow from the metal surface states into the molecular 

orbitals. The reported value is in good agreement with previous work (ȹ = +0.8 eV) 

[Scud03]. To understand the adsorption induced charge transfer mechanism, highly 

resolved VB spectra close to Fermi energy are shown in Figure 3.3.2.2b. Similar to 

the molecular features located at higher BE, the HOMO peak shifts systematically 
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towards EF. However, for the very initial growth, a double-shouldered HOMO feature 

is observed. A convergence towards a singular peak occurs with increasing 

molecular thickness. Therefore, it is reasonable to assume that the HOMO splitting at 

low coverage is an interface effect caused by the molecule coupling to the metal 

surface states. Schwieger et al. [Schw04] assumed that different adsorption sites 

lead to similar observations for the partially substituted CuPc adsorbed on single 

crystalline silver substrate, while on a polycrystalline silver substrate the effect is not 

present anymore. A different charge-transfer screening mechanism for Zn and F 

atoms in F16ZnPc were reported by Peisert et al. [Peis09] to be responsible for a 

similar HOMO splitting within the 1st ML. Complementary and similar to these 

arguments, the observed symmetry reduction might play an important role as well. 

Different atomic configuration underneath the two perpendicular molecular axes 

leads to a charge redistribution within the molecular ligand and consequently to 

different site-specific screening effects. However, compared to the reference work 

[Peis09] where a gold substrate was used, in our work the higher reactivity of the 

silver is expected to affect stronger the F site effects. Dominated only by ˊ orbitals 

delocalized over the molecular backbone, the top position of the HOMO with respect 

to EF is only weakly affected by the molecular coupling to the surface states. 

Therefore, the HOMO level is found at ~1.2 eV (for 1.37 nm thickness) below the EF, 

only slightly shifted relative to the calculated position for the free molecule (1.1 eV) 

[Toa10b]. The reported ionization energy (IE: refers to the position of HOMO relative 

to the vacuum) of 6.53 eV is in good agreement with previous works for F16CuPc 

[Scud03, Peis03, Peis02]. Consistent with our findings at the F16CoPc/Ag (110) 

interface [Toa10a] a voltage polarity dependence is reported for the molecular 

appearance at the central cavity. Presumably assigned to a higher density of filled 

states localized at the Co ion site [Toa10a, Toa10b] this argument is strongly 

supported by the presence of the induced gap state detectable in the VB spectra. 

Located at ~0.5 eV below EF (refer to the pointing up arrow in Figure 3.3.2.2b) the 

interface state arises in the early deposition stage and is quenched with increasing 

coverage. Perpendicular to the metal surface, the d orbital of the Co ion enables a 

good overlapping with the underlying electronic states which leads to a strong 

mediated electron transfer into the molecule. Similar adsorption-induced gap states 

were previously reported [Schw04, Luka07]. An electron transfer at the interface is 

expected to partially fill the LUMO level of the molecule. Using STS (for 
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reproducibility reasons, two averaged spectra are shown for each tip position), a 

LUMO position close to 0.75 eV above the EF was determined, while the HOMO 

position is in good agreement with the UPS data (~1.2 eV below EF) (Figure 

3.3.2.2b). The corresponding estimated molecular gap (1.9 ± 0.1 eV) is consistent 

with the previously discussed energy splitting between the main core level states and 

the corresponding shake-up satellites in the C 1s spectra. Moreover, this value is in 

good agreement with our previous STS results on F16CoPc adsorbed on Ag (110) 

[Toa10b]. As expected, compared to the weakly affected HOMO, the LUMO position 

is located closer to the Fermi level indicating the n type behavior of the organic 

semiconductor. According to our calculations [Toa10b] the LUMO orbital shows 

contributions from the Co d orbital. Therefore, an electron injection into the LUMO 

mediated by the cobalt ion explains the nature of the interface state. Due to the 

symmetry reduction effect, it is reasonable to assume a degeneracy lifting of the 

LUMO/+1 found as a degenerated level in gas phase. The highly localized STS 

recorded at the Co ion site (red curves) exhibits a clear, reproducible feature located 

at ~1.5 eV above EF (refer to pointing down arrow in Figure 3.3.2.2b), while the 

corresponding spectra recorded at the molecular lobe (blue curves) are found to be 

featureless at this energy. We ascribe this state as the LUMO+1. As assumed for the 

symmetry reduction, an adsorption induced charge redistribution within the molecular 

ligand might explain the difference in the orbital consistency for LUMO and LUMO+1. 

A partially filling of the LUMO via the coordinated cobalt ion, leads to a corresponding 

shift towards lower energies. Strongly affected, the d consistency of the molecular 

orbital is lost via formation of a new interface electronic state shifted below EF. 

Therefore, due to the degeneracy lifting [Toa10b] and charge redistribution, the 

former LUMO+1 extends over the central cavity while LUMO gets localized at the 

molecular lobes.  

To support our previous assumptions, the evolution of the Co 2p core level spectra is 

presented in Figure 3.3.2.3a. At the same molecular thickness (~0.65 nm) it was 

possible to detect for the first time the interface state (see Figure 3.3.2.2b) and the 

Co 2p core level signal. The lack of early signal is most probably due to the low 

amount of metal ions (only one per molecule) accompanied by additional screening 

effects for lower coverage. The Co 2p3/2 (similar for 2p1/2) core level spectra show a 

strong line shape transition upon increasing thickness. At low coverage a double 

shoulder feature around 780 eV is found to consist of two peaks which show an 
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energy separation of 2 eV (in good agreement with the estimated 1.8 eV value for 

CoTTP adsorbed on Ag (111) [Luka07]). The high BE feature increases gradually 

with the coverage and is characteristic for the Co (II) oxidation state.  

 

Figure 3.3.2.3: XP (1487 eV) core level spectra for F16CoPc/Ag (111): (a) Co 2p; 

(b) F 1s. 

 

The low BE peak, close to the metallic Co (0) state is strongly localized at the 

interface since its intensity is increasingly quenched at higher coverage. Strongly 

correlated with the adsorption induced interface state, a reduction effect of the cobalt 

ion oxidation state is achieved via an electron flow into the molecule mediated by the 

metal orbital. A charge relocalization at the cobalt ion site is induced this way, in good 

agreement with our STS data. Our observations are highly consistent with the very 

recent report on CoPc adsorbed on gold substrate [Petr10]. As a result of an electron 

transfer to the Co center, a change of the corresponding spin state is reasonably 

expected to occur resulting most likely into a non-magnetic Co center as was 

reported for protonated CoPc molecules adsorbed within the 1st ML on Pb metal 

surface [Che08b]. Upon subsequent depositions, the low BE state is strongly 

reduced but its presence like a shoulder within the Co (II) feature indicates a 

propagation of the charge transfer in the multilayer system. Recently, in protonated 

CoPc films grown on a Ag/Si surface, an initially confined electron-doping of the first 

layer was reported to be able to propagate freely through the entire film [Song09]. 

Therefore, an effective reduction of the Co ion oxidation state is still observable in the 

2nd ML due to a top position of the adsorbed molecules (see the Co 2p spectra at 
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0.74 nm). In the multilayer system the propagation of the charge transfer is mediated 

by the interlayer ˊ-ˊ interaction which explains the weak signal for the reduced Co 

state. Moreover, a charge redistribution localized at the interface is found to be 

partially driven by the F interaction with the surface states. Relative smaller shift 

(~0.35 eV) towards lower BE for the F 1s core level (see the Figure 3.3.2.3b) is 

observed compared with the strong energetically splitting of the two Co oxidation 

states (2 eV). Therefore, a weaker contribution from the F atoms to the 

molecule/metal coupling is reported compared to the Co ion. This argument is 

supported by the small satellite (SF) intensity relative to the main core state 

component which is an indication for a weak contribution to the ˊ ï ˊ* transitions (the 

F 1s spectra at 0.18 nm was 10 times enhanced for a better comparison). However, 

the weak but present F coupling to the metal surface states, might be effective 

enough in order to induce a charge relocalization at the benzene sites for the 1st ML 

(in good accordance with the highly localized STS data). 

