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Abstract
In this thesis, the electronic and structural properties of thin ﬁlms of conjugated organic molecules (COMs) vacuum-deposited on metal surfaces are studied. These properties are essential for realization and optimization of device
functionalities in the ﬁeld of organic electronics.
Part 1 discusses two approaches for engineering the energy-level alignment
(ELA), and, thereby, optimizing hole injection barriers (HIBs), at organic/metal
interfaces via (over)compensation of the detrimental “push-back”:
• Exploiting the peculiar ELA at chalcogen-metal bonds, shown here (with
X-ray and ultraviolet photoelectron spectroscopy, UPS/XPS) for a selenofunctionalized COM that can directly be used as active material, and
• inserting electron-accepting COMs prior to deposition of active layers.
UPS shows that the latter method helps achieving a 1 eV-wide range of HIBs
and that both approaches realize HIBs into the active COM as low as 0.3 eV.
Part 2 studies selected organic/organic heterostructures on metal surfaces,
in order to identify the underlying mechanisms for achieving electronic equilibrium, and, in turn, to derive the ELA in these structures. These studies allow
to propose that metal to overlayer charge transfer (MOCT), is responsible for
achieving electronic equilibrium when such systems would not exhibit equilibrium for assumed vacuum level alignment (i.e., are Fermi-level pinned). Detailed
investigations allowed a quantitative analysis of amount of transferred charges,
fraction of charged molecules in the ﬁrst overlayer, energy level shift induced
by the concomitant electric ﬁeld, and inﬂuence of the dipole-dipole repulsion on
the overlayer molecular assembly.
In Part 3, metal surfaces are used as support for supramolecular architecture with polar building blocks. Scanning tunneling microscopy (STM) of a
series of rod-like COMs with and without partial ﬂuorination and with diﬀerent
dipole moments help disentangling the delicate balance of van der Waals forces,
adsorbate-substrate registry, hydrogen bonds, and dipole-dipole interaction for
sub-monolayer ﬁlms physisorbed on Ag(111). For another, highly-polar COM
at ca. monolayer coverage on Au(111), STM identiﬁes four pre-annealing (those
with more complex unit cells only for suﬃcient ripening time or induced by the
STM tip) and two post-annealing phases. All phases are found to exhibit antiferroelectric unit cells. UPS evidences a preferential alignment of multilayer
molecules via a surface potential increase larger than 1 V upon deposition.
Chalcogeno-functionalization of device relevant COMs should be straightforward. Molecular acceptors are already employed in organic light emitting
diodes. Accordingly, the ﬁrst part of the presented study has immediate application relevance. The results from the fundamental studies in parts 2 and 3
contribute to a better understanding of the mechanisms that control the ELA
and/or morphology at organic-comprising interfaces and can be exploited to
improve the design of COM chemical structures and device architectures.

Zusammenfassung
Diese Arbeit behandelt elektronische und strukturelle Eigenschaften dünner
Schichten aus konjugierten organischen Molekülen (COMs), aufgebracht auf Metalloberﬂächen per Sublimation im Vakuum. Diese Eigenschaften sind essenziell
für Funktionsrealisierung und -optimierung organischer Elektronikbauteile.
Teil 1 diskutiert zwei Ansätze zur Energieniveauanpassung (ELA) an OrganikMetall-Grenzﬂächen zur Einstellung der dortigen Löcherinjektionsbarrieren (HIBs)
durch (Über-)Kompensation des abträglichen „Push-back“-Eﬀekts:
• Ausnutzung der besonderen ELA bei Chalkogen-Metall-Bindungen, hier
gezeigt mit Hilfe von Röntgen- und Ultraviolettphotoelektronenspektroskopie (UPS/XPS) für ein Seleno-funktionalisiertes COM, welches selbst
als aktives Materials genutzt werden kann, sowie
• Einfügen von COMs mit ausgeprägtem Elektronen-Akzeptorcharakter vor
dem Aufbringen der aktiven Schicht.
UPS-Messungen zeigen, dass durch letztere Methode ein 1 eV-großer HIBBereich zugänglich ist, sowie dass beide Ansätze HIBs von 0.3 eV ermöglichen.
Teil 2 untersucht ausgewählte organische Heterostrukturen auf Metallen,
welches die Identiﬁkation der grundlegenden Prozesse zum Erreichen des elektronischen Gleichgewichts, und damit zur ELA in solchen Strukturen erlaubt.
Die Untersuchungen identiﬁzieren einen Ladungstransfer vom Metall zur Überschicht (MOCT) als verantwortlich dafür, das System in den Gleichgewichtszustand zu überführen, wenn dieses bei angenommener Vakuumniveauanordnung
nicht gegeben ist (d.h. bei Ferminiveau-Pinning). Detaillierte Untersuchungen
gestatten die quantitative Analyse von transferierter Ladung, Anteil geladener
Moleküle in der ersten Überschichtlage, Energieniveauverschiebung durch das
entstandene elektrische Feld, sowie Einﬂuss der Dipol-Dipol-Abstoßung auf die
molekulare Assemblierung in der Überschicht.
In Teil 3 dienen Metalloberﬂächen als Auﬂage für supramolekulare Architekturen mit polaren Bausteinen. Rastertunnelmikroskopie (STM) an einer Serie von teils partiell ﬂuorierten, stäbchenförmigen COMs mit unterschiedlich
großen Dipolmomenten ermöglicht die Entﬂechtung von Dipol-Dipol-Wechselwirkung, van der Waals-Kräfte, Adsorbat-Substrat-Kopplung und Wasserstoﬀbrückenbindung, physisorbierter Submonolagen auf Ag(111). Ein anderes, stark
polares COM bildet bei Monolagenbedeckung auf Au(111), vor und nach Ausheilen, vier (hierbei solche mit komplexeren Einheitszellen nur bei ausreichender Reifungszeit oder durch die STM-Spitze induziert) bzw. zwei Phasen, alle
mit antiferroelektrischer Einheitszellen. UPS-Messungen ergeben eine bevorzugte Ausrichtung der Moleküle in Multilagen anhand der Vergrößerung des Oberﬂächenpotenzials von über 1 V durch die molekulare Schicht.
Chalkogeno-Funktionalisierung von bauteilrelevanten COMs ist einfach realisierbar. Moleküle mit Akzeptorcharakter ﬁnden bereits Verwendung in organischen Leuchtdioden. Somit hat Teil 1 direkten Anwendungsbezug. Die Ergebnisse aus Teil 2 und 3 tragen zu einem grundlegenden Verständnis der ELA- und
Morphologie-beeinﬂussenden Mechanismen an (teilweise) organischen Grenzﬂächen bei, und versprechen daher optimierte COMs und Bauteilarchitekturen.
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Chapter 1

Introduction
Organic electronic devices consist, to a large degree, of small molecules and/or
polymers1 . Due to strongly-bound electron-hole pairs [51], extended WannierMott excitons are absent in these materials. In addition, without signiﬁcant
density of intrinsic free charge carriers (1 cm−3 [43]), band bending, which is
an important phenomenon for inorganic/metal and inorganic/inorganic interfaces, is expected to occur much less prominently in the organic counterparts
[141, 131, 201]. Under these assumptions, interface-related processes, like interactions upon contact formation and exciton dissociation, are largely conﬁded
to an interfacial layer that is similar to the thickness of the organic materials itself, that is, very small compared to typical layer thicknesses (> 100 nm).
Since in-plane inhomogeneities are usually neglected, the interfacial layer can be
visualized as a single point in energy-level diagrams (ELDs) employed when trying to make sense of macroscopic device characteristics as, e.g., current-voltage
curves [152, 139, 9, 304, 233]. This is illustrated in Fig. 1.1 a).
However, strictly speaking, the term “interface dipole”, which is often used
to describe such a sudden potential drop in the direction orthogonal to the
interface (z), is an oxymoron, since a dipole can be nonzero only if charges are
separated in z, making it really an interfacial-layer dipole.2 This rather trivial
statement should stress the importance of the underlying processes occurring
upon interface formation, as illustrated by the following examples.
The complex and anisotropic structure of organic molecules (as compared
to atoms) makes the energy level alignment at related interfaces sensitive to
microscopic details which are not encountered for interfaces comprising inorganic semiconductors. Due to the asymmetric electron distribution within the
molecules, their orientation with respect to the interface signiﬁcantly inﬂuences
the ionization energy of organic ﬁlms, and thus the energy level alignment
(ELA). Notably, this also applies to non-polar molecules [57, 125, 244, 76].
For organic/metal interfaces, in particular in cases of chemisorption, the interface dipole is additionally controlled by the precise adsorption geometry of
the molecule and the interaction of speciﬁc peripheral atoms with the metal
1 This

work is concerned with small molecules only.
similar argument also applies to dynamic processes. For instance, one currently favored
model for the exciton dissociation at polymer hetero-interfaces is based on the (morphologyinduced) potential variation along z that makes it possible for the charges to dissociate in a
well-separated state, making a detrimental recombination less likely [67].
2A

1

Figure 1.1: Morphology (top) and energy level diagram (ELD, bottom) for two
diﬀerent assessments of the same bilayer system. The ELD presents the vacuum level (VL) the Fermi-level (EF ) and the (color-coded) highest occupied
molecular orbitals (HOMOs) for the two organic molecules. a): Macroscopic
model neglecting the processes responsible for the energy level alignment at
the interface and localizing its eﬀect on the ELD in a single point. b): “3D
model” accounting for diﬀerent charge states in the interfacial layer, illustrated
by individual, diﬀerently-colored molecules in the system’s morphology and inplane inhomogeneities of HOMO and vacuum level energies (only for the right
material) and charge transfer invoking distant layers (illustrated for the left material). c): Illustration of chemical interactions that can occur at organic/metal
interfaces and whose details depend on the adsorption geometry.

2

[40, 243, 121]. This is indicated in Fig. 1.1 c). In these cases, also the second
molecular monolayer is often involved in the interfacial interactions via polarization or, more immediate, through open patches of a porous ﬁrst-layer molecular
network.
In addition to these morphology-related aspects, in-plane inhomogeneities
of purely electronic nature can arise for morphologically homogenous interfacial
layers3 , as can be readily estimated by the following considerations: Weakly
interacting molecular systems only allow interfacial charge transfer via an integer number of charges. This results in quantized electric charge localized on
nano-objects. The former implies a minimum dipole moment magnitude, while
the latter translates to a large density of potential dipoles. The magnitude of
the related interface dipoles in typical ELDs then prevents that all molecules
participate in this process, which should result in diﬀerent charge states of the
interfacial molecules. Such an interfacial layer of mixed valence is illustrated in
Fig. 1.1 b). Interestingly, this also depicts the expected situation in a organic
ﬁeld eﬀect transistor in the “on” state.
Interfacial charge transfer, as the one mentioned just above, eﬀectively dopes
the organic materials. The generated charge carriers are not localized at the
interface but are free to move about. In this case, the question arises whether
the assumption of ﬂat bands in stacked organic materials, which is often made
in view of the virtual absence of intrinsic charge carriers, is still valid.
The outlined examples illustrate the complexity of organic/organic (O/O)
and organic/metal (O/M) interfaces. Such microscopic details can sensitively
inﬂuence processes relevant for organic electronic devices. In this work, three
fundamental aspects of O/O and O/M interfaces were selected and studied with
dedicated experiments. The results concern all aforementioned phenomena and,
thus, have important possible applications in the control of device-relevant ELA
and morphology.
The ﬁrst part advances two concepts for optimizing the charge injection
eﬃciency at O/M interfaces, namely modiﬁcation of the metal surface with an
molecular acceptor interlayer and modiﬁcation of the organic material via functionalization with anchor groups. For the former, the inﬂuence of the orientation
of the acceptor molecules in the interlayer on the ELA was elucidated, while for
the latter the chemical situation directly at the interface as well as important
characteristics of the multilayer ﬁlm morphology could be resolved. The second
part employs rational nano-architectures to elucidate the microscopic processes
at play in the interfacial energy level alignment at O/O interfaces when the
work function is Fermi-level pinned. In addition, important implications from a
“3D”-assessment of interface energetics are given. Lastly, the third part sheds
light on the inﬂuence of an intramolecular dipole on the molecular self-assembly
and ELA at O/M interfaces.
Optimizing the energy-level alignment at organic/metal interfaces
To facilitate eﬃcient hole transfer at O/M interfaces, low hole injection barriers
(HIB) are needed [152, 163], which, when assuming vacuum-level alignment,
are related to a small ionization energy (IE) of the organic material and/or
a high work function (φ) of the metal. However when molecules are brought
3 Strictly speaking, every molecular layer is electronically inhomogeneous. However, the
potential for intramolecular inhomogeneities converges fast enough to eﬀectively neglect them.

3

Figure 1.2: Illustration of the two employed strategies to tune the energy level
alignment at O/M interfaces. a) and b): Interlayer approach. Two diﬀerent interlayer orientations are shown. The green color indicates the acceptor molecules
that are employed to (over)compensate the push-back eﬀect. c): Functionalization approach. The green color symbolizes the chemical group that has the same
function as the acceptor interlayers in a) and b).

into contact with clean metals, the initial metal φ is usually altered due to the
formation of an interface dipole, which can originate from a variety of eﬀects
[142]. In the case of noble metals and physisorbed molecules without permanent
dipole moment, one major contribution has been identiﬁed: The electron density
spilling out into vacuum at the clean metal surface is “pushed back” by the
molecules due to Pauli repulsion [152, 320]. In this case the initial metal work
function is reduced and thus the HIB is signiﬁcantly larger than expected from
simple vacuum-level alignment.
For chemisorbed molecules, in contrast, a chemical molecule-metal interaction can further change the charge rearrangement between molecule and surface.
For instance, molecular acceptors with typically large electron aﬃnities (EAs)
(and consequently also large IEs) were found to form a charge transfer complex
with the metal and thus to counterbalance the push back eﬀect [239, 165]. The
organic molecules and polymers deposited onto such modiﬁed metal electrodes
re-align their molecular levels with respect to the modiﬁed φ value [165, 239].
However, the acceptor molecules have often a low molecular weight and are
thus prone to interlayer diﬀusion [100, 77, 5], which hinders controlled device
fabrication.
An alternative approach is to combine, (i), a low IE and, (ii), the capability
to mitigate the push-back at the metal electrodes in one COM. This strategy,
which would eliminate the necessity for an additional interlayer, is illustrated
in Fig. 1.2. Conveniently, the charge rearrangement at the O/M interface
depends also on the COM chemical structure and, for example, the bonding of
speciﬁc substituents to the metal surface [120]. Clearly, in order to combine
the two dissimilar attributes (i) and (ii), which in the interlayer architecture
are carried by donor and acceptor molecules, respectively, the semiconducting
properties of the COM and its chemical bond to the metal must be electronically
largely independent. This was indeed observed for selenolate- and thiolate-selfassembled monolayers (SAMs) on several coinage metal surfaces [257, 189, 3],
for which the adsorption-induced charge rearrangement does not invoke the
orbitals of the SAM core, and the energy-level alignment at the O/M interface
is governed by an alignment of the chalcogen-derived states to the metal Fermilevel [243, 123, 121, 124].
4

Figure 1.3: Morphology and the corresponding energy level alignment at
O/O interfaces when the work function is Fermi-level pinned.

In this work, I followed both approaches. First, the eﬀect of chalcogenofunctionalization of COMs on their energy level alignment with metal contacts
was demonstrated for tetraseleno-tetracene (TSeT). The X-ray and ultraviolet
photoelectron spectroscopy (XPS/UPS) results on vacuum-deposited TSeT thin
ﬁlms on the (111)-surfaces of coinage metals demonstrate that it is possible to
combine the peculiar energy-level alignment situation of SAMs with the organic
semiconductor properties of TSeT, resulting in extremely small HIBs. In addition, the photoemission experiments show that TSeT exhibits pronounced 3D
island growth when deposited onto substrates kept at room temperature (RT).
In contrast, by cooling the metals to 77 K (LT) during TSeT deposition, island formation is kinetically hindered, resulting in kinetically limited layering
of lying-down molecules.
Next, I continued the work on the electron acceptor hexaazatriphenylenehexanitrile (HATCN), which had been studied by B. Bröker, H. Glowatzki and
others in my research group before [106, 40, 41, 105]. Their results showed that
HATCN can be employed as interlayer to increase φ of Ag and Cu, but that
its structural variability demands further attention, since it undergoes a density
dependent orientation transition in the monolayer regime [40]. Notably, at this
time HATCN had already started to be integrated in architectures of organic
electronics devices [184, 183].
In my work, UPS was used to examine the eﬀect of HATCN molecular
orientation in interlayers on Ag(111) on the resulting charge injection barriers towards organic charge transport materials. The orientation of HATCN
molecules in the interlayer is found to signiﬁcantly impact the actual charge injection barriers. Moreover, the results from interlayer-modiﬁed metal electrodes
are contrasted with pristine metal electrodes of the same work function, i.e., Ag
vs. lying-HATCN/Ag and Au vs. standing-HATCN/Ag. This allows discussing
the diﬀerence of surface electron spill-out for clean metal and interlayer-modiﬁed
metal electrodes and the eﬀect of this diﬀerence on the energy level alignment
with organic semiconductors.
Role of charge transfer, dipole-dipole interactions, and electrostatics
in Fermi-level pinning at molecular heterojunctions on metal surfaces
Let us assume a two-layered organic heterostructure. If the overlayer has an
EA higher than φ of the ﬁrst layer, the lowest unoccupied molecular orbital
(LUMO) of the overlayer would be positioned below the occupied states of the
ﬁrst layer if vacuum level alignment was assumed. Contact formation is then
found to give rise to an interface dipole, as illustrated in Fig. 1.3, and the work
function of the system is said to be Fermi-level pinned.
Several models have been proposed to explain this process of Fermi-level
alignment at organic/organic and other weakly interacting interfaces. The
5

charge neutrality level (CNL) model had originally been developed for stronglyinteracting inorganic/metal interfaces [15, 142] and successfully employed also
for more weakly-interacting organic/metal interfaces [301, 92, 22]. Notably, it
asserts an induced density of interface states (IDIS) within the energy gap of the
isolated organic material. These states are occupied up to the CNL, which acts
as an eﬀective Fermi-level for the organic semiconductor and partially aligns
with the substrate Fermi-level. Analogously, it was proposed, that the CNL
partially aligns with the CNL of the other organic material at organic heterojunctions [295, 201, 22]. However, in most cases of organic heterojunctions, no
signiﬁcant hybridization of the molecular orbitals is expected due to the mismatch of the molecular energy levels on either side of the interface. Indeed,
other measurements showed that the interface dipole for identical O/O interfaces depends on the work function of the supporting electrode [34, 36, 33, 185],
which is at variance with the CNL that only considers the energy levels at the
O/O interface.
Integer charge transfer (ICT) to the overlayer was proposed as alternative
idea to explain Fermi-level pinning at weakly-interacting interfaces [218, 36, 33].
In this model, the Fermi-level of the substrate is the relevant energy reference
throughout all layers on top. Consequently, the notion that the charges originate
from the supporting electrode had been explicitly included in the discussion of
bi- or multilayered organic structures within the ICT model [36, 33, 195, 338].
The magnitude of related interface dipoles then directly translate to the fact
that only a fraction of the molecules in the overlayer should become charged.
However, direct evidence for such a mixed valency was still lacking when I
started my work and also other implications of the ICT model were unexplored
at this point: How does the inhomogeneous potential, implied by the mixed
valency, inﬂuence ELA of neutral and charged molecules in the ﬁrst overlayer?
How do charges and diﬀerently-charged molecules arrange in this layer? Does
the supporting electrode’s role as counter charge for the charges in the overlayer
translate to an electric ﬁeld that extends over the whole layer between contact
and interface [as illustrated by the slanted energy levels in Fig 1.1 b)]?
The goal of this work was to advance the understanding on how Fermi-level
pinning at O/O interfaces invokes the supporting electrode and to carefully
monitor concomitant electrostatic, chemical, and morphological eﬀects in the
interlayer and the ﬁrst overlayer. To this end, ultra-thin organic interlayers
were chosen, which should result in comparable fractions of charged and neutral
interlayers. In addition, for such thin ﬁlms, the whole organic heterostructure
is accessible by photoelectron spectroscopy. Lastly, the morphology is favorable, since the resulting ﬂat layers allow an accompanying scanning tunneling
microscopy (STM) study and simplify the theoretical analysis.
UPS, XPS, and STM results for two material combinations will be presented.
The ﬁrst heterostructure employs HATCN and tris(8-hydroxyquinoline)aluminum (Alq3 ). The second one comprises C60 and α-sexithiophene (6T). The
architecture of both systems consist of a Ag(111) surface that is pre-covered
with a physisorbed molecular layer (Alq3 or 6T), on top of which a strong
acceptor (HATCN or C60 ) is deposited. In both cases, the electron acceptor
has an EA higher than φ of the pre-covered metal substrate and the energetic
situation is as sketched in 1.3.
For Alq3 /HATCN, equilibrium is found to be established via electron transfer to HATCN. The results strongly suggest that the charges that ﬁll the HATCN
6