 

3.3.3 Conclusions 

An adsorption induced charge transfer effect is reported to arise at the F16CoPc/Ag 

(111) interface, sustained by the formation of positive interface dipoles. Adsorbed 

parallel with the ˊ conjugated molecular plane relative to the metal surface, a good 

overlap of a Co d orbital with the electronic states is achieved. Mediated by the Co 

ion, an electron flow into the LUMO of the molecule induces a charge redistribution at 

the corresponding site (detectable effect via highly localized STS). Consequently, the 

formation of a corresponding gap state localized at the interface is strongly correlated 

with the line shape spectra evolution for Co 2p core level. A partial contribution to the 

molecule/substrate coupling is reported for the F side (sustained by the F 1s spectra 

shift and the relatively high intensity of the satellite features SC-F in C 1s). Therefore, 

an effective charge relocalization to the benzene rings (detectable via STS) might 

partially contribute to the reported symmetry reduction for the 1st ML. A further 

propagation of the interface confined electron transfer occurs via a Co - Co (for the 

2nd ML, due to a top adsorption) and -́ˊ (for the multilayer system) interlayer 

interaction. 
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3.4 CoPc on Ag (111) 

 

3.4.1 Adsorption geometry 

A flat-lying adsorption is observed for CoPc molecules deposited on the Ag (111) 

single crystal substrate. Adsorbing with the  ́conjugated molecular plane parallel to 

the metal surface, the corresponding molecular orientation is guided by the substrate 

symmetry. A typical high resolution STM image for CoPc on Ag (111) is shown in 

Figure 3.4.1.1a. At the investigated sub-monolayer coverage, an agglomeration of 

the molecules to the step edges (the most energetically favourable regions) is 

observed. Besides the disordered areas, typical for these regions, highly oriented 

molecules can be identified. Therefore, template guided molecules are found as 

isolated molecules which align one molecular axis with one of the three main 

crystallographic directions of the silver substrate (refer to the marked 1, 2 and 3 

molecules within the Figure 3.4.1.1a).  

 

Figure 3.4.1.1: STM images of CoPc adsorbed on Ag (111) denoting: molecular 

agglomeration in the step edge proximity (Vsp=-1 V, Isp=100 pA) (a); higly orientated 

molecular nanochain (Vsp=+1.8 V, Isp=150 pA) (b). 

 

A considerable molecule-substrate interaction is emphasized. When extra molecules 

adsorb in the proximity, the additional molecule-molecule interaction contributes to 

the final formation of the 1D or 2D molecular arrays which are found to preferentially 

grow along the substrate directions. Consequently, multi-equivalent arrays are 

formed. They can be easily distinguished according to the same labelling procedure 

proposed for the adsorption of the F16CoPc on Ag (111) [Toa11a]. As examples, refer 

to the highly oriented 1D molecular nanochain (3-2) and 2D molecular array (1-2) 

depicted within the Figure 3.4.1.1b and a, respectively. Here, the aligned molecules 

with one molecular axis along the substrate direction 2, grow preferentially along the 

directions 3 and 1, respectively.  
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Figure 3.4.1.2: CoPc on Ag (111): highly resolved STM image of the corresponding 

adlayer structure (Vsp=-1 V, Isp=100 pA). 

 

Hydrogen terminated periphery induces a molecule-molecule interaction driven 

exclusively by the Van der Walls forces which lead to a symmetry conservation of the 

molecules within the self-assembled molecular arrays. Therefore, compared to the 

substituted n type counterparts (F16CoPc) the protonated CoPc molecules assemble 

in a four fold symmetric square structure. The adlayer structure parameters, depicted 

within the Figure 3.4.1.2 are summarised within the Table 3.4.1.1. They are highly 

consistent with the reported work in literature [Taka04]. 

 

Table 3.4.1.1: Adlayer structure parameters 

 

3.4.2 Electronic properties 

The valence band evolution as a function of the CoPc molecular thickness is shown 

in Figure 3.4.2.1left. Similar to F16CoPc [Toa11a], molecular features are found to 

develop within the entire energy range with increasing film thickness while the Ag 

electronic states (between 4 - 8 eV) are increasingly quenched. However, the strong 

molecular features detected in the energy range (9-12 eV) for F16CoPc are missing 

proving them to originate from the F atoms. Opposite to its n type counterpart, a 

systematic WF decrease occurs for the p type protonated CoPc upon subsequent 

depositions (see inset of the Figure 3.4.2.1left). For a final investigated molecular 
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thickness 

(1.67 nm) a work function value of 4.1 eV is reported. As already mentioned, the WF 

evolution at the organic/inorganic interface is consistent with the formation of 

interface dipoles. The corresponding orientation (the sign of the induced dipole) is an 

indication for the doping character at the interface. Therefore, the induced interface 

dipole of ȹ = -0.39 eV indicates a p doping character at the CoPc/Ag (111) interface 

accompanied with an hole injection from the metal surface states into the molecular 

orbitals. This scenario for the interface charge transfer is reasonably expected to 

appear since via DFT calculations (presented in the subchapter 3.2.2) [Toa10b] the 

EF for the CoPc free molecule was found to be located above the Fermi level of the 

silver single crystal. The reported value is in good agreement with previous work 

(ȹ = -0.4 eV) [Scud03] where a molecular film of ~2 nm CoPc was grown on a gold 

foil. To understand the adsorption induced charge transfer mechanism, highly 

resolved VB spectra close to Fermi energy are shown in Figure 3.4.2.1right.  

 

Figure 3.4.2.1: Valence band UP spectra (55 eV) evolution at CoPc/Ag (111) 

interface as a function of the molecular thickness: wide range; the corresponding 

work function evolution is shown in the inset (left); Fermi level region (right). 

 

At the very initial growth stage, a double shoulder feature is emphasized. Upon 

thickness increase, the higher binding energy feature develops and shifts similar to 

the secondary electrons cut-off. Opposite, the lower BE feature is progressively 

quenched upon subsequent depositions. For the final investigated thickness (larger 

than 4 MLs), the double-shoulder HOMO feature is due to different molecular 
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domains and molecular orientations with respect to the sample surface. However, for 

the very low coverage the observation is definitely an interface effect caused by the 

molecule coupling to the metal surface states. The cause is similar as for the 

F16CoPc despite the opposite doping behaviour at the interface. As already observed 

for the previous system, a voltage polarity dependence at the central cavity and a 

similar evolution of the Co 2p core level spectra is emphasized for this system as well 

(see Figure 3.4.2.2). For the F16CoPc, the first effect was comprehensively described 

in the subchapter 3.2.2 while the second effect was addressed in detail in the 

subchapter 3.3.2. 

 

Figure 3.4.2.2: Voltage polarity dependence for CoPc molecules (a); Co 2p3/2  

(1487 eV) core level spectra evolution as a function of the molecular thickness for 

CoPc/Ag (111) (b). 

 

Similar for the CoPc, a site specific voltage polarity dependence indicates a higher 

density of filled states localized at the Co ion site. The observation is due to the good 

overlapping of the d orbital of the Co ion with the metal surface states. The d 

consistency of the LUMO orbital strongly sustains this hypothesis. Consequently, a 

reduction effect of the Co oxidation state is reasonably expected to occur for the 

molecules directly in contact with the metal surface. As can be seen from the 

evolution of the Co 2p3/2 spectra line shape, at very low coverage the core level 

component is defined by two features energetically separated by ~1.8 eV. The high 

BE feature increases gradually with the coverage and is characteristic for the Co (II) 

oxidation state. The low BE peak, close to the metallic Co (0) state is strongly 

localized at the interface since its intensity is increasingly quenched at higher 
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coverage. The corresponding evolution is strongly correlated with the evolution of the 

VB spectra close to the EF. Therefore, the low BE valence band feature is considered 

an induced interface state due to a site specific electron flow into the Co ion. At this 

moment a complete understanding of the interface charge transfer mechanism is 

possible. The molecule-substrate interaction is achieved via a donation-backdonation 

mechanism. An electron flow from the substrate into the Co ion leads to a negatively 

charged molecular central cavity. On the other side, an electron flow from the 

molecule into the substrate is achieved via the overlapping of the delocalized  ́

orbitals with the metal surface states. As a consequence, a positively charged 

molecular ligand will influence the HOMO position relative to the EF. This charge 

relocalization scenario within the molecule is very similar with the one proposed for 

the F16CoPc. However, there, the high electronegativity of the F atoms will 

compensate the backdonation effect and consequently the molecular ligand gets 

negatively charged as well. The assumption is strongly sustained by the different WF 

evolution for the two systems.  

 

Figure 3.4.2.3: C 1s core level spectra for 1.67 nm thick film of CoPc adsorbed on 

Ag (111) measured using synchrotron radiation (450 eV); the inset depicts the 

molecular structure of CoPc where the corresponding different types of C atoms are 

indicated. 

 

From the C 1s core level spectra (see Figure 3.4.2.3) an energy splitting of 1.9 - 2 eV 

was found between the main lines and the corresponding shake-up satellites. These 
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values are around ~0.2 eV higher than the one obtained for the F16CoPc system. 