LUMO originate from the metal substrate, which will be termed metal to overlayer charge transfer, MOCT.
To derive a more generally valid and comprehensive picture of the energy levels for molecular heterojunctions in contact with a metal, C60 was deposited on
one monolayer 6T (ML 6T) and a bilayer 6T (BL 6T) pre-covered Ag(111). Both
systems exhibit MOCT, notably only involving a fraction of the C60 molecules
within the ﬁrst overlayer. The ratio of charged to neutral molecules diﬀers
markedly for both systems, demonstrating a dependence on the overlayer-tometal distance, i.e., the thickness of the 6T spacer layer. The potential drop
observed in the spacer (6T) layer as well as the energy position of the neutral C60
frontier levels is proposed to result from electric ﬁelds induced by the interface
dipoles. This statement is further supported by classical electrostatics calculations. These ﬁndings establish a coherent picture for the energy alignment
at Fermi-level pinned molecular (including organic/organic) interfaces of thin
ﬁlms in contact with metals. The same reasoning might also apply to cases of
pinned molecular and organic heterojunctions comprising thicker layers, which
was tentatively tested by applying the model to one such system that had been
measured and analyzed before.
Polar molecules at organic/metal interfaces: Molecular self-assembly
and energy-level alignment
Polar molecules are another means for tuning the energy level alignment at
functional interfaces in (opto)electronic devices [317, 98, 52, 3, 205]. In addition,
they are of interest also for other technological applications. For instance, they
form the liquid crystals (LC) in LC displays [101]. Furthermore, the built-up
of a giant surface potential (GSP) is observed in cases where vacuum-deposited
polar molecules arrange with a preferred vertical orientation, an eﬀect which
can potentially be used to constitute the bits for organic-based memory devices
[144, 143, 293, 204, 13, 228, 229, 53].
UPS readily allows accessing the macroscopic electronic parameters of such
systems, like energy levels and work function. However, from this it is often not
straightforward to pinpoint the actual inﬂuence of the dipole moment on the
molecular arrangement in the interplay of the various intermolecular forces, since
dipole-dipole interactions operate against, or cooperatively with, other shortranged intermolecular forces like hydrogen bonds, π-π stacking, and dispersion
forces [182].4 The scanning tunneling microscopy technique, on the other hand,
gives access to the electronic and geometric structure of individual molecules
and the details of the molecular arrangements [308, 145, 246, 65]. In addition,
STM allows monitoring the system’s response when applying an electric ﬁeld
[112, 179, 327, 230, 50, 149, 246, 72].
In this work, the molecular self-assembly of the non-polar para-sexiphenyl
(6P) was compared to a series of partly-ﬂuorinated, and, thus, polar 6P derivatives. With low temperature-STM of low coverage ﬁlms on Ag(111), the ﬂuorinated derivatives are found to form quasi-one-dimensional rows due to hydrogen
4 The same is also true for other macroscopic observables (e.g. derived from nuclear magnetic resonance [271, 283, 308], X-ray diﬀraction [283, 308, 145], diﬀerential scanning calorimetry [283, 277], optical [283, 145, 277] and scanning electron microscopy [182], or UV-Vis [182],
infrared [182], and dielectric loss spectroscopy [283]).
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bonds. In addition, a clear eﬀect of the built-in dipole on the next-neighbor vertical oﬀset along the molecular rows could be identiﬁed.
From the appearance of the 6P derivatives it was not possible to directly
identify their orientation, which prevented the analysis of dipole networks in
more complex two-dimensional molecular assemblies and, thus, the use of highercoverage data for my work. The assembly in the coverage range around a full
monolayer, however, is of utmost application relevance, since the ﬁrst monolayer
constitutes the template which determines the ﬁlm growth of consecutively deposited ﬁlms. In addition, for monolayer coverage the molecular assembly has to
incorporate a bulk-like packing density. Accordingly, this situation much more
resembles the one in relevant 3D systems like liquid crystals. For studying such
higher coverage ﬁlms, 9-(bis-p-tert-octylphenyl)-amino-perylene-3, 4-dicarboxy
anhydride (ID28) was selected for its two very diﬀerent terminal groups on either end of the perylene core, as well as its large dipole moment of 12 debye.
To better predict competing intermolecular and substrate-molecule interactions,
ID28 can be compared with the closely related, but non-polar molecule 3,4,9,10perylene-tetracarboxylicacid-dianhydride (PTCDA), which has been studied extensively [284]. Four diﬀerent ordered phases were observed for pristine ﬁlms of
ID28/Au(111), and the molecules’ orientations could be identiﬁed. Formation
of the three phases with larger unit cells is severely kinetically controlled and
only found when the molecules are given suﬃcient ripening time at low coverage, or when an electric ﬁeld is applied with the STM tip. Furthermore, UPS
evidences a preferential alignment of ID28 molecules in multilayer ﬁlms, leading
to a surface potential of 1.2 eV, whose reversible partial removal by visible light
irradiation was also observed.
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Chapter 2

Fundamentals
The following chapter introduces the two types of materials that were used in
this work, namely conjugated organic molecules1 and metal crystals. Interactions between these materials are introduced and their impact on the energy
level alignment at organic/organic (O/O) and organic/metal (O/M) interfaces
is discussed. After this, the concept of Fermi-level pinning is presented. The
ﬁnal part addresses morphological aspects at O/O and O/M interfaces.

2.1

Conjugated organic molecules

Conjugated organic molecules (COMs) have an extended π-electron system consisting of conjugated double-bonds. Because of the weak intermolecular forces
(see below), molecular solids largely retain the electronic structure of their individual entities2 . For the same reason, charge transport is often not very eﬃcient.
In COM solids this can be mitigated by, e.g., choosing long chain-like building
blocks (= polymers) or by guaranteeing a favorable next-neighbor stacking that
allows the orbitals of adjacent molecules to overlap.
The energy which is required for the excitation of an electron from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO) is called optical gap (Eopt ). Eopt is > 1.5 eV for most COMs.
Therefore, the number of intrinsic charge carriers in a COM solid is negligible
[43]. Charge carriers can be introduced by excitation with light3 , from the
contacts, or by (electro-)chemical or ﬁeld-eﬀect doping.
The most important energies for organic electronics are the electron aﬃnity
(EA) and ionization energy (IE), which are deﬁned for a COM as the energy
gain when adding one electron to the LUMO and energy cost when taking out
one electron from the HOMO, respectively. The energy reference is the vacuum
level (VL), which in this case is the rest energy of an electron at a point inﬁnitely
far away from the COM. The energy diﬀerence between EA and IE for a COM
then corresponds to taking one electron from its HOMO and adding it to the
1 Note

that in this work the term COM will be used also for the all-carbon molecule C60 .
interaction is observed when the energy levels of two COMs in contact “match”,
e.g., between acceptor and donor molecules [245], which is carefully excluded in all encountered
cases throughout this work and will therefore not be discussed here.
3 However, excitation by light creates localized electron-hole pairs (Frenkel excitons), which
have to be separated ﬁrst to end up with free charge carriers
2 Chemical
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LUMO of another COM of the same type and is called transfer gap (Etrans ).
Due to correlation eﬀects, Etrans can be larger than Eopt by more than 1 eV [71].
COMs combine several properties which make them ideally suited for certain
(opto)electronic applications: They absorb and emit light very eﬃciently, can
be designed virtually unrestricted, and oﬀer the possibility to be processed at
large scale and with low cost and energy.

2.2

Intermolecular forces

In the absence of strong (covalent, ionic, or metallic) bonds, intermolecular
forces are dominated by the so-called van der Waals forces, whose contributions
will be discussed in the following.

2.2.1

London dispersion force and Pauli repulsion

Quantum theory yields two phenomena that dominate the interaction between
most neutral molecules: Firstly, the so-called London dispersion force, which
is due to the dispersion interaction between molecules, proportional to their
polarizabilities [80], and always attractive, and, secondly, the so-called Pauli
repulsion, which is due to the exchange interaction between identical fermions
and makes it unfavorable for the wave functions of electrons with the same spin
to overlap. The resulting potential can often be approximated by the LennardJones potential [80]
U (r) = Ar−12 − Br−6 ,
or the similar function
U (r) = A exp(−Br) − Cr−6 ,
where A, B, and C are empirical constants for a given intermolecular interaction
and r is the intermolecular distance. A proper theoretical description of the
dispersion force is intricate, since it is due to Coulomb correlation, which is not
included in the Hartree-Fock method [45, 19].

2.2.2

Electrostatic interactions due to permanent multipole moments

Obviously, molecules containing a built-in dipole interact via dipole-dipole forces
(see e.g. [330]). The assessment of this interaction, however, is severely complicated by the fact that small COMs, as the ones used throughout this work, are
equipped with a dipole moment by means of introducing electron withdrawing
or donating groups, thereby forming intramolecular polar bonds (IPB). This
means that polar COMs signiﬁcant diﬀer from ideal dipoles and contain higher
order multipole moments. In addition, the IPBs, rather than the net built-in
dipole of the complete COM, are most relevant for certain localized interactions
(e.g. hydrogen bonds). Therefore, in the following paragraph the discussion of
multipole-interactions will start from the IPB level.
Most COMs contain IPBs. For example, carbon bound to hydrogen (with
the smaller electronegativity of the two) often gives a dipole moment pointing
10
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Figure 2.1: a): Illustration of a hydrogen bond on the basis of the peripheral intramolecular polar bonds (IPBs; illustrated by arrows) of two adjacent
molecules only. b): Proton acceptor-organic ring system interaction (PARI).
The peripheral IPBs of two adjacent molecules (dotted lines) should result in a
repulsive force. In contrast, a net attractive force emerges when taking all IPBs
of the ring system into account (dashed lines) [10].

towards the carbon4 , while the dipole moment points away from the carbon
atom when it is bound to more electronegative atoms (e.g. ﬂuorine, nitrogen,
and oxygen). In general, the entirety of all IPBs results in a non-vanishing
total permanent dipole moment. And although for molecules with inversion
center the total dipole moment is zero, higher order multipole moments for these
molecules due to the IPBs remain. Therefore, electrostatic forces always have
to be considered when studying intermolecular interactions. The appropriate
description of the respective interaction is determined by the geometry at hand:
While the macroscopic multipole expansion model is suitable for large-enough
distances, for which it rapidly converges and higher order terms can be neglected
[296], a ﬁrst principle description has to be applied for very small distances.

A good example for the latter is the hydrogen bond, as illustrated in Fig.
2.1. In its electrostatic description, the IPB-dipole between hydrogen and a
more electronegative atom X attracts the IPB-dipole of a highly electronegative
peripheral atom Y of another molecule (or of the same molecule in case it has
a tertiary structure) [Fig. 2.1 a)]. These two dipoles will align parallel and
cause an X-H· · · Y bond angle of ca. 180◦ . The magnitude of the polarity of
the X-H bond is dependent on the chemical environment of X. For instance,
partial ﬂuorination of acetylene, ethylene, ethane, and methane strengthens
these molecules’ hydrogen bonds to ammonia [312]. Notably, while (as shown by
the just mentioned example) ﬂuorine has a large electronegativity, it was claimed
that “organic Fluorine hardly ever accepts hydrogen bonds” [81]. Moreover, for
the interaction between proton acceptors and organic ring systems (PARI), it
was shown that the electrostatics of the whole ring has to be taken into account
[10]. The PARI can be attractive even when the two IPB-dipoles are antiparallel
[Fig. 2.1 b)], the most favorable alignment in this case being Y located in
between two hydrogen atoms [10].
11
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Figure 2.2: Energy level alignment (ELA) at an organic/organic interface for
two diﬀerent orientations of the molecules in one of the layers. The relevant
intramolecular polar bonds that give rise to the shifted ELA in the two cases
are shown for one magniﬁed molecule.

2.3

Organic/organic interfaces

As mentioned above, the intermolecular interaction between two diﬀerent COMs
is typically only via weak van der Waals forces. If no dipole is formed during the
formation of the O/O interface (e.g. due to the preferential alignment of polar
COMs), the energy level alignment at O/O interfaces is given by Anderson’s rule
[8] according to which the individual materials simply align with their vacuum
levels, as shown in Fig. 2.2.
Importantly, for COMs with an asymmetric IPB distribution (e.g. planar
COMs), an electron will have to cross signiﬁcantly diﬀerent potential barriers
when traveling from or to the COM depending on the direction of travel. This
means that IE and EA of a ﬁlm (and distances small compared to the in-plane
ﬁlm dimensions) made from such a COM depends on the orientation of the
molecules, as illustrated in Fig. 2.2 [57, 125, 244, 76].
Deviation from vacuum level alignment at weakly interacting organic/organic
interfaces is sometimes observed also for non-polar COMs [297, 313], which for
one particular system was traced back to mutual polarization [297]. Notably,
the conductive substrate, which supports and electronically connects the organic
hetero-layer, is often not considered when attempting to explain the observation
of such interface dipoles. Such considerations have to fail in case of Fermi-level
pinning as will be discussed in section 2.7.2.

4 However,

as discussed below, for organic ring systems this is not true.

12

2.4

Metal crystals

For a solid, the Fermi level (EF ) separates occupied from unoccupied electronic
states - the probability for a state at the energy EF to be occupied is 1/2.
For a metal, the Fermi energy is located within one (or more) electronic energy
band(s). The corresponding electrons are delocalized over the whole crystal and
can be regarded as a nearly free electron gas, which gives rise to properties such
as the large electric conductivity of metals.
The work function φ is deﬁned as energy diﬀerence between the vacuum level
and the Fermi level. The vacuum level in this case is deﬁned as the energy of an
electron at a distance large enough to neglect the inﬂuence of the image charge
in the metal, but small compared to the surface dimensions. The part of φ that
is due to the surface will be referred to as φs . It is due to the asymmetry at
the surface, with the substrate on its one, and vacuum on its other side. The
electron cloud extends into vacuum, while the positive charges are localized at
the cores, which creates a dipole layer at the surface, as illustrated in Fig. 2.3
a).
The asymmetry at the surface also gives rise to additional, surface-bound
electronic states (so-called surface states) [280, 268, 15, 128]. In addition, the
energetically most favorable arrangement of atoms at the surface can deviate
from the bulk crystal structure, giving rise to surface reconstructions for which
the surface atoms do not have the same crystal structure as the bulk atoms [44].
From the fcc(111) surfaces employed in this work, a reconstruction is observed
only for Au(111) [44, 17].

2.5

Organic/metal interfaces

The equivalent of Anderson’s rule for the interfacial energy level alignment between a metal and an organic semiconductor is the Schottky-Mott rule, which
assumes that the two materials align with their respective vacuum levels, thereby
neglecting all interactions at the interface. The energy barriers between the
metal EF and the energy levels of the molecular solid that are responsible for
charge transport (i.e. HOMO and LUMO) are usually termed hole and electron
injection barrier (HIB/EIB). In the Schottky-Mott limit, they are simply given
by |EA − EF | and |EF − IE|. As their name suggests, these barriers sensitively
inﬂuence the charge injection eﬃciency, and are therefore crucial for device performance. This can be clearly seen from the Shockley formula, which described
the current density, j, through a Schottky-diode [278]:
j = A∗ T 2 exp



−IB
kB T




exp

eUext
nkB T




−1 ,

(2.1)

where T is the absolute temperature, kB Boltzmann’s constant, Uext the applied
voltage, and q the charge corresponding to the respective injection barrier IB.
2
4πqm∗ kB
is the eﬀective Richardson constant with the eﬀective mass m*
A∗ =
h3
∂V
is the ideality factor.
and Planck’s constant h. n = kBqT ∂(lnj)
In the following, examples will be given for frequently observed interactions
at metal/organic interfaces, which in general lead to the formation of interface
dipoles and, therefore, signiﬁcantly alter the injection barriers.
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Figure 2.3: a): The organic/metal (O/M) interface before contact. The relevant energy levels are presented in the top part while the bottom part illustrates
the surface charge distribution in the pristine metal substrate. b) and c): Two
possible cases for the interface after contact. The models in the bottom part illustrate the push-pack eﬀect as dominating eﬀect for physisorbed molecules and
indicate a signiﬁcant charge rearrangement in the case of chemisorption by interfacial electron clouds, respectively. For physisorbed molecules, the molecular
energy levels are only slightly broadened compared to the gas phase molecules.
In contrast, chemisorption results in signiﬁcant broadening of the molecular
energy levels due to the hybridization with electronic states of the metal. Additional density of states in the HOMO-LUMO gap of the isolated molecule is
observed for strong molecular-metal bonds involving speciﬁc peripheral atoms of
the molecules. Note that Δφ for the chemisorption case was chosen as positive
just as an example.
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2.5.1

Physisorption and push-back eﬀect

The weakest possible interaction between a COM and a metal surface is when
only van der Waals forces are present. In this case, the adsorption process does
not involve a chemical hybridization of the frontier molecular orbitals and the
metal states [242, 291, 290] and is referred to as physisorption. In recent years,
an increasingly accurate calculation of the adsorption energies of physisorbed
molecules on metal surfaces became feasible within the framework of density
functional theory. One example for the predictive power of the current models
can be found in the good agreement between theory and experiment for the
bonding distances of the large hydrocarbon molecule diindenoperylene on the
Au(111), Ag(111), and Cu(111) surfaces, which were determined experimentally
by the X-ray standing wave technique as a side project of this work [46].
When a molecule is adsorbed on a clean metal surface, the spill-out of electrons is pushed-back due to Pauli-repulsion and the surface dipole φs is decreased, as illustrated in Fig. 2.3 b). The magnitude of the push-back eﬀect is
mainly controlled by the adsorption distance [242, 291, 290]. Notably, the φs decease depends on the initial φs . Since metals with large φ usually also have
a large φs contribution, Δφ due to the push-back eﬀect is roughly proportional
to φ [64].

2.5.2

Chemisorption

Depending on the molecule-metal combination, chemical interactions of very
diﬀerent magnitude can occur at the organic/metal interface. The term weak
or soft chemisorption was coined for the lower end of the spectrum, characterized by slightly decreased adsorption distances (compared to physisorption)
and broadening of the molecule’s energy levels [74]. Stronger interactions are
often accompanied by small adsorption distances and distortions of the molecular geometry, which could in several cases be clearly related to the formation of
new bonds between the metal and speciﬁc sites of the molecule (anchor groups)
[120, 284, 239]. The eﬀect of chemisorption on the density of states in the
HOMO-LUMO gap is illustrated in Fig. 2.3 c).
Lastly, if metal-molecule bonds are more important than the intermolecular
bonds, the molecules can break during or after the adsorption process [151, 63,
91, 328, 329].

2.5.3

Adsorption-induced intermolecular interactions

The adsorption of COMs on a metal surface can result in intermolecular forces
that are not present in a bulk COM solid. One important example is the repulsion that arises between the dipoles created by an adsorption-induced charge
transfer, e.g., due to the push-back eﬀect [272] or induced by Fermi-level pinning
[89]. In addition, the mutual orientation of adjacent molecules at the interface
is predetermined by their adsorption geometry, which can enforce repulsion due
to peripheral partial charges [303].
15

Figure 2.4: Illustration of the screening eﬀect. When molecules are in
proximity of a metal substrate or polarizable matter, an added hole (electron) is screened by the surrounding
electrons, which shifts the ionization
(aﬃnity) levels by the energies ph (pe )
[206].

2.6

Relaxation processes and renormalization of
molecular electronic levels

The molecular orbitals and vibronic modes of a COM with an added hole or
electron diﬀer from the neutral system. A change in the number of electrons
(induced, e.g., by charge transport in an organic electronic device or a photoelectron spectroscopy measurement) ﬁrst causes a change of the electronic structure.
This electronic relaxation takes place on the femtosecond timescale. Notably,
the Coulomb interaction between the extra electron or hole will result in a polarization of the matter surrounding the molecule (if present). This process is
called screening and stabilizes the ionization or aﬃnity levels when compared to
the corresponding gas phase levels, as illustrated in Fig. 2.4 [206]. The screening
eﬃciency is a function of the relative permittivity of the surrounding matter,
and therefore smaller for a COM surrounded by only other COMs than when
located at the interface with a metal surface [131, 142, 152, 164, 331, 292].
The nuclear coordinates react to the electronic relaxation. However, the
nuclear motion is signiﬁcantly slower than that of the electrons. Therefore, the
so-called lattice relaxation lasts on the order of 10−13 s [256]. Accordingly, the
relaxation relevant for a given phenomenon depends on its duration.

2.7

Fermi-level pinning

The term Fermi-level pinning dates back to the middle of the 20th century
and was coined during the research on interfaces between metals and inorganic
semiconductors. For these, a clear deviation from the Schottky-Mott rule was
observed, notably in such a way that the injection barriers were only weakly
dependent on the used metal. This was explained by a high density of intragap states at the interface [surface states of the semiconductor and/or new, so
called metal-induced gap states (MIGS)], that become charged upon contact
and thereby align the Fermi-level of semiconductor and metal at the interface
[15, 142].
In the following, the concept of Fermi-level pinning will be introduced for
weakly interacting interfaces. After this, O/O and O/M interfaces will be dis16

Figure 2.5: The energy levels before and after contact for weakly interacting
interfaces. a): Vacuum-level alignment is compatible with the electronic equilibrium and the Schottky-Mott limit applies. b) and c): Charges ﬂow during
contact formation to guarantee electronic equilibrium. The concomitant dipole
p realigns the energy levels and results in a work function after contact φﬁnal
which is independent of the substrate work function φsub (Fermi-Level Pinning).
cussed.

2.7.1

Weakly-interacting interfaces

Let us assume an interface between a COM overlayer and a metallic, yet inert
substrate, i.e., one that has occupied states up to EF and does not interact with
the COM via hybridization5 . When drawing the energy levels for the separated
materials, three situations are possible, as shown in Fig. 2.5: The work function
is in between EA and IE (a), larger than IE (b) or smaller than EA (c). In case
a, the energy levels will align with their vacuum levels and HIB and EIB after
contact formation will be described by the Schottky-Mott limit. In this case,
the work function after contact formation (φﬁnal ) equals that of the substrate
(φsub ).
In contrast, in cases b and c, vacuum level alignment would lead to negative
injection barriers and, thus, a situation out of electronic equilibrium. As a result,
electrons (holes) are transferred to the COM layer, for b (c) respectively, which
creates a dipole that rigidly shifts the energy levels of the overlayer. Since no
electronic overlap with the substrate is assumed, integer charge transfer (ICT)
by tunneling or hopping transport has to occur. The charge transfer stops once
equilibrium is established. Thus, φﬁnal in these cases is a ﬁxed value. It is called
the positive (negative) pinning work function φpin+ (φpin− ).
The slope parameter S relates φﬁnal to φsub
S=

dφﬁnal
dφsub

and can be used to distinguish situations for which the Schottky-Mott limit
applies (S = 1) from cases of Fermi-level pinning (S = 0, also referred to as
Bardeen limit). Fig. 2.6 a) illustrates how φﬁnal , Δφ, and HIB behave in the
two cases.
5 In practice, this can be a conductive polymer or a passivated inorganic substrate [36, 185],
e.g., as used in this work, a metal covered with an ultra-thin COM layer
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Figure 2.6: Work function after overlayer formation (φﬁnal ), hole injection barrier between substrate and overlayer (HIB), and interface dipole (Δφ) as function of the pristine substrate work function (φsub ) for three cases: a): Organicorganic interfaces, where no push-back eﬀect is observed. b): Physisorption of
COMs on metals, for which the push-back eﬀect, but no hybridization of electronic states occurs at the interface. For simplicity, the density of states for
HOMO and LUMO is assumed as a delta function in a) and b). In this case,
Fermi-level pinning abruptly sets in once φsub leaves the range deﬁned by the
critical values φpin- and φpin+ . c): Chemisorption, which involves an induced
density of interface states (IDIS) and is described by the charge neutrality level
model. See main text for details concerning the formula.