According to Piper et al. [Pipe10], this is an indication for a larger molecular gap. The 

observation is highly consistent with previous report on copper based 

phthalocyanines. Here, it was shown using PES and IPES, that a systematic increase 

of  the number of fluorine atoms leads to a corresponding decrease of the molecular 

gap [Zahn06]. A value of 2 : 1.92 : 3.98 is reported for the fitted intensity ratio 

described as (C-1+SC-1) : (C-2+SC-2) : (C-H+SC-H) which is in very good agreement 

with the numerical ratio of distinct types of carbon atoms identified within the 

molecular ligand: 2 : 2 : 4 (C1 : C2 : C-H). A non-constant satellite intensity relative to 

the main core level component is reported as following: SC-1/C-1, SC-2/C-2 and 

SC-H/C-H correspond to 0.12, 0.18 and 0.06, respectively. The variations are 

assigned to a different localization of the molecular wave functions at the 

corresponding atom site for the HOMO and LUMO [Peis03]. Similar to the F16CoPc 

system, the highest satellite / component intensity ratio was found for the C-2 carbon 

which is directly bonded to the N atoms. However, compared to the F16CoPc this 

ratio is considerably diminished and comparable with the one corresponding to the 

C-1 carbon which bonds only to C atoms. This might be attributed to a weaker site 

specific electron injection into the molecule via the Co ion which sustains the 

observed weaker voltage polarity dependence of the central cavity. As a result, the 

LUMO orbital is not so strongly localized over the N atoms and consequently the C-2 

atoms as it is for the n type F16CoPc molecules. This assumption in consistent with 

the higher energy splitting (consequently the molecular gap) between the main lines 

and the corresponding shake-up satellites reported from the C1s spectra of CoPc 

compared to F16CoPc. 

 

3.4.3 Conclusions 

A template-guided growth was observed in the early stage deposition of CoPc on 

Ag (111) where isolated molecules, molecular nanochains and domains are highly 

oriented with respect to the substrate. Compared to the fluorinated n type 

counterpart, the attractive molecule-molecule interaction conserves the 

corresponding four-fold symmetry within the molecular arrays. However, a similar site 

specific coupling between the Co ion orbital and the metal surface states was 

emphasized. As a result, an electron injection from the substrate into the molecule 

via the Co ion is sustained by the voltage polarity dependence, the reduction effect of 
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the Co oxidation state detectable within the Co 2p core level spectra and the 

adsorption induced gap state below EF. However, as the WF evolution shows, the 

protonated CoPc molecules get positively charged via a hybridization of the ˊ 

electrons delocalized over the molecular ligand with the metal surface states. This is 

opposite with what has been found for F16CoPc. Consequently, the general 

observation is highly consistent with the different semiconductive behaviour of the 

two molecular species. 

 

3.5 SnPc on Ag (111) 

 

3.5.1 Adsorption geometry 

Due to its non-planarity as can be seen from the optimized molecular geometric 

structure in Figure 3.5.1.1a, the SnPc molecules can adsorb in two different 

molecular conformations namely Sn-up or Sn-down [Lac02a]. In Figure 3.5.1.1b an 

enlargement of the non-planar porphyrin ring is shown. According to our calculations, 

a separation of 1.05 Å has been found between the Sn ion and the nitrogen 

(isoindole) plane (the projection of the Sn ion to the plane is marked by O in the 

Figure 3.5.1.1b). Values of 2.27 Å and 2.84 Å are measured for the Sn-Nisoindole and 

Nisoindole-Nisoindole bond lengths, respectively. The values reported here are in very 

good agreement with the reference [Zhan06]. Despite of the ñshuttlecockò shape in 

the gas phase, the two conformations exhibit upon adsorption almost the same 

planarity of the phthalocyanine ring distinguished only by the deviation of the Sn ion 

position out of the molecular plane: above for Sn-up and below for Sn-down 

[Toa11c]. The two molecular configurations can be easily distinguished in the STM 

imaging as a result of the different contrast appearance of the molecular central spot: 

bright protrusion or shallow depression for the Sn-up or Sn-down molecules, 

respectively. Characterized by a 4-fold symmetry, there will be always a tendency of 

the MePc to conserve their symmetry within the molecular adlayer formation. 

However, due to two possible molecular adsorption configurations it was observed 

the formation of ñchess-boardò like superstructures as can be seen in the inset of 

Figure 3.5.1.1c. Subsequent molecular rows of Sn-up and Sn-down molecules are 

found to be highly oriented along the main crystallographic axes of the metal 

substrate. 
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Figure 3.5.1.1: The molecular structure of SnPc (top and side view) (a); enlarged 

non-planar porphyrin ring (O represents the orthocentre of the N(isoindole) plane) (b); 

STM image (Vsp=-1 V, Isp=0.1 nA) for SnPc adsorbed on Ag (111) showing a large 

densely-packed molecular domain; the inset shows a highly resolved ñchess-boardò 

like molecular superstructure (c). 

 

Equivalent ñchess-boardò like structures rotated by 120Á with respect to each other 

are reported to be formed in this way. The two types of commensurate molecular 

rows are glided with respect to each other and exhibit different in-plane orientation in 

particular the Sn-up molecules being aligned with one molecular axis along one of 

the equivalent directions of the substrate. However, the Sn-up molecular rows are not 

ideal ones since some Sn-down molecules can also be co-adsorbed within these 

rows. This scenario is not valid for the Sn-down molecular rows where no Sn-up 

molecules could be found to be co-adsorbed. Still, Sn-up molecules could be pushed 

by the tip within the Sn-down rows by low voltage manipulation and only at the 

missing molecule defects. Presumably, the defects in the Sn-up rows appear 

increasingly with raising temperature. Therefore, the adlayer structure will consist 

only of down molecules at room temperature as was reported in reference [Stad09] 

while an ideal ñchess-boardò pattern is expected to represent the ground state at 0 K. 
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Similar commensurate structures have been previously reported [Stad09, Lac02a]. In 

both reports, as well as in this work, the formation of template-guided molecular 

domains with uncovered areas in between has been found for a sub-monolayer 

coverage indicating an attractive intermolecular interaction. However, the formation of 

the molecular superstructures can not rely only on this type of interaction since the 

entire scenario depends on a fine balance between molecule-molecule and 

molecule-substrate interactions. 

 

Figure 3.5.1.2: STM images (Vsp=-1 V, Isp=0.1 nA) for SnPc adsorbed on Ag (111) 

showing: the molecular arrangement within the step edge proximity (a); the molecular 

diffusion to the step edge induced by single-molecule switching: initial (b) and final (c) 

position. 

 

For the last case the coupling to the surface of both types of molecular conformations 

has to be addressed. The general aspect concerning the molecule-substrate 

interaction of the two molecular species up and down has to be probed for the 

beginning. There is a noticeable ñexcessò of up molecules which are available within 

the terraces (refer to Figure 3.5.1.1c and Figure 3.5.1.2a). Moreover, these can be 

found as stable isolated molecules as those marked by white circles in 

Figure 3.5.1.2a. In contrast, the Sn-down molecules are found to be stable only in 

molecular agglomerations. As isolated molecules, the down species are stable only 

at step edges (see the one depicted by the black circle in Figure 3.5.1.2a and none 
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could be imaged on terrace. One of the reasons behind these findings lies in the 

different molecule-substrate interaction for the two molecular species. Located above 

the molecular plane within the Sn-up molecules, the Sn ion plays no role in coupling 

to the surface states. Therefore, the interaction with the substrate is achieved via a 

coupling of the ˊ orbitals delocalized over the molecular backbone with the electronic 

states of the metal surface. A four-point ñpinningò effect is settled and stabilizes the 

molecules on the surface (allowing them to be individually imaged) and aligns them 

with the underlying substrate (all up molecules have one molecular axis aligned with 

one of the silver directions). Located below the molecular plane within the Sn-down 

molecules, the Sn ion contributes much stronger to the molecule-substrate 

interaction. However, the better overlapping of the metal orbitals with the underlying 

electronic states will not result in a ñquantitativelyò stronger ñpinningò to the surface 

but a higher mobility at the surface is achieved this way. Therefore, the ñlackò of down 

molecules within the terraces is a consequence of the higher surface diffusion 

towards molecular islands or step edges which get decorated in a very ordered 

manner (refer to the white arrows in Figure 3.5.1.2a). The intermolecular interaction 

is found to have repercussions over the final step edges decoration leading to 

relative molecular rotation which slightly changes the molecular two-legs upright 

standing adsorption of isolated molecules. Tip-induced single-molecule switching in 

the proximity of a step edge has been used to probe the difference in the surface 

mobility of the two molecular species. A molecular diffusion to the step edge was 

observed when a Sn-up molecule was switched to down configuration (refer to initial 

and final position of the marked molecules with black circles in Figure 3.5.1.2b and c) 

proving the high surface mobility of the down molecules which tend to find the 

energetically most favourable site. 