2.7.2

Organic/organic interfaces

In Sect. 2.3, isolated O/O interfaces were discussed. In relevant cases, however,
at least one of the layers of the organic heterostructure is in contact with an electrode and aligns its energy levels with respect to EF of the electrode. Therefore
the system O/electrode needs to be considered as substrate. By doing so, we
actually encounter the case of weakly interacting interfaces that was discussed
in Sect. 2.7.1. Therefore, if EF is located well inside the HOMO-LUMO gap, no
Fermi-level pinning is expected and, as discussed in Sect. 2.3, Anderson’s rule
applies, which becomes the Schottky-Mott rule if we employ EF as reference.
In contrast, if φsub is > φpin+ or < φpin- , Fermi-level pinning is observed.
According to the picture shown in Figs. 2.5 b) and c), φpin+ (φpin− ) simply
equals IE (EA). This yields a vanishing HIB (EIB). However, in many studies
ﬁnite HIBs of several tenth of an eV were observed for pinned organic overlayers.
For some time, no consensus was achieved about the origin of these observations.
Within the initial formulation of the ICT model, such energy diﬀerences were
explained by the fact that the levels relevant for pinning are not those of the
neutral molecules mapped by UPS, but those of (bi)polarons [36], which were
calculated to be located at lower binding energy [186]. It was further found from
electrochemical potential equilibration [29], that the pinning work functions
should be independent of the Coulomb energy it takes to place a hole or electron
in the COM layer, while this energy term is contained in IE and EA, respectively,
which are derived from UPS (see Sect. 2.6). It was therefore argued that the
energy diﬀerence between the two additionally contributes to the ﬁnite injection
barriers found from UPS [29].
Later experiments of organic heterostructures, however, indeed evidenced
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HIB ≈ 0 by UPS [195]. According to these experiments, the ﬁnite injection
barriers are due to tailing intra-gap states, which are the relevant pinning levels
for ﬁlm thicknesses of more than ca. one monolayer, but need extra care to be
resolved experimentally [195, 48, 275, 276, 191].
Interestingly, calculations predict that polarization of a ﬁrst chemisorbed
molecular layer can account for the Δφ that is required to fulﬁll the electrostatic equilibrium after a second, Fermi-level pinned layer is put on top [237].
This might be an alternative way for an organic heterojunction on a metal to
achieve electronic equilibrium, notably without the need for a net charge transfer
between any of the involved materials.

2.7.3

Organic/metal interfaces

In the case of organic/metal interfaces, the processes discussed in Sect. 2.5 have
to be included. As illustrated in Fig. 2.3, for chemisorbed COMs signiﬁcant
density of states exists in the gap, namely the (hybridization-)induced density of
interface states (IDIS) as discussed in the charge neutrality level-model [301, 92]
and states due to bonds between the metal and the COM formed by speciﬁc
peripheral groups of the COM. In this case, the Fermi-level pinning theory
derived for Schottky contacts involving inorganic semiconductors can be applied.
Therein, it was found that the slope parameter S depends on the density of
states at EF at the interface, D(EF ):
S=

1
1 + αD(EF )

(2.2)

where α is a factor that depends on the geometry and charge densities of the
two materials at the interface.
In the case of physisorption and with the metal EF well inside the HOMOLUMO gap of the COM, the D(EF ) is not suﬃcient to align the energy levels at
the interface. Then αD(EF )  1, S → 1, and the Schottky-Mott limit applies
(which is just the mathematical way to express what was discussed already
in Sect. 2.7.1). However, due to the push-back eﬀect, the absence of Fermilevel pinning does not imply vacuum-level alignment.6 In addition, due to the
increasing push-back-related Δφ with increasing φsub (see Sect. 2.5.1), S < 1
is often found in these cases [Fig. 2.6 b)]. When, by varying φsub , EF starts to
overlap with HOMO or LUMO of the COM, D(EF ) increases. For a very large
overlap we have αD(EF )  1. Then, S → 0, and the work function is pinned,
as shown in Fig. Fig. 2.6 b). This, again, is what was discussed in Sect. 2.7.1
with the help of Fig. 2.5 and without explicitly invoking Eq. (2.2).

2.8

Morphology at interfaces

Depending on its genesis, the interface between two materials can exhibit very
diﬀerent morphologies. For fundamental studies such as presented in this work,
usually the formation of a planar interface by depositioning an overlayer on
a ﬂat and rigid substrate is preferred, since, amongst others, this geometry
signiﬁcantly simpliﬁes the theoretical treatment. In the case of ﬂat poly- or
6 Note that also organic/metal oxide interfaces show a behavior that resembles the pushback eﬀect [109, 180].
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Figure 2.7: Relevant processes for COMs deposited on a surface by molecular
beam epitaxy.

single-crystalline metal substrates, their surface morphology stays essentially
unchanged after adsorption of molecules and only small changes can occur, like
the adsorption-induced lifting or change of the surface reconstruction of Au(111)
that was observed in some cases [193, 240]. For organic surfaces, however,
one has to be more careful, since in-diﬀusion of overlayer molecules has been
frequently reported [100, 77, 5]. In addition, the orientation of the molecules
constituting the substrate surface might change upon overlayer formation [217,
169, 94].
In this work, all organic overlayers were prepared by molecular beam epitaxy
(see Sect. 4.3.1). The formation of the resulting molecular ﬁlms is complex, as
illustrated in Fig. 2.7, which summarizes the relevant processes, the importance
of which vary signiﬁcantly as a function of, e.g., adsorbate-substrate interaction,
adsorbate-adsorbate interaction, deposition rate, sample temperature, and kinetic energy of the impinging molecules.
Notably, ﬁlm morphologies are often local energetic minima only, and the
achievement of a global maximum is kinetically limited [172]. Annealing can
be used to overcome this limitation [172, 150, 200]. Usually one distinguishes
between the three growth modes shown in Fig. 2.8 a). Which one of them will
be dominant depends on the surface and interface energies at play. This, in
turn, allows a prediction of the ﬁlm morphology for a given adsorbate-substrate
combination on energetic grounds: A wetting layer usually forms if the substrate surface energy is larger than the sum of surface-adsorbate interface energy and adsorbate surface energy, while 3D-island growth prevails from the
sub-monolayer on in the reverse case (the latter is usually termed Volmer-Weber
growth). The same reasoning can be applied for the consecutive layers when
replacing the substrate surface energy by the adsorbate surface energy and the
surface-adsorbate interface energy by the adsorbate-adsorbate interface energy.
This means that the slightest intermolecular attraction should lead to nucleation and island formation from the second or third7 layer onward (StranskiKrastanov growth). However, in some cases kinetic limitations or anisotropic
intermolecular forces lead to a layer-by-layer growth also beyond the monolayer
(Frank van der Merwe growth). A study that nicely shows the eﬀect of the
7 Sometimes

the substrate-adsorbate interaction extends beyond the ﬁrst layer.
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Figure 2.8: The three modes used for classifying ﬁlm growth. a): The corresponding schematic real-space models (with the substrate in dark gray and the
adsorbate in light gray); b): XPS intensities (I) stemming from the substrate
(S) and the adsorbate (A) as function of deposition time (t) in thick and thin
lines, respectively [235].
substrate-adsorbate interaction strength on the growth mode, in that it covers
the whole range of growth modes for the same adsorbate, is presented in Ref.
[232].
Monte-Carlo modeling and Molecular Dynamic simulations can be used to
predict the morphology of a given system and account for dynamic aspects (and
thus also kinetic limitations) [281, 173]. Still, due to the complexity of typical
O/M and O/O interfaces and the mentioned anisotropic intermolecular forces,
dedicated experiments are still an indispensable tool to elucidate interface morphologies [235, 168, 170, 169, 150, 172, 200]. Owing to its high surface sensitivity
and element sensitivity, XPS [150, 200] and Auger electron spectroscopy [235]
can be used for this purpose. The attenuation of photoelectrons originating
from the substrate by the overlayer is described by the Beer-Lambert law (see
Sect. 3.1). Therefore, comparing the intensity of core level or Auger peaks
characteristic for substrate and overlayer, respectively, gives a sensitive method
to infer the ﬁlm growth mode [235], as illustrated in Fig. 2.8 b).
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Chapter 3

Methods
Two techniques were used for obtaining the experimental results presented in
this work, photoelectron spectroscopy (PES) and scanning tunneling microscopy
/ spectroscopy (STM/STS). The following chapter introduces the working principle of both analysis techniques and presents their respective accessible observables. At the end of the chapter, necessary details are given on how density
functional theory was used to interpret some of the experimental results.

3.1

Photoelectron spectroscopy

Photoelectron spectroscopy is based on the photoelectric eﬀect, which was discovered more than hundred years ago. Before going into the details of this
process, the general working principle and setup of a PES experiment will be
explained by following the way of a photoelectron from its generation to its
detection.
When matter is illuminated with light of a frequency ν above a materialspeciﬁc minimum value νmin , electrons are emitted, while no electrons are emitted for ν < νmin (except for very high intensities). The occurrence of a minimum
frequency was explained by Albert Einstein, who proposed the existence of discrete wave packages, each with an energy hν, where h is Planck’s constant.
This model also predicted that the maximum kinetic energy of the photoelectrons should vary like ν, i.e. Ekin,max = hν − φ. When also accounting for the
binding energy, EB , of the energy level a given photoelectron originated from,
its kinetic energy is given by
Ekin = hν − φ − EB

(3.1)

The highest accessible EB depends on hν, and therefore on the excitation source
employed.
If an electron is excited not at the very surface of the sample but in a buried
layer (which in the most extreme case is a core electron that is “buried” under
the atom’s/molecule’s electron cloud), it can get scattered by the electrons in
the matter it has to traverse before reaching vacuum. This process limits the
escape depth of electrons with kinetic energies relevant for PES (10 - 2000 eV)
to less than 20 Å, and for Ekin ≈ 50 eV to even only a few Å (see Fig. 3.2
and, e.g., Ref. [129]). Accordingly, PES is a very surface sensitive technique.
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Figure 3.1: a): Hemispherical photoelectron spectrometer. The main components are described in the main text. b): Illustration of the photoelectric eﬀect.
Light of energy hν causes an electron from within the sample to be emitted
with a kinetic energy Ekin = hν − φ − EB . The energy ranges for UPS and
XPS are indicated (not to scale). c): Potential map (bottom) and real space
illustration (top) for an electron (from left to right) just outside of the sample,
far away from sample and spectrometer, and in the spectrometer. The situation
as sketched, with φspec > φsample and without Ubias applied between sample and
spectrometer, prevents φsample from being derivable from the SECO onset. b)
and c) were adapted from [164].

Figure 3.2: The so-called universal
curve, which allows estimating the inelastic mean free path λ of the photoelectrons as a function of their kinetic
energy. The gray band indicates the
uncertainty of the presented ﬁt, which
was derived from experimental data
obtained for various materials [258].
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Nonetheless, photoelectrons from shallowly buried layers will also show up in a
PES experiment. The remaining intensity of photoelectrons, I, after traveling
through matter of thickness d is described by the Beer-Lambert law
d

I = I0 e λ

(3.2)

where I0 is the initial photoelectron intensity and λ the inelastic mean free
path1 .
Photoexcited electrons that reach the surface can escape into vacuum if
their kinetic energy perpendicular to the surface is large enough to overcome
the sample work function. For a periodic and ﬂat surface, the transmission of
the electrons into vacuum conserves their momentum parallel to the surface,
while the momentum perpendicular to the surface is changed by the potential
asymmetry between solid and vacuum.2 This allows band mapping of a solid
by angle resolved PES (ARPES) [274, 129]. The angle between the direction of
travel of the liberated photoelectron and the sample surface is called take-oﬀ or
emission angle.
In a PES measurement, a photoelectron spectrometer is used to detect and
analyze the photoelectrons, and is thus sometimes referred to as detector or
analyzer. By now, most photoelectron spectrometers follow the principle setup
shown in Fig. 3.1 a). The photoelectrons ﬁrst pass through a system of electron
lenses, which, for example, allows optimizing the spatial or angular resolution.
In addition, their kinetic energy is changed by a retarding ﬁeld, so that when
entering the hemispherical energy analyzer the electrons of the kinetic energy
of interest now travel with the so-called pass energy Epass (which means that
the retarding ﬁeld is changed while measuring a photoelectron spectrum). The
energy resolution varies as the inverse of Epass , but the transmission of photoelectrons decreases with decreasing Epass , making the choice of Epass usually
a compromise between optimizing the two. The electrostatic ﬁeld between the
hemispheric plates lets pass only electrons that fulﬁll Ekin = Epass , which are
then counted by an electron detector. The result is an electron energy distribution curve as shown in 3.1 b), which, according to (3.1), directly depicts the
density of states (DOS) within the probed sample.

3.1.1

Ultraviolet and X-ray photoelectron spectroscopy

With excitation energies of some eV up to several ten eV, UPS mostly probes
weakly bound electrons that are shared among several atoms (the so-called valence band or valence electron region, VB). These are also the electrons that
participate in chemical reactions. The spectral shape of the corresponding features in UPS therefore allows accessing these processes. In this introductory
section, however, only the more-immediate aspect of deriving the energy level
alignment from UPS will be discussed.
A typical UPS spectrum of a clean metal is sketched in the top part of Fig.
3.3 a). The occupied states extend up to EF , which is used as origin of the
binding energy scale. An example for the Fermi edge of Ag(111) measured at
1 For electron paths close to parallel to the sample surface (i.e., for take-oﬀ angles > 50◦ ),
elastic scattering of photoelectrons is important and the escape depth should be used in (3.2)
instead of λ [147].
2 When assuming free photoexcited electrons within the solid, this simply reﬂects Snell’s
law [129].
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Figure 3.3: a): Sketch of UPS spectra of a clean metal (top) and after depositing a molecular ﬁlm on top (bottom). The procedure for determining the low
binding energy onset of emission from the HOMO (HOMO onset) is illustrated
and the determination of the organic/metal HIB as energy diﬀerence between
metal EF and HOMO onset is depicted. b): Illustration of how plotting the
SECO region as function of the kinetic energy allows determining φsample , when
Ubias and φspec are accounted for. The SECO diﬀerence between clean metal
and molecular ﬁlm directly gives the interface dipole Δφ.
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BESSY with hν = 35 eV is shown later on in Fig. 4.3 b). Note that the energy
reference is unchanged for a spectrum obtained from a molecular ﬁlm, also if
no DOS at EF is observed. This allows directly determining the hole injection
barrier (HIB) as energy diﬀerence between EF and the low binding energy onset
of photoelectron emission stemming from the HOMO, as illustrated in Fig. 3.3
a).
The low kinetic energy region of the spectra is shown in Fig. 3.3 b), and
corresponds to the high binding energy region in 3.3 a). The cut-oﬀ is called
secondary electron cut-oﬀ (SECO), since most of the intensity stems from inelastically scattered photoelectrons [cf. (3.2)], which are also called secondary
electrons. The existence of a cut-oﬀ energy is due to the sample work function
and its onset corresponds to photoelectrons that have Ekin = 0 just outside of
the sample. However, when sample and spectrometer are both grounded, as
drawn in Fig. 3.1 a) and c) (top), the SECO will only correspond to the sample
work function φsample if this is larger than the work function of the spectrometer (φspec ), as illustrated in Fig. 3.1 c) (bottom). Therefore, when measuring
the SECO region usually a bias voltage Ubias is applied between sample and
detector in order to clear φspec . When plotting the SECO as function of Ekin
and accounting for Ubias and φspec , φsample can directly be read of the graph as
illustrated in Fig. 3.3 b).
X-ray photoelectron spectroscopy (XPS) is usually concerned with photoelectrons originating from more-tightly bound electrons, the so-called core levels
(CL). These are strongly localized and their respective binding energies can be
used as a ﬁngerprint for the corresponding element. Accordingly, XPS allows
for a quantitative analysis of the elementary composition of a given sample. Together with the high surface sensitivity described above, this means that XPS
can be used to derive the growth mode of vacuum deposited overlayers (cf. Sect.
2.8).
The CL binding energies of an atom depend on the electrostatic potential
it is located in. Therefore, a change of its valence, oxidation, or bond state
causes a so-called chemical shift of the binding energies. In addition, an external
electrostatic ﬁeld also shifts the binding energies.

3.1.2

Photoexcitation

This section provides a thorough description of the photoexcitation process on
theoretical grounds. It has proven valid to treat the processes on the photoelectron’s way to the detector as independent of this initial photoexcitation process
[129]. Therefore, the discussion of these other processes that was provided above
remains valid.
In the photoelectron process, the initial state, an N electron system with
wave function Ψi (N ) and Energy E i (N ), is excited by a photon with energy hν,
and thereby transformed into the ﬁnal state described by Ψf (N ) and E f (N ).
The transition probability w is then given by Fermi’s golden rule

2 
w ∝ |Mif | δ E f (N ) − E i (N ) − hν
where the delta-function guarantees energy conservation and Mif is the transition matrix element of the photoemission perturbation operator H  ,


Mif = Ψf (N ) |H  | Ψi (N )
26

If we assert that the ﬁnal state consists of an ion, with Ψf (N − 1, k) and
E f (N − 1, k), and a photoelectron with kinetic energy Ekin , which originates
from the energy level labeled k, the energy conservation term yields
E i (N ) + hν = E f (N − 1, k) + Ekin

(3.3)

Let us also deﬁne the binding energy EB (k) as
EB (k) = E f (N − 1, k) − E i (N ) − φ ,

(3.4)

where φ accounts for the extra energy loss of the photoelectron when leaving the
sample, thereby referencing all energies to EF . Note that for PES of gas phase
molecules (and sometimes also for solid materials) the vacuum level is used as
reference. From combining (3.3) and (3.4) we then get:
EB (k) = hν − Ekin − φ ,

(3.5)

which is equivalent to Eq. (3.1).
To make sense of PES data, it is crucial to understand the signiﬁcance of
EB (k) and to link it and the photoelectron intensity (∝ w) to the Ψ(N ) system.
To this end, several approximations are usually applied. Firstly, due to their
much smaller mass, it can be assumed that the electrons instantaneously adapt
to a change of the nuclear coordinates. The Born-Oppenheimer approximation
therefore asserts that the Hamiltonian does not depend on the velocity of the
cores and the electronic part of Ψ can be separated from the total Ψ.
A ﬁrst order approximation of EB (k) can be obtained by applying Koopman’s
theorem, which assumes that the N - and (N − 1)-electron systems consist of
non-interacting electrons, and that the spatial distribution and energies of the
N − 1 remaining electrons in the Ψf (N − 1, k) system are identical to the ones
of the Ψi (N ) system. With these assumptions, EB (k) simply equals the energy
of the one-electron state |φk  that the photoelectron was taken out of. This,
however, is only a crude approximation, since correlation and ﬁnal state eﬀects
are completely ignored.
Many-body-processes
A more realistic model is the so-called sudden approximation. It allows for
a time evolution of Ψf (N − 1, k), but neglects any interaction between the
photoelectron and the (N − 1)-electron system [30] [however, due to energy
conservation, the energy of the photoelectron is related to the ﬁnal state of
the (N − 1)-electron system]. Since many-body eﬀects are now to be included,
the analysis is done by means of the second quantization, which involves introduction of annihilation and creation operators ai and a+
i for an electron in a
one-particle state |φi  with energy i , and allows writing the perturbation as

 +
H =
Hij
ai aj
i,j

This yields
w∝



φf |H  |φi Aij (Ekin − hν) φj |H  |φf 

i,j
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Figure 3.4: a): Illustration of two important many-body processes that decrease
the kinetic energy of the primary photoelectron. b): Simulation of how manybody processes can aﬀect the outcome of a PES experiment. K is the energy
of the photoelectrons initial one-electron state given by Koopman’s theorem
[129, 266].
with |φf  the one-electron state of the photoelectron.
The interactions within the ﬁnal state are expressed via the spectral function Aij , which for the approximation of vanishing oﬀ-diagonal elements can be
written as



|cs |2 δ Ekin − hν + E f (N − 1, k)s − E i (N )
Aii (Ekin − hν) =
s

|cs |2 gives the probability that removing an electron from state k of the initial
N -electron system results in a (N − 1)-electron system in the sth excited state.
In general, |cs |2 will be = 0 for all s, resulting in various peaks or a smooth
background in the photoelectron spectrum, depending on the importance of
correlation eﬀects [30].
Whether the relaxation processes discussed in Sect. 2.6 are included in the
photoemission process depends on their characteristic time scales. While electronic relaxation processes are included, changes due to structural relaxation,
which is more than one order of magnitude slower, are usually assumed to be
negligible [256].
An important process, in particular for XPS, is the excitation of a second
electron in the same molecule to an unoccupied energy level during the photoexcitation process, which leaves less kinetic energy for the primary photoelectron
and thus gives rise to satellite peaks at higher binding energy in the photoelectron spectrum as shown in Fig. 3.4. If the ﬁnal state of the second electron is a
bound state, the process is referred to as shake-up, while for an unbound ﬁnal
state it is called shake-oﬀ.
The energy of the ﬁnal state is further inﬂuenced by vibronic transitions
accompanying the primary photoexcitation. According to the Franck-Condon
principle, the nuclear coordinates do not change during the absorption of a
photon. The probability of a vibronic transition is then proportional to the
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square of the overlap integral between the vibrational wave functions of initial
and ﬁnal state (vertical transition). Due to the strong hole-vibration coupling of
COMs, the change of a COM’s electronic state signiﬁcantly aﬀects its vibrational
modes. Accordingly, a vertical transition into a ﬁnal state with a diﬀerent
vibrational mode can be most likely. When assuming the COM to be initially
in its vibrational ground state, the vibration satellites are given by a Poisson
distribution with In = S n e−S /n!. Here, In is the intensity of the nth vibrational
mode in the ﬁnal state and S is the Huang-Rhys factor for the vibrational mode
[324, 111, 38]. S is a measure of the electron-vibrational coupling interaction
[38].
Selection rules
In its general form, the perturbation due to light irradiation is given by
H =

e2
e
A · p + p · A − eΦ +
A·A,
2me c
2me c2

where p is the momentum operator, me is the electron mass, and A and Φ
are the vector and scalar potential, respectively. For a one-photon process and
with a classical treatment of the vector potential within the sample, all terms
except for A · p can be neglected. If furthermore the wavelength λ = 2π/|k|
can be assumed to be large compared to the atomic dimensions, the dipole
approximation applies and only the leading term of A = A0 exp(ik · r) ≈ A0 has
to be considered. H  then becomes
H =

e
(A0 · p)
2me c

and the transition matrix element is given by
Mif ∝ φf |p|φi 
which can be rearranged by using commutator rules to yield
Mif ∝ φf |μ|φi 
with the transition dipole moment μ = q r. φi represents the bound electron in
a given orbital, and φf the ﬁnal state corresponding to the emitted electron.
Information on the molecular orientation within a ﬁlm can be obtained from
the fact that Mif will be only non-zero if it is totally symmetric, or (for point
groups with degenerate representations) contains at least one totally symmetric
component, which gives rise to the so-called selection rules [274]. That said, the
details of the group-theoretical treatment of the symmetry operations present
in common molecules is beyond the scope of this work and it should suﬃce to
note that the symmetry of the ﬁnal states for which Mif = 0 is given by the
direct product of the representations of φf and the dipole operator (which can
be denoted by the electric ﬁeld E) [274]. This is illustrated in Fig. 3.5 for
the point group C2v , which is frequently encountered for molecules adsorbed
on periodic surfaces. Accordingly, selection rules allow determining whether
emission from a given orbital is allowed for a particular measurement geometry.
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Figure 3.5: Illustration of the predictions of symmetry selection rules for the
point group C2v adapted from [274]. φi and φf are the initial and ﬁnal state,
respectively. E is the electric ﬁeld polarization. A ﬁnal state A1 is allowed at
any detector position. B1 and B2 ﬁnal states are allowed in the xz- and yzmirror plane, respectively, while they are forbidden in normal emission and in
the nodal planes of the ﬁnal state (the yz- and xz- mirror plane, respectively).
A ﬁnal state A2 is forbidden in normal emission and in in the yz- and xz- mirror
planes.
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3.1.3