Tip-induced single-molecule switching within densely-packed molecular domains will 

suppress the molecular diffusion and qualifies such systems suitable for data storage 

at single molecule level [Wan09a, Toa11c]. The single-molecule switching has been 

applied to molecules located at the edge of a packed domain in order to address the 

molecule-molecule interaction. The switching-induced rearrangement of the 

molecules at the boundary between a densely-packed domain and an disordered 

molecular agglomeration has been monitored (refer to Figure 3.5.1.3). A down 

molecule was found to diffuse towards a more stable position while scanning without 
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any further actions (see marked molecule using red circles in Figure 3.5.1.3a and b). 

This is considered another proof for high surface mobility of down molecules. 

 

Figure 3.5.1.3: In situ online monitoring of the induced molecular diffusion at the 

metal surface via single-molecule switching; all frames were recorded using 

Vsp = - 1 V and Isp = 0.1 nA. 

 

For further discussions a description of the marks used in Figure 3.5.1.3 is required. 

Molecules marked by white solid circles in one frame will be switched and marked by 

white dashed circles within the subsequent frame. In the same manner, the 

molecules which consequently rearrange upon switching are pointed by white arrows 

in one frame and the corresponding old positions are marked with yellow stars within 

the next frame. After switching in frame (b) the marked molecule diffuses towards the 

newly formed down molecule (see its corresponding old position in (c)). A stronger 

intermolecular attractive interaction between up and down molecules is emphasized 

comparing with the purely up-up intermolecular interaction. Since the newly formed 

down molecule is embedded within the packed domain, the attractive up-down 

intermolecular force moves the up molecule proving to be greater than the pinning 

force to the surface at least in this short range. The reported relaxation takes place 

along the crystallographic axis ñ2ò of the substrate with a magnitude of one lattice 

constant along this direction. The Sn-up molecules are found to adsorb on a 

favourable site which explains the observed commensurability. Moreover, a strong 

up-down intermolecular interaction explains why one molecular species has as first 

order neighbour molecules of the second species. Extending this scenario, the 
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formation of the ñchess-boardò like superstructure of the densely packed molecular 

layer can be explained. Considerably diminished upon adsorption there is still a non-

zero dipole moment perpendicular to the molecular plane. For Sn-down molecules 

this dipole moment is much more diminished via an additional electronic coupling of 

the Sn ion with the surface states. Additional attractive or repulsive intermolecular 

forces are enabled as a function of the anti-parallel or parallel dipole-dipole coupling. 

Within a short range, a parallel dipole-dipole interaction will exceed the attractive 

forces in the up-up interactions, which explains why the up molecules do not form 

aggregates but rather prefer to adsorb in an ñapparentlyò random distribution of 

separated molecules [Wan09b]. This is not the case for the down-down system 

where a significantly lower dipole-dipole coupling occurs. By switching the marked 

molecule in frame (c), the marked up molecular dimer shows a similar relaxation 

along the axis ñ1ò and ñ3ò of the silver substrate (see the corresponding old positions 

in frame (d)). A combined movement of the marked molecule in frame (d) along the 

axis ñ2ò (see old position in (e)) and ñ1ò (see old position in (f)) has been initiated by 

switching the marked molecules in (d) and (e). A dipole-dipole coupling can be 

extended for long-range interactions. Changes upon the environmentally dipole 

moments via tip-induced single-molecule switching translate the previously called 

ñapparentlyò random distribution of separated up molecules towards a new 

equilibrium state. Long-range dipole-dipole interaction has been reported previously 

to have impact upon the final superstructure packing [Yoko07]. Presumably, by 

tuning the electronic standing waves (Friedel oscillations) via single-molecule 

switching, modifications of the molecule-molecule interaction may arise and partially 

contribute to a new equilibrium state. Substrate mediated long-range intermolecular 

interaction has been reported previously via Friedel oscillations [Lac02b]. However, 

not every individual switching has been found to enable a molecular rearrangement 

(refer to the marked molecules using red (d, e) and green arrows (e, f)).  

To address the molecule-substrate interaction in deeper detail for each individual 

molecular species and for corresponding adsorption sites, a voltage-dependent STM 

investigation has been carried out. Figure 3.5.1.4 presents four STM images 

recorded over the same area where the molecules exhibit quite distinctive 

appearances as a function of voltage set point used for imaging. For an easier 

comprehensive discussion the well oriented subsequent molecular rows with different 

in-plane orientations are labelled as Ŭ and ɓ (see Figure 3.5.1.4a). 
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Figure 3.5.1.4: Subsequent voltage-dependent STM images recorded in constant 

current mode using a voltage set point of -1 V (a), -1 mV (b), +1 mV (c) and 

+10 mV (d). 

 

As previously mentioned, within the molecular row Ŭ both Sn-up and Sn-down 

molecules can be found and correspond to molecules which are aligned with respect 

to underlying substrate. Within the ñunperturbedò molecular rows ɓ, only Sn-down 

molecules are possible to adsorb. However, due to the stabilization process of the tip 

at very low voltages where a continuous molecular rearrangement occurs for non-

ordered areas, Sn-up molecules were involuntarily manipulated by the tip towards the 

missing molecule defects of the row. Therefore, few isolated up-ɓ molecules were 

found and included in our discussion. A singular case of molecular appearance which 

has no correspondence among the other molecules was found. It is considered an 

impurity corresponding to a non-metallic phthalocyanine and it was marked with white 

circles within all frames in Figure 3.5.1.4. It is easily recognizable in all frames due to 

its Sn-down neighbours which exhibit a non-equal adsorption height of the four 

molecular ñarmsò. The highly resolved molecular appearances corresponding to all 

distinct molecular species are summarised as a table within the Figure 3.5.1.5. At a 

voltage set point of -1 V, both down molecules independent of the adsorption sites, 

are not distinguishable from each other not even from the non-metallic Pc. Consistent 

with the STS data [Toa11c] a resonant HOMO mediated tunnelling current is 

detected at this voltage which explains the four-leaf pattern with a shallow depression 

at the centre characteristic to all types of molecules. From self-made DFT 

calculations for SnPc in gas phase (Gaussian ô03: UB3LYP/LANL2DZ), the HOMO 

orbital (refer to Figure 3.5.1.7b top-left corner) is found to be consisted only from ˊ 

electrons delocalized over the molecular backbone with no contribution from the Sn 

or N atoms. However, the delocalized ˊ orbitals could not be imaged independently 

with sub-molecular resolution at this bias voltage.  
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Figure 3.5.1.5: Highly resolved molecular appearances for distinct types of molecular 

species recorded at -1 V (a), -1 mV (b), +1 mV (c), and +10 mV (d). 

 

Additionally for the Sn-up molecules, a strong contribution to the tunnelling current 

occurs from the Sn ion which strongly points out from the molecular plane. At a -2 V 

voltage set point (image not shown) the bright protrusion appearance at the central 

cavity is considerably enhanced since now the resonant tunnelling is mediated by the 

HOMO-1 orbital found by DFT and STS [Toa11c] to show strong contribution from 

the Sn ion (refer to Figure 3.5.1.7b top-right corner). Decreasing the voltage set point 

to extremely low absolute values, highly resolved imaging of sub-molecular features 

was possible. From our knowledge, there are no previous reports on molecular 

imaging at such low voltages as used in this work. However, since no resonant orbital 

tunnelling can occur at this voltage values, the physical meaning of the STM images 

must be discussed. As previously observed, a very low voltage determines a 

continuous tip-induced rearrangement of the non-ordered areas. Therefore, a 

considerably higher tip-molecule interaction is achieved (most probably via a 

considerable reduced tip-sample distance). Within the densely-packed domains the 

molecules can not be laterally moved but pushed towards the substrate leading to a 

stronger coupling to the surface electronic states. Perpendicular to the plane of the 

molecular ligand the conjugated ˊ orbitals reach far out from the plane (on both 

sides) and penetrate into the substrate. A mirror of the localized underlying metallic 
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states extended via the ˊ electron wave functions, is expected to be imaged this 

way. At -1 mV gap voltage, both down molecular species show 16 distinct sub-

molecular features which can be attributed to the highly resolved electronic 

ˊ systems. A stronger overlapping is achieved for down-Ŭ molecules which show 

brighter and more extended features corresponding to the benzene rings as well as 

to the porphyrin ring. More localized features were found for down-ɓ molecules. The 

difference in the molecular appearance sustains a different atomic configuration 

underneath the molecular backbone which originates from distinct adsorption sites. 