Line width and shape

The lower limit for the width of features in photoelectron spectra is given by
the life time broadening of the probed energy levels. Inhomogeneities of the
sample induce another broadening contribution, since the ionization levels of
COMs sensitively depend on their orientation within the ﬁlm (Sect. 2.3) and
their environment (Sect. 2.6). These eﬀects, together with the experimental
resolution, decide whether the ﬁnal state eﬀects discussed in Sect. 3.1.2 are
reﬂected in the spectra.
For thin molecular ﬁlms on metals, photoelectrons stemming from the substrate are detected together with the molecular features. However, a simple
simulation of such spectra by taking spectra for the respective pure systems is
usually not possible due to the following reasons: Because of the interaction
between molecules and metal, the N - and (N − 1)-electron systems at the O/M
interface diﬀer from those of the two separated materials. This also means that
ﬁnal state eﬀects (cf. Sect. 3.1.2) for probed molecules are diﬀerent when close
to the metal than for those in the molecular bulk, as was already described for
the process of screening in Sect. 2.6. In addition, photoelectrons originating
from the metal are diﬀracted by the molecular overlayer [7, 187, 102, 28, 103].

3.2

Scanning tunneling microscopy / spectroscopy

The invention of scanning tunneling microscopy (STM) dates back some 30 years
[24, 25, 27, 23, 26] and STM has quickly become an indispensable technique for
surface analysis [332, 246] and manipulation [246, 132]. In STM, the tunneling
current It for an applied voltage Ut between the conductive tip and the conductive sample is employed as measurement signal. A simple formula for It can be
derived based on the WKB approximation of the probability for an electron to
penetrate a potential barrier [269]:
It ∝

Ut −2κ0 d
e
d

(3.6)

where d is the barrier width, φ the average work function of tip and sample,
−1

, meaning that a change of d by 1 Å
and κ0 = 2mφ
2 . φ = 4 eV gives k0 ≈ 1 Å
results in an It change by one order of magnitude, which nicely illustrates the
high sensitivity of STM.
In a more rigorous calculation by Tersoﬀ and Hamann [285, 286] based on a
formalism by Bardeen [14], It is shown to also depend on the DOS of the sample
ρsample and the tip ρtip . For metal tips, ρtip can be assumed as featureless [cf.
Fig. 3.6 b)], and we can write
eUt

It ∝

ρsample (E)T (E, eUt )dE
0

t
where T (E, eUt ) = e−2κd , with κ = κ20 − E + eU
2 , is the transmission probability of the electron. Taking the derivative yields
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Figure 3.6: a): Principal setup of a STM: The piezoelectric actuators allow the
tip to be positioned along the three spatial directions with high accuracy. The
zoom depicts a favorable tip with only one atom at its end. The black line
illustrates the 1D isodensity line of the electronic DOS which will be traced by
the tip when in constant current mode. The one brighter surface atom depicts
another element, causing a diﬀerent apparent height proﬁle than all the other
atoms. b): Illustration of STS: The tip DOS is simpliﬁed as completely ﬂat
and the broadening of the ∂It /∂Ut spectrum due to the ﬁnite width of the
Fermi-Dirac-distribution is neglected.
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dIt
∝ eρsample (eUt )T (eUt , eUt ) + e
dUt

Z

eUt

ρsample (E)
0

dT (E, eUt )
dE
d(eUt )

dIt
and ρsample is the basis of scanning tunneling
This relation between dU
t
spectroscopy (STS), which is illustrated in Fig. 3.6 b). To better extract the
dIt
by
local DOS (lDOS) from the measurements, it is favorable to normalize dU
t
It
dividing by Ut , which gives

R eU
(E,eUt )
dE
ρsample (eUt ) + 0 t ρsample (E)/T (eUt , eUt ) dTd(eU
dIt /dUt
t)
=
R
eUt
1
It /Ut
ρsample (E) T (E,eUt ) dE
eUt

T (eUt ,eUt )

0

The advantage for this normalized version is that T (E, eUt ) and T (Ut , eUt )
appear as ratios. Therefore, their exponential dependence on Ut and d tend to
cancel [87]. Yet, all terms are approximately of the same order and and the
ρsample signal comes with a significant background, in particular for large Ut
and d [87].
As shown in Fig. 3.6 a), STM relies on piezo actuators to position the probe
with high precision (ca. 1 Å in lateral and ca 0.1 Å in vertical direction with
respect to the sample surface). Most STM images are taken in the constant
current mode, meaning that It is used as feedback signal to control the z-piezo
actuator such that It is kept constant, as illustrated in Fig. 3.6 a). According
to what has been said above, a constant current image gives an isodensity plot
of the electronic DOS, which, to some extent, can be interpreted as the sample’s topography. For acquiring a scanning tunneling spectrum, the feedback is
dIt
is measured as a function of Ut .
turned off and It or dU
t

3.3

Density functional theory

For some of the organic materials, density functional theory (DFT) [45, 19]
calculations on the free molecules were performed with Gaussian09 (Revision
A.02) [97] using the PBE0 hybrid exchange-correlation functional [2] and a 631G** contracted-Gaussian basis set [119, 115]. The LANL2DZ basis set and
effective core potential were used for gold [117, 302, 116].
DFT allows to determine the (ground state) occupied and virtual molecular orbitals of a given COM. Gaussian09 provides the corresponding spatial
electron distribution, orbital symmetry, and energy eigenvalues.
All DFT calculations presented in this work were performed by G. Heimel,
except for the 6P derivatives, which were calculated by R. Schlesinger (both
Humboldt University).
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Chapter 4

Materials and experimental
setups
In the following, the employed substrates and COMs will be shortly described.
After that, the experimental setups will be explained.

4.1

Substrates

The coinage metals gold, silver, and copper served as substrates in most presented experiments. They all form face-centered cubic crystal systems. Exclusively single crystals with a (111) orientation were used in this work. The
reactiveness of Au(111), Ag(111), and Cu(111) increases in that order (from
physisorption to chemisorption for many COMs), while the work functions are
5.4 eV, 4.6 eV, and 4.9 eV, respectively. Therefore, interface studies invoking
these substrates can evidence trends of, e.g., the ELA as function of these two
parameters. In addition, these materials are of large application relevance since
they are used for contacting and wiring of electronic devices. The crystals were
purchased from MaTeck GmbH (Jülich, Germany), with the exception of the
gold crystal used for the measurements in Sect. 7.2, which was purchased from
Surface Preparation Laboratory (Zaandam, Netherlands).
(100) p-doped silicon (Siegert Consulting, prime grade) with a native oxide
layer was used as reference for a weakly interacting surface in one case only
(Sect. 5.1.1). The sample was a coupon of ca. 10x10 mm2 cut from a wafer and
used as received.

4.2

Organic materials

The employed organic materials have been chosen for both, their electronic
structure and the expected growth mode for ﬁlms grown by molecular beam
epitaxy (MBE, Sect. 4.3.1), as will be laid out in the following. In terms of
morphology, sometimes a (roughly) layer-by-layer growth mode is desired, because it allows forming layered structures with deﬁned thicknesses, which is
often essential for device fabrication as well as fundamental studies. From an
electronic point of view, the materials potentially used in organic electronics
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Figure 4.1: The chemical formulas and ionization energies of the organic materials used in this work. The materials are arranged with decreasing ionization
energy from left to right (see main text for details).
should be good electronic conductors. In addition, the positions of their energy levels determine whether they can fulﬁll a particular role in an organic
electronics-architecture (Sect. 5) or in a fundamental study (Sect. 6). The ionization energy gives the molecule’s likelihood to act as an electron donor (the
smaller the more likely), while its electron aﬃnity determines whether it will
accept an extra electron (the larger the more likely). While the transport gap is
diﬀerent for every material [139], in general a high EA translates into a high IE.
The IE is therefore mostly suﬃcient to identify a molecule as more of a donor
or more of an acceptor type.

4.2.1

Electron acceptor molecules

1,4,5,8,9,12-hexaazatriphenylenehexacarbonitrile (HATCN) was synthesized at
the MPIP (Mainz, Germany) as strong acceptor molecule. IEs in the range of
8.95-9.35 eV were found for ﬁlms of standing HATCN on Au(111), Ag(111), and
Cu(111) [41].
C60 (buckminsterfullerene) with IE = 6.4 eV and EA = 4.0 eV was used as
second acceptor molecule [309, 314]. Diﬀerent than HATCN, it has an almost
isotropic shape which results in a negligible orientation dependence of its IE
and EA. C60 was purchased from Sigma-Aldrich (Taufkirchen, Germany) and
used without further treatment.

4.2.2

Inert molecules

The overlayers in Sect. 5.2, the interlayers in Sect. 6, and the polar molecules
employed in Sect. 7 were chosen such that they only weakly interact with the
respective substrates.
Aluminum-tris(8-hydroxychinolin) (Alq3 ; IE = 5.8 eV and EA = 2.2 eV)
and N,N’-diphenyl-N,N’-bis(1-naphthyl)-1,1’-biphenyl-4,4’-diamine (α-NPD; IE
= 5.4 eV and EA = 1.5 eV) are typical electron and hole transport materials,
respectively [130, 146, 204]. Both grow layer-by-layer on many surfaces. α35

sexithiophene (IE = 5 eV) was chosen for its favorable morphology when deposited on Ag(111) [55]. In view of their energy levels and absence of reactive
side-groups, all three materials are not expected to signiﬁcantly interact with
the studied metal surfaces. They were purchased from Sigma-Aldrich and used
without further treatment.
The partly ﬂuorinated derivatives of para-sexiphenyl (6P) were synthesized
at the Department of Chemistry, Humboldt-University (Berlin, Germany). Meta2F-6P (ortho-2F-6P) has the two hydrogen atoms at the meta (ortho) position of
one terminal phenyl group substituted by ﬂuorine, which corresponds to X1 = H
and X2 = F (X1 = F and X2 = H) in Fig. 4.1. Preliminary STS data of meta2F-6P / Ag(111) indicates that the energy level alignment at the interface with
Ag(111) is similar to that of the unsubstituted 6P. For the latter, physisorption
was found [133, 166, 32].
9-(bis-p-tert-octylphenyl)-amino-perylene-3,4-dicarboxy anhydride (ID28) was
synthesized at the MPIP (Mainz, Germany) [11]. Its IE is estimated to equal
5.6 eV from DFT calculations performed within this work and was determined
experimentally to be 5.25 eV by cyclic voltammetry in dichloromethane [181].