The small difference in the molecule-substrate coupling between the two down 

conformations was confirmed via STS [Toa11c]. A symmetry reduction from 4-fold to 

2-fold is emphasized for up-Ŭ molecules which show more pronounced and extended 

electronic features along the aligned molecular axis (see the better molecule-

substrate coupling along the aligned molecular axis where both benzene and pyrrole 

rings adsorb right on top of the silver atoms Figure 3.5.1.7b). An astonishing 

matching between the Pcôs molecular appearance and its calculated LUMO has been 

found at this voltage. The observation might only be explained based on an effective 

decoupling of the Pc ligand from the metal surface states via the molecule-molecule 

interaction with the four non-planar neighbouring molecules which determines a 

relatively high adsorption height. A symmetric appearance with respect to the Fermi 

level has been reported for down molecules at +1 mV voltage (Figure 3.5.1.5c). Still, 

down-ɓ starts to exhibit a slight symmetry reduction which becomes clear at +10 mV 

(Figure 3.5.1.5d) where sub-molecular features are visible only for one molecular 

ñarmò. For up-Ŭ molecules an extension of the electronic wave-functions over the Sn 

ion is observed at positive voltage values, an effect which gets enhanced via a slight 

voltage increase. The presence of empty states close to the Fermi level localized 

over the Sn ion may explain our observation which is most probably due to a strong 

Sn ion coupling to the underlying electronic states where a site-specific charge 

transfer effect might occur. However, by increasing the voltage value to +1 V (data 

not shown), all molecular species are hardly distinguishable since all the frames 

become blurred. Consistent with the STS data [Toa11c] a resonant LUMO mediated 

tunnelling current is detected at this bias voltage. Therefore, the corresponding lack 

of molecular resolution indicates a molecule-substrate interaction partially driven by a 

LUMO hybridization with the underlying electronic states. At a positive voltage set 

point of +10 mV the Pc molecule exhibits the same four-leaf shape with a shallow 
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depression at the central cavity proving its non-metallic consistency. The SnPc up-ɓ 

was found to exhibit the same molecular appearance for all voltage values used from 

(b) to (d). Moreover, there is no big difference compared with its own appearance in 

(a) just a slight sub-molecular splitting of one molecular axis. These might be 

indications that position ɓ is not energetically favourable for up molecules since the 

lack of a voltage dependence suggests a weak coupling to the metal surface states. 

This observation is in very good agreement with the formation of the unperturbed 

ñchess-boardò like superstructure where an exclusively preferential adsorption of up 

molecules within position Ŭ was emphasized. 

 

Figure 3.5.1.6: Subsequent voltage-dependent STM images recorded in constant 

current mode using Isp = 0.1 nA and Vsp = -1 V before (a) and after switching (b), 

-1 mV (c) and +1 mV (d). 

 

For reproducibility reasons as well as for probing the coupling to the surface states of 

the switched molecules, similar low voltage experiment were carried out. Within the 

same area presented in Figure 3.5.1.4, tip-induced single-molecule switching is 

performed in order to switch all up molecules to down conformation (see Figure 

3.5.1.6a before and b after switching) except for one  which is kept for reproducibility 

(marked by white solid circles within all the frames). The Pc molecule is marked in a 

similar way using white dashed circles. A very good reproducibility of all molecular 

appearances is reported. The ñnewò down molecules obtained via switching show 

similar coupling to the metal surface states as those directly adsorbed upon this 

configuration denoting a non-destructive switching process [Toa11c] essential for 

future applications. 
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Figure 3.5.1.7: Highly-resolved STM image for SnPc adsorbed on Ag (111) recorded 

at Isp = 0.1 nA and Vsp = -1 mV (a); the corresponding proposed adsorption model; 

the molecular orbital contours for HOMO (top-left) and HOMO-1 (top-right) are 

included (b). 

 

All the lattice parameters required for a comprehensive description of the molecular 

ñchess-boardò like superstructure are depicted on a highly resolved STM image in 

Figure 3.5.1.7a and the corresponding values are summarised within the 

Table 3.5.1.1. Consistent of two molecules, a pseudo-square unit cell has been 

found. Stadler et al. [Stad09] reported for the first time a repulsive packing 

mechanism within SnPc layers at room temperature, consisting only of down 

conformations. Moreover, multi molecular phases have been achieved via tuning the 

temperature and/or the molecular coverage [Stad09]. Therefore, the slight relaxed 

unit cell found in this work compared with previous reports [Lac02a] might be 

attributed to small differences within annealing treatment or coverage. 

 

 

Table 3.5.1.1: The lattice parameters for the molecular adlayer. 

 

In good agreement with our experimental values, a commensurate model for the 

molecular adlayer structure can be proposed (refer to Figure 3.5.1.7b). Top 

adsorption sites are favourable for a better coupling of up-Ŭ molecules with the metal 
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surface states (via delocalized ˊ orbitals), while a bridge site is feasible for down-ɓ 

molecules which exhibit a higher degree of freedom in what concerns surface 

mobility and in-plane molecular rotation (due to the Sn overlapping with the metal 

electronic states which drives the adsorption). 

 

3.5.2 Electronic properties 

 

 

Figure 3.5.2.1: High resolution STM image for SnPc adsorbed on Ag (111) recorded 

in constant current mode using Isp = 100 pA and Vsp = -1 V (a); the calculated energy 

diagram close to EF for a free SnPc molecule; the molecular orbital contours for the 

first filled and empty levels close to EF are also shown (b). 

 

Equivalent commensurate molecular structures are formed upon adsorption of SnPc 

on Ag (111). Packed within subsequent well oriented molecular rows (Ŭ and ɓ) glided 

with respect to each other and with corresponding different in-plane orientation, SnPc 

molecules assemble in highly-dense ñchess-boardò like molecular superstructures 

(refer to Figure 3.5.2.1a). Both bistable molecular conformations up and down (a 

consequence of the molecular non-planarity are found to adsorb within Ŭ rows while 

only down molecules are found within ɓ rows. The up and down species are easily 

distinguishable due to a strongly different contrast of the central cavity: bright 
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protrusion and shallow depression, respectively. The molecular non-planarity is found 

to be considerably reduced upon adsorption for both types of molecular 

conformations which exhibit a similar molecular plane geometry with respect to the 

metal surface, as it will be shown later on.  

In order to analyse the electronic effects at the organic/metal interface, a 

comprehensive understanding of the free molecule in the gas phase is needed. 

Therefore, density functional theory calculations for the free SnPc molecule have 

been employed using Gaussian ô03 software with a corresponding UB3LYP method 

and LANL2DZ basic sets. The calculated energy diagram close to Fermi energy for a 

free SnPc molecule is shown in Figure 3.5.2.1b. The HOMO and the LUMO levels 

are reported to be localized at -5.37 eV and -3.24 eV with respect to the vacuum 

level. Typically for the phthalocyanine molecules, the HOMO orbital consists of ˊ 

electron clouds delocalized over the molecular backbone. Since it shows no 

additional contributions from the metal ion or nitrogen atoms, the level position of this 

orbital upon adsorption is expected to be the same for both molecular conformations 

if they show a similar adsorption geometry of the molecular plane. The degenerate 

LUMO and LUMO+1 orbitals were found to extend over the nitrogen atoms. A 

separation of 0.23 eV is reported between LUMO+2 and LUMO+3 which extend 

distinctively over the pyridine-nitrogens or isoindole-nitrogens, respectively. 

Dominated by Sn 5p-like electron clouds the HOMO-1 orbital is expected to play a 

major role in the coupling of the molecule to the surface states. 

Obtaining information available at single molecule level via STS has great advantage 

with respect to standard photoemission techniques where the signal is averaged over 

multi molecular domains or grains. The access towards understanding the coupling of 

single molecules with underlying electronic states can be efficiently provided by the 

STS which exhibits a high sensitivity to the local density of states. Therefore, the 

electron transport through single molecular junctions was previously studied 

[Wang10, Taká08, Song10] as well as new electronic states characteristic for 

particular sub-molecular features have been detected [Taka05, Krög07]. Distinct 

possible perturbing aspects which may affect the tunnelling transport like tip 

consistency [Chen07, Hu08], temperature [Gyar10] or tip-sample distance [Gopa08, 

Deng03] were also been addressed. 
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Figure 3.5.2.2: The evolution of the NDC spectra for down-Ŭ (a) and down-ɓ (b) with 

respect to Isp using a Vsp = -1 V; the corresponding energy level shifts for HOMO and 

LUMO (c); the energy gap variation (d). 

 

Despite of the wide usage of the STS for studying the organic/inorganic interfaces 

there are only few reports which address the previously last mentioned issue. On a 

weakly interacting substrate like highly oriented pyrolytic graphite (HOPG) a tip-

induced polarization of planar d8 metal phthalocyanines has been reported via tip-

sample distance variation which leads to a corresponding HOMO shift while LUMO 

remains pinned [Gopa08]. However, when similar molecules (NiTPP which has a 

similar planar porphyrin ring but a slightly larger molecule-substrate distance) are 

adsorbed on metal substrates dominated by their free-electron like surface states the 

tip-sample distance variation is found to have no significant influence on the 

molecular levels [Deng03]. Tip influence on non-planar phthalocyanine molecules like 

those used in this work adsorbed on metal surfaces has not been previously studied. 

According to the well known tunnelling current-distance dependence, a current set 

point (Isp) increase will allow a fine tuned tip-sample approach. In Figure 3.5.2.2, a 
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detailed evolution of the NDC spectra for down-Ŭ (a) and down-ɓ (b) with respect to 

the current set point is shown. The first clearly resolved features below and above the 

EF are assigned to the first occupied and unoccupied molecular levels: HOMO and 

LUMO, respectively. A fine tuning of the interface energy level alignment for both 

types of down species is observed. The corresponding energy level positions for 

HOMO and LUMO are plotted within the Figure 3.5.2.2c. A systematic shift towards 

Fermi level via decreasing the tip-sample distance is reported to characterize both 

HOMO and LUMO independent of the molecular down specie. In general, systematic 

and collective shifts towards lower or higher energies of both filled and empty states 

close to EF are known to induce a ñdownwardsò or ñupwardsò band-bending at the 

interface. Therefore, a tuning of the energy alignment and charge injection at the 

organic/inorganic interface was reported via a metal top-contact formation [Gorg06] 

or doping process [Yan01]. From our knowledge there are no studies which report a 

systematic opposite shift of the HOMO and LUMO levels. Because no energy bands 

are created at the organic/metal interface for sub-monolayer coverage but rather 

discrete energy levels, we will refer to a corresponding energy shift by using the word 

ñbendingò (shift). We use for the first time the terminology ñcross-bendingò (cross-

shifting) in order to address the novelty of our report. Consequently to the new 

interface effect, an accelerated energy gap reduction is found. Its corresponding 

evolution as a function of Isp is plotted within Figure 3.5.2.2d. An extrapolation to zero 

is required in order to determine the molecular energy gap independent of the electric 

field induced by the tunnelling tip. Closely related gap values have been estimated 

for down-Ŭ (1.81 eV) and down-ɓ (1.86 eV) molecules which are considerably lower 

than the one calculated for the free molecule (2.13 eV). The difference is mainly due 

to a charge transfer at the interface driven by the good coupling of the Sn ion with the 

metal surface states. However, additionally small contributions may occur from the 

DFT calculations which are not known to provide an exact estimation of the gap 

energies. These values are found to be highly consistent with the energy splitting (1.7 

÷ 1.9 eV) between the main core level components and corresponding shake-up 

satellites determined from the C 1s core level spectra (refer to Figure 3.5.2.3).  
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Figure 3.5.2.3: C 1s core level spectra for a thick film of SnPc adsorbed on Ag (111) 

measured using synchrotron radiation (450 eV); the inset depicts the molecular 

structure of SnPc where the corresponding different types of C atoms are indicated. 

 

Besides the main core level components, shake-up features are identified at higher 

energies caused by a kinetic-energy loss of photoelectrons via simultaneously 

excited ˊ ï ˊ* transitions [Peis03]. Assigned as transitions from the HOMO to the 

LUMO, the energy splitting between the main core level components and 

corresponding satellite features is considered an estimative value for the molecular 

gap [Pipe10]. A value of 2 : 1.96: 3.78 is reported for the fitted intensity ratio 

described as (C-1+SC-1) : (C-2+SC-2) : (C-H+SC-H) which is in very good agreement 

with the numerical ratio of distinct types of carbon atoms identified within the 

molecular ligand: 2 : 2 : 4 (C1 : C2 : C-H). A strong coupling between the Sn ion and 

the metal surface states is sustained by the shift observed in the Sn 3d core level 

spectra which is characteristic for a reduction effect of the Sn oxidation state (see 

Figure 3.5.2.4). A shift towards lower energies is observed for the Sn 3d core level 

components when crossing from a thick towards an ultra-thin molecular film (via a 

thermal desorption). The observation is consistent with a reduction effect of the Sn 

oxidation state most probably due to an electron flow from the substrate into the 

molecule via the Sn ion. Although the ultra-thin layer is thicker than 2-3 monolayers, 

a propagation of the charge injection originated at the interface between the 

1st monolayer and the metal surface is reasonably sustained by a ˊ-ˊ intermolecular 
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interaction. Similar observations were reported for a cobalt phthalocyanine film grown 

on Ag/Si surface, where the initially confined electron-doping of the first layer was 

reported to propagate freely through the entire film [Song09]. Moreover, a reduction 

of the substrate work function was observed upon adsorption leading to the formation 

of negative interface dipole (data not shown). 

 

Figure 3.5.2.4: XP core level spectra for SnPc/Ag (111) recorded using the Al KŬ 

excitation line (1487 eV); the spin-orbit splitting was determined ȹ = 8.42 eV. 

 

Using optical spectroscopy, similar charging effects could be emphasized for PTCDA 

molecules adsorbed on gold metal surfaces which shift the molecular energy levels 

for the 1st contact layer [Fork09]. The molecular gap gets saturated for both 

molecular down species to corresponding values of 1.22 eV (Ŭ) and 1.25 eV (ɓ). The 

small difference is attributed to different adsorption sites adopted by the molecules as 

could be concluded from the analysis of the lattice parameters for the adlayer 

structure as well as from well-defined tip-induced molecular diffusion at the metal 

surface [Toa11b]. The ñsaturationò is presumably assigned to an equal coupling of 

the molecule to the metal electrodes namely the metal substrate and the tip. For a 

comprehensive understanding of the reported energy ñcross-bendingò at the 

interface, the metal-organic-metal (substrate-molecule-tip) heterojunction will be 

described as a donor-acceptor/donor-acceptor system. Within the heterojunction the 

molecule itself can act as a bistable system which can donate and accept electrons 

at the same time. However, the metal-molecule and molecule-tip interfaces can not 

be described individually as two independent donor/acceptor systems since a 

singular reason lies behind, emphasized by the simultaneous saturation of the both 
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HOMO and LUMO shifts. When the tip-sample distance is decreased (higher Isp) only 

the tip-molecule separation is expected to be tuned since the molecule-substrate 

adsorption height should remain nearly constant. Via a negative sample bias, a 

tunnelling transport from the substrate into the tip via the molecular orbitals is 

enabled. A reduced tip-molecule distance will enhance the tunnelling transport at the 

corresponding interface which enables a higher electron flow from the HOMO level 

into the tip. An emptying of this level is achieved which determines a shift towards the 

EF. The excess of created positive charges delocalized over the molecular backbone 

might lead to a consequent formation of induced dipole moments and additional local 

electric field at the molecule/substrate interface which, nevertheless, will be 

immediately compensated by the large amount of surface free electrons via a 

backtransfer into the molecule. Driven by the high electron affinity of the N atoms, the 

electron backtransfer fills the LUMO which gets shifted towards the EF as well. 

Therefore, a charge redistribution within the molecular ligand occurs and a new 

equilibrium state is reached. Very recently, Stadler et al. [Stad09] assumed for the 

first time a donation/backdonation effect at the SnPc/Ag (111) interface in order to 

explain the repulsive packing-mechanism within the molecular adlayer which consists 

at room temperature only from down molecules. Still, we have proven via coupling 

the molecules with two metal electrodes, the bistable donor/acceptor character of the 

SnPc molecules responsible for the observed energy ñcross-bendingò. A systematic 

increase of the background signal slope close to 2 eV below EF has been found and 

will be addressed later on. 

The previously described system can be reversibly switched via a voltage polarity 

change and turns the metal-organic-metal heterojunction into an acceptor-

donor/acceptor-donor system. When a positive sample bias is used, a tunnelling 

transport from the tip into the substrate is achieved. Via decreasing the tip-sample 

distance, a higher tunnelling rate from the tip into the LUMO is enabled. A partially 

LUMO filling occurs which shifts the corresponding energy level position closer to EF 

(refer to Figure 3.5.2.5a). Reverse as previously, opposite oriented dipole moments 

and local electric field induced at the molecule/substrate interface accelerate a further 

transfer into the substrate. 
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Figure 3.5.2.5: The evolution of the NDC spectra for down-ɓ with respect to Isp using 

a Vsp = +1 V (a); the variation of the ILUMO/IHOMO ratio; the legend indicates the down 

molecular species and used Vsp (b); the evolution of NDC spectra for up-Ŭ (solid blue 

lines) with respect to Isp using a Vsp = -1 V; the corresponding NDC spectra for 

down-Ŭ (dotted black line) are shown for comparison (c); direct comparison of the 

down-Ŭ and up-Ŭ NDC spectra in the filled states region(d). 

 

Strongly coupled to the metal surface states the Sn ion mediates the donation 

transfer (from the molecule into the substrate) which leads to a partially emptying of 

the HOMO-1. However, localized at lower energies, an instantaneous electron 

relaxation from HOMO occurs which shifts the corresponding level position towards 

Fermi energy (refer to Figure 3.5.2.5a). Therefore, a similar energy ñcross-bendingò 

effect is observed to occur at positive biases. In good agreement with the previous 

experiment, the tip independent (1.83 eV) and saturated (1.33 eV) energy gap values 

for down-ɓ molecules were determined. A resonant tunnelling transport via the empty 

states allows the identification of additional molecular empty levels. The asymmetric 

feature located at ~2.3 eV (refer to Figure 3.5.2.5a Isp=50 pA) above the EF is 

reported to show a clear double-shoulder feature via a tip-sample distance decrease 
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(refer to Figure 3.5.2.5a Isp=700 pA). The two corresponding levels (separated by 

~0.3 eV) are attributed to the LUMO+2 and LUMO+3 molecular levels. The change of 

the relative intensities denotes a contribution to the tunnelling transport mainly 

attributed to the Nisoindole at higher tip-sample separation while the Npyridine grow 

considerably in importance as the tip approaches the sample. The observation is 

presumably assigned (sustained later on) to a tip-induced molecular geometry 

distortion which might adjust the importance of distinct types of N atoms to the 

coupling of the molecule with the underlying electronic states. The weak but 

consistent feature at 1 eV above the EF which acts more like a LUMO shoulder is 

assigned to the LUMO+1. A degeneracy lifting is reasonable to appear as a 

consequence of a different molecular adsorption geometry compared to the gas 

phase which leads to an energy splitting of the otherwise degenerate LUMO/+1. A 

systematic opposite evolution of the HOMO and LUMO intensities was found. The 

corresponding ILUMO/IHOMO relative intensity ratio, plotted within the Figure 3.5.2.5b, is 

reported to show a similar tendency independent of the molecular down species or 

the used bias polarity. The trend gets saturated at the same tip-sample separation 

(300 õ 400 pA) in good agreement with the observed ñcross-bendingò saturation 

(refer also to the Figure 3.5.2.2c). Moreover, the ratio is found to saturate at a 

corresponding value 1 which describes a tunnelling transport with an equal 1:1 

tunnelling rate at the both substrate/molecule and molecule/tip interfaces. A final 

equilibrium state is reached at this point where a charge redistribution within the 

molecular backbone does not occur any more and an equal donor-acceptor character 

is achieved.   

Available only as Ŭ species the Sn-up molecules are found to exhibit a similar ñcross-

bendingò effect via a tip-sample distance variation (refer to Figure 3.5.2.5c), driven by 

the same bistable donor/acceptor character of the SnPc molecule. Due to a higher 

switching rate at higher current values (> 300 pA) we found it difficult to record 

spectra with a good signal to noise ratio. However, as previously discussed, at this 

current set point a saturation effect occurs and therefore it is reasonable to assume 

that no significant changes will arise further. The NDC spectra of down-Ŭ molecules 

are also indicated for a better comparison (refer to the black interrupted lines in 

Figure 3.5.2.5c). The two molecular conformations are found to be differently coupled 

to the metal surface states due to a distinct location of the Sn ion with respect to the 

molecular plane: above for up and below for down. A better coupling for the down 
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molecules will enable a charge transfer at the interface which lowers the LUMO 

position in comparison with the up molecules where this effect is suppressed. At a 

high tip-sample separation (Isp=50 pA) there is a considerable difference (0.35 eV) 

between the LUMO position for up and down molecules (see Figure 3.5.2.5c). 

However, at lower tip-sample separations the LUMO levels are aligned for both 

molecular conformations. As previously predicted the HOMO level arises always at 

the same energy for both molecular conformations sustaining a similar adsorption 

geometry of the molecular plane. Since the molecule/substrate interaction is mainly 

driven by the Sn ion for down molecules and by the N atoms for up molecules, a 

similar slight upwards bending of the benzene rings occurs. The proposed similar 

adsorption geometries for both molecular conformations are indicated in the top inset 

of Figure 3.5.2.7a in good agreement with previous reports [Wan09a, Bara10]. The 

strong feature characteristic for up molecules located at ~2 eV below the EF is 

assigned according to our calculations and in good agreement with [Wan09a] to the 

second highest occupied molecular orbital HOMO-1. A considerable signal intensity 

difference (between up and down molecules) is found for a high tip-sample 

separation (see the double headed arrow in Figure 3.5.2.5c at Isp= 50 pA) at the 

indicated energy. A decrease of the corresponding intensity is reported via reducing 

the tip-sample distance, which is opposite with the previous findings for down 

molecules. A direct comparison between the down-Ŭ and up-Ŭ NDC spectra in the 

filled states region for the highest and lowest tip-sample separation is shown in 

Figure 3.5.2.5d. The spectra line shape is consistent with highly resolved valence 

band ultraviolet photoemission spectra in the Fermi region (see Figure 3.5.2.6). The 

valence band spectra line shape is highly consistent with the one determined using 

STS. The energy position of the HOMO-1 shifts accordingly to the Sn core level 

components, sustaining a localization of the charge density over the Sn ion (in good 

agreement with our DFT calculations and the reported difference in the STS spectra 

for up and down molecular conformations at the corresponding energy (2.7÷2.5 eV 

below EF)). The asymmetric HOMO peak for the thick film (most probably due to 

different molecular orientations and consequently to different structural domains) 

shifts towards lower energies for the ultra-thin film. The corresponding energy 

position (1.3 eV below EF) is reasonably expected to shift additionally towards EF at 

lower coverage. Therefore, the tendency is consistent (small discrepancies are 

always appearing due to the average character of the photoemission techniques) 
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with the estimated HOMO energy position (independent of the tip) via STS (~ 0.9 eV 

below EF). 

 

Figure 3.5.2.6: Valence band UP spectra close to EF for SnPc/Ag (111) recorded 

using synchrotron radiation (55 eV). 

 

At low current set point (Isp=50 pA) a strong feature from HOMO-1 arises for up 

molecules at -2.27 eV while the signal for down molecules is featureless at this 

energy. At higher current set points, a similar feature is induced for down molecules 

(-2.43 eV at Isp=600 pA) while a reduced signal is reported for up molecules (-2.23 eV 

at Isp=300 pA). Despite of different current set points, the HOMO position is found to 

be the same for both molecular conformations sustaining a similar saturation (starting 

with Isp=300 pA) of the ñcross-bendingò effect applicable for the up molecules. The 

reported observations can be explained based on a tip-induced molecular 

planarization where the Sn ion position is tuned most probably due to a charge 

redistribution within the molecular backbone. An induced different charge separation 

within the molecule will affect the molecular dipole moment (calculated to be 1.25 D 

along ñzò axis for the free molecule) most probably via an induced change of the Sn 

ion oxidation state. Via hole attachment the Sn3+ (smaller than Sn2+) can 

accommodate into a planar molecular geometry allowing further movements towards 

a conformational change [Wan09a].  
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Figure 3.5.2.7: Controllable tip-induced single-molecule switching; the proposed 

similar adsorption geometries for both molecular conformations are indicated (a); 

direct observation of the transition effect within the current-voltage curves (b); STM 

images before (top) and after (bottom) ñnano-writingò within a molecular close-packed 

array; the corresponding contrast-enhanced frames are also shown (c). 

 

Despite of our findings towards a bidirectional tendency for a conformational change, 

still a persistent separation of ~0.2 eV is reported to characterize the HOMO-1 

position of down and up species even after the saturation occurs. Located at lower 

energies, the HOMO-1 of down molecules denotes a Sn ion confinement to the 

surface states which suppresses a backswitching effect towards an up conformation. 

Attempts to use higher current values in order to switch from down to up 

conformations end up with molecule attachment to the tip. However, tip-induced 

up-down single molecule switching is performed in a very controllable manner. Figure 

3.5.2.7a depicts 8 subsequent frames recorded over the exact same area, where 

seven aligned up [1] molecules where controllably switched one by one to down [0] 

conformation. The corresponding binary representation (indicated within the right 

inset column) sustains the concept of molecule based nano-engineering. Assigning 1 

ñbitò per molecule, from an approximate frame area of only 2 x 15 nm2, we estimate 
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an incredibly high memory capacity of 1013 bits/cm2. Highly localized information 

access at single molecule level can be achieved via STS which can be use to ñreadò 

(low Isp) and ñwriteò (high Isp) information at the same time. A typical direct 

observation of the switching effect within the current-voltage curves is shown in 

Figure 3.5.2.7b. A current drop in the electrical response appears always at ~2.4 eV 

below EF emphasizing the crucial importance of the HOMO-1 for a conformational 

change. The considerable difference in the electrical response between the two 

molecular conformations can be used as a feed-back signal for switching recognition 

in future molecule based switching/memory devices. Moreover, the concept towards 

molecular nano-patterning (nano-writing) is exemplified within Figure 4c. A molecular 

close-packed array has been controllably changed via single-molecule switching 

towards a desirable pattern (refer to Figure 3.5.2.7c before (top frame) and after 

(bottom frame) nano-writing). The nano-letters ñTUCò are an abbreviation for 

ñTechnische Universitªt Chemnitzò. 

 

3.5.3 Conclusions 

A detailed study towards a comprehensive understanding of the molecular adlayer 

formation upon SnPc adsorption on Ag (111) was addressed in this work by means of 

Scanning Tunneling Microscopy. Induced molecular rearrangement of unordered 

areas via controllable single-molecule switching as well as low voltage-dependent 

STM imaging helped for a better analysis. The coupling of the up molecules with the 

underlying electronic states has a stronger impact on the molecular superstructure 

due to a more rigid surface diffusion (forced to stick only at one preferential 

adsorption site) and induced molecular alignment which determines their orientation 

within the superstructure. The down molecules diffuse easier at the metal surface 

and accommodate on different adsorption sites for they are better coupled to the 

surface via the Sn ion. A dipole-dipole repulsive interaction for up-up systems 

together with an attractive up-down interaction will favour a molecular arrangement 

where identical molecules will interact only as second-nearest neighbours. Therefore, 

template-guided ñchess-boardò like superstructures are reported to be formed, driven 

by a fine balance between the molecule-substrate and molecule-molecule 

interactions. Moreover, a fine tuning of the energy level alignment at the SnPc/Ag 

(111) interface has been performed via the tip-sample distance-dependent STS. A 

new type of interface effect namely an energy ñcross-bendingñ is reported to arise via 
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tuning the tip-sample separation. The observation is proven to be driven by the 

bistable donor/acceptor character of the SnPc molecules. Distinct types of coupling to 

the metal surface states have been found for the two molecular conformations. 

However, a similar adsorption geometry of the molecular plane is emphasized. Tip-

induced molecular planarization allows an irreversible up to down switching at single 

molecule level. The crucial importance of the Sn ion for the coupling to the metal 

electrodes has been discussed towards a comprehensive understanding of the 

reported observations. 

 

3.6 LuPc2 on Ag (111) 

 

3.6.1 Adsorption geometry 

The molecular structure for lutetium (III) bis-phthalocyanine is shown in the inset of 

Figure 3.6.1.1a. Two four-fold ˊ conjugated phthalocyanine ligands, rotated by 45Á 

with respect to each other, are bridged via a Lu (III) ion. When adsorbed on the Ag 

(111) surface, extended molecular arrays are formed (see the large scale STM image 

in Figure 3.6.1.1a). The presence of uncovered areas between molecular domains 

indicates an attractive molecule-molecule interaction (see the black arrows which 

point along the unit cell vectors). In good agreement with previous reports which 

address the adsorption of similar YPc2 on Au (111) [Zhan09], the smallest angle 

mismatch  between one unit cell vector and one of the equivalent substrate directions 

was determined to be 15° (see Figure 3.6.1.1a and b). Moreover, well defined 

domain edges are found to develop as well along the close-packed directions of the 

substrate (e.g. [ 011 ]) (see the white solid arrow) or along the corresponding 

perpendicular directions (e.g. [ 211 ]) (see the white dotted arrow). This suggests that 

a considerable contribution from the molecule-substrate interaction to the final 

packing mechanism exists. Consistent with the well oriented sharp domain edges, 

molecular dot-chains are found to be formed within the 2nd ML (marked by similar 

white arrows). Areas with a lower adsorption height (~1.4 Å) can be identified as well 

and are attributed to single-decker molecular domains formed via a thermal 

decomposition during evaporation. Therefore, the lutetium (III) bis-phthalocyanine is 

decomposed into two single-decker molecular species. One preserves the metal 

consistency leading to the formation of Lu (II) mono-phthalocyanine (LuPc) while the 

other ligand is metal-free and can be identified as a deprotonated phthalocyanine (Pc 



- 92 -  Results and discussion 

 

without the inner H atoms). The two species are easily distinguishable within highly 

resolved STM images due to their distinct molecular appearance of the central cavity 

at a negative bias voltage: bright protrusion for LuPc and shallow depression for Pc 

(see Figure 3.6.1.1b top-left corner).  

 

 

Fig 3.6.1.1: STM images for LuPc2 adsorbed on Ag (111) recorded in constant 

current mode using a tunnelling current of 100 pA and a sample bias of: -1 V; the 

inset shows the corresponding molecular structure for LuPc2 (a); -2 V; the inset 

shows a highly resolved isolated molecule where the sub-molecular features are 

consistent with the delocalized ˊ systems (b). 

 

The appearance of lutetium mono-phthalocyanine is found to exhibit a strong bias 

polarity dependence which is not the case for deprotonated Pc (see Figure 3.6.1.2). 

 

Figure 3.6.1.2: Voltage polarity dependence of the appearance of single-decker 

phthalocyanine species (Isp=100 pA). 

 

Black and white circles are used to mark the LuPc and Pc molecules, respectively. 

Consistent with the voltage polarity dependence for the LuPc2, via increasing the 
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absolute voltage value the molecular appearance gets gradually enlarged (all the 

frames are 5 x 5 nm2). Moreover, an enhanced tunnelling transport at the lutetium 

site is achieved. At positive bias polarity both molecular species have a similar 

shallow depression appearance of the central cavity. The observation is presumably 

assigned to a higher density of filled states localized at the metal ion site, explained 

based on a reduction effect of the Lu oxidation state via an electron flow from the 

substrate into the molecule mediated by the Lu ion and/or isoindole N. Similar voltage 

polarity dependence was previously reported for fluorinated cobalt phthalocyanine 

adsorbed on Ag (110) [Toa10a]. Moreover, photoelectron spectroscopy has shown 

that there is also charge transfer to the metal center in the case of Co-porphyrins 

deposited on Ag (111), which supports our conclusion [Bai09]. Ordered square 

structures are found via intermixing the two single-decker molecular species which 

adsorb preferentially along the equivalent underlying directions and preserve the 

four-fold symmetry within the formed arrays.  

The lutetium (III) bis-phthalocyanine molecular domains are easily distinguishable 

due to their relatively high adsorption height ~ 4 ± 0.5 Å and distinct molecular 

appearance. Due to an effective decoupling from the surface states via the first Pc 

ring, the unperturbed ˊ electronic clouds delocalized over the upper ligand, 

determine the final molecular appearance. Highly resolved sub-molecular features for 

isolated molecules (see the inset of Figure 3.6.1.1b) are consistent with the 16 ˊ 

electronic systems per upper ligand calculated using density functional theory (see 

Figure 3.6.1.3b). However, due to the non-planar geometry, the outer ˊ electronic 

clouds appear brighter than the inner ones. Therefore, the molecules are mostly 

identified like eight lobe structures (different from the four-lobe shape characteristic 

for the single-decker phthalocyanine). Still, a clear identification of individual 

molecules within densely packed arrays is very difficult at this bias voltage. Assigning 

the shallow depressions to individual central cavities, the counted features per 

molecule do not fit those identified for isolated molecules (minimum 8), since four 

surrounding features have coordination 1 while the other four have coordination 2 

(see Figure 3.6.1.1b). Therefore, different in-plane orientations might be responsible 

for the lack of a precise identification, a fact which was only assumed in previous 

works [Zhan09]. As it will be shown later on, the validity of this assumption will be 

proven via a precise determination. Moreover, this effect is accompanied by an 
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extended overlap of the molecular wavefunctions between neighbouring molecules 

creating a mixed and complicated contrast appearance of the sub-molecular features.  

 

 

Figure 3.6.1.3: Voltage polarity dependence for molecular close-packed arrays within 

the 1st ML; each frame area is 10 x 10 nm2 (a); charge distribution within the 

molecular ligand for the filled states close to EF determined experimentally for single 

molecules in the 1st ML (top) and 2nd ML (middle) (each frame area is 3 x 3 nm2) and 

theoretically for gas phase isolated molecules (bottom) (b); for all the frames the 

tunnelling current was 100 pA. 

 

The situation is different at the well oriented domain edges where the in-plane 

orientation can be easily determined. The upper phthalocyanine ring was found to be 

rotated by 45° with respect to a close-packed orientation of the substrate. Due to the 

relative rotation of the two ligands (45°) the lower phthalocyanine ring is thus found to 

align one molecular axis with the underlying substrate direction. A considerable 

molecule-substrate interaction is found to contribute to the 1st ML formation via an 

overlapping between the ˊ electronic clouds and surface states. Adsorbed via a ˊ-ˊ 

stacking mechanism, the isolated molecules in the 2nd ML are found to be rotated by 

45° with respect to the underlying ones. 

The contrast appearance of the molecular arrays within the 1st ML, is found to be 

strongly dependent on the bias polarity (see Figure 3.6.1.3a) where all the frames are 

equivalent and rotated by integers of 15° with respect to each other). Symmetric with 

respect to EF, via increasing the absolute voltage value the sub-molecular resolution 

is progressively lost.  