4.2.3

Electron donor molecule

Tetraseleno-tetracene (TSeT) was synthesized already more than 50 years ago
[107] and mostly studied due to its ability to form radical-cation salts, which
were found to be highly conducting [265, 69]. In these salts, TSeT acts as donor,
and it was shown by electrochemical measurements and calculations that the
IE of tetracene indeed decreases signiﬁcantly by the selenium substitution (even
below that of pentacene) [336]. TSeT was chosen to test how its peripheral
selenium atoms inﬂuence the organic/metal interfacial energy level alignment. It
was purchased from Ambinter (Orléans, France) and puriﬁed by recrystallization
in 1,2,3-trichlorobenzene in the Department of Chemistry, Humboldt-University
(Berlin, Germany).

4.3

Experimental setups

The PES data was acquired with three diﬀerent ultra-high vacuum (UHV) systems. The room temperature (RT) STM measurements were performed at one
of them, while the low temperature (LT) STM results were acquired at a fourth
UHV system. The following list gives the respective locations and an according
short name in brackets. Details are listed in table 4.1
• Endstation SurICat at the synchrotron BESSY II, Germany (BESSY)
• Humboldt University, Germany (HU)
• Chiba University, Japan (Chiba)
• Ohio University, USA (OU)
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Table 4.1: The UHV systems used in this work. See the main text for the
meaning of the short names. The sample temperatures during preparation and
measurement are given. For the PES setups, the energy resolution ΔE derived
from the Fermi-edge and the bias applied during SECO measurements Ubias
are also listed. In the Refs., additional details can be found for the respective
setups.
Tprep
Tmeas
Methods
ΔE (meV)
Ubias (V)
Refs.

BESSY
20 ◦ C
20 ◦ C
XPS, UPS
180
-10
[298, 41]

ƉƌĞƉĂƌĂƚŝŽŶĐŚĂŵďĞƌ

HU
20 ◦ C
20 ◦ C
STM, XPS, UPS
120
-10
[105, 41]
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θ
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ŐƵŶ
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D
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W^

OU
≈ 70 K
6K
STM
[132, 225]

ƚŽƉǀŝĞǁ
0000000000000000000000000

,h

ŵĂŶŝƉƵůĂƚŽƌƐ
ĞǀĂƉŽƌĂƚŽƌ
ĐĞůůƐ

Chiba
77 K
77 K - 135 ◦ C
UPS
80
-3
[78]
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Figure 4.2: Principal setup of an UHV system consisting of interconnected
preparation and analysis chambers. QCM stands for quartz crystal microbalance. Only one of the three systems used for PES was also equipped with an
STM. Note that the respective actual geometries and organization slightly vary
from the one depicted here. The organizations of the systems used in this work
are schematically depicted in the right part of the ﬁgure. Details can be found
in the references given in Tab. 4.1.
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All UHV systems to a large degree follow the principle that the introduction
of the sample, its preparation steps, and its analysis are located in interconnected chambers that can be isolated, as sketched in Fig. 4.2. The schematic
drawings in the same ﬁgure illustrate the detailed organization of the four different systems. The experimental setup at BESSY consisted of interconnected
MBE (base pressure < 10−8 mbar), sample cleaning (base pressure 2−10 mbar),
and analysis chambers (base pressure 2−10 mbar). At HU, a commercially available UHV system (Omicron) was used. In this setup, the sample preparation
(base pressure < 10−9 mbar) chamber, which is interconnected with the analysis (base pressure < 10−10 mbar) chamber, was used for sample cleaning and
MBE. In Chiba, MBE was performed in the analysis chamber (base pressure
4−10 mbar). During the experiments, the sample was cooled with liquid nitrogen, while a cooling shield (T = 30 K) surrounding most of the sample holder
largely reduced sample surface contamination due to adsorption of residual gas.
In OU, the load lock was also used to mount the MBE evaporation cell. The
pressure in the analysis chamber (in the housing of the STM scanner) was
5−11 mbar.

4.3.1

Sample preparation

The substrates are ﬁrst introduced into the system either via a Load-Lock system (HU, Chiba, and OU), or by directly placing them into the preparation
chamber (BESSY). Silicon was used without further treatment. It was thus
covered with a native oxide layer and will be referred to as SiOx . The metal
single crystals underwent repeated heating and Ar-ion sputter cycles to clean
their surfaces, as described in the following. After having established a pressure
of 10−10 - 10−9 mbar, Argon gas is introduced into the system, which is then
ionized and accelerated by an electric ﬁeld (500 V throughout this work), and
ﬁnally hits the sample. This process is called sputtering and removes the topmost layer(s) of the sample. The sample surface is then heated to ca. 450 ◦ C
to evaporate the remaining contaminants and to allow the topmost substrate
atoms to reconstruct into a smooth surface. In this work, heating was either
done resistively by a ﬁlament in the manipulator (BESSY, HU, and OU) or
by light irradiation of the sample surface (Chiba). To obtain a clean and ﬂat
surface, metal single crystals have to undergo several of such sputter/annealing
cycles. Depending on the setup, the surface cleanliness and ﬂatness were checked
by the respective available techniques (XPS, UPS, and/or STM).
The molecular ﬁlms are deposited onto the substrates by a process which is
called molecular beam epitaxy. The materials (see Sect. 4.2) come in powders
and are ﬁlled either in so-called pinhole sources, which consist of tantalum or
molybdenum cases with a small opening (pinhole), or into glass crucibles. The
powder is then evaporated by resistively heating the pinhole source or a ﬁlament
wrapped around the glass crucible, respectively. The molecular ﬂux is controlled
by the heating power and determined with a setup described in the following
and often referred to as quartz crystal microbalance (QCM). A quartz crystal
is mounted such that its one surface is exposed and its resonance frequency
can be measured. The resonance frequency of the quartz crystal changes when
additional matter is adsorbed on its surface. This gives a measure for the mass
ﬂux, which can be translated into the coverage deposited onto the sample by
MBE, given that the following conditions are fulﬁlled:
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Figure 4.3: a) and b): Exemplary calibration for XPS by setting Au 4f7/2 to
a binding energy of 83.96 eV and for UPS by determining EF from the Fermi
edge, respectively. The latter plot also shows how the energy resolution of the
experimental setup, ΔE, can be determined.
• The sample is positioned the same as the QCM or the molecular beam
proﬁle is known.
• The angle between the surface normal of sample and QCM are identical
or accounted for.
• Either the QCM measurement and the deposition are performed simultaneously, or the molecular ﬂux is constant or its time evolution known.
• The diﬀerence in sticking coeﬃcient [208] between quartz crystal, substrate, and substrate covered by the adsorbate is known.
• The density of the molecular ﬁlm is known (as a function of thickness).
In this work, in particular the last three conditions contribute to the overall
uncertainty, which is estimated to be around 10 %. The QCM readings are
given as nominal coverages and where possible, were calibrated after deposition
by STM or PES. All deposition rates in this work were around 1 Å per minute.
For the experiments at Chiba, ﬁlm growth and characterization were both
done in the analysis chamber to guarantee the required sample temperature of
77 K. Since this chamber is not equipped with a QCM, the rate for the evaporation source was determined beforehand in another UHV chamber. The low
sample temperature during deposition will result in a somewhat higher sticking
coeﬃcient [208] compared to that of the QCM at room temperature. For the
LT-STM experiments at OU, the pressure reading in the sample loading/MBE
chamber was employed to roughly control the molecular ﬂux. The sample was
located in the cleaning chamber and the valve to the sample loading/MBE chamber was shortly opened to perform the deposition. No QCM was used and the
coverages were determined from the STM results.

4.3.2

Photoelectron spectroscopy

For all spectrometers used in this work, the respective energy resolution, as
determined from Fermi edge-spectra [illustrated in Fig. 4.3 b)], are listed in
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Tab. 4.1, as are the respective Ubias used in the employed experimental setups
to clear the sample work function (cf. Sect. 3.1.1).
In-house experiments at HU and Chiba
In the lab setups (HU and Chiba), ultraviolet light created by a helium discharge lamp, with the two most intense lines at 21.22 eV (HeI-α) and 40.81 eV
(HeII-α), was used for UPS. X-ray radiation from an X-ray tube with Aluminum and Magnesium anode (Al Kα = 1486.6 eV and Mg Kα = 1253.6 eV,
respectively) was additionally employed for XPS measurements at HU. Both
of these light sources provide unpolarized and polychromatic light: In addition
to the main HeI-α line, HeI-β and HeI-γ satellite lines exist (at 23.09 eV and
23.75 eV, and with intensities of ca. 1.8 % and 0.4 % of that of HeI-α, respectively), which stem from transitions with initial states of higher energies. For
Al Kα and Mg Kα , additional lines (at ca. 9.8 eV and 8.4 eV higher energy, and
with 6 % and 8 % of the primary peak intensity, respectively) exist due to the
case of doubly-ionized atoms during the core-hole creation, in addition to the
broad background due to bremsstrahlung.
PES measurements at HU were performed with a Phoibos 100 (SPECS)
hemispherical electron energy analyzer. This setup allows to rotate silicon oxide
foils of two diﬀerent thicknesses into the UV light beam. Thereby, the UV light
intensity that hits the sample can be reduced.
The UPS experiments at Chiba were performed with a R3000 (Scienta)
hemispherical electron energy analyzer. Because of the design of this analysis
chamber, the helium discharge lamp rotates together with the sample. This
results in a ﬁxed angle between the incident beam and the sample for all electron
emission angles.
Synchrotron-based experiments at BESSY
The endstation chamber SurICat is connected to the beamline PM4, which is
located at a dipole bending magnet of the electron storage ring. Accordingly,
the synchrotron light is linearly polarized in the plane of the ring. A gold coated
silicon grating with a line density of 360 lines/mm was used as monochromator
and the beam entrance slit was 100 μm. Photoemission spectra were collected
with the hemispherical electron energy analyzer SES 100 (Scienta). The angle
between analyzer and the incident beam is ﬁxed at 60◦ . This corresponds to an
angle of 60◦ and 15◦ between surface normal and the incident beam for electron
emission angles of 0◦ and 45◦ , respectively. All spectra were recorded angleintegrated with an acceptance angle of 10◦ . The energy scale was referenced to
standard core level energies. We set the Au 4f7/2 peak maximum to 83.96 eV [see
Fig. 3.3 a)] and [only for TSeT/Ag(111) in Sect. 5.1.1] Ag 3d5/2 to 368.21 eV
[259]. The excitation energy was 620 eV for XPS and 35 eV for UPS unless stated
otherwise.

4.3.3

Scanning tunneling microscopy

Room temperature measurements at HU
The RT-STM system used in this work is an variable temperature STM (Omicron). It is interconnected with the HU PES system, as indicated in Fig. 4.2,
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Figure 4.4: Setup of the Besocke-Beetle
type STM scanner. The coarse approach is
achieved in a stick-slip motion of the three
outer piezo tubes, which causes a rotation
of the supported disk. Due to the tilted
ramp proﬁle of the disk, this results in an
approach/withdrawal of the attached tip
[132, 225].

and the sample is transferred to the scanner with a wobble-stick with pincer
action. The scanner is isolated from external vibrations by an eddy current
dampers-system. All data was acquired at room temperature. A cut tungsten wire was used as tip except for the measurements of the annealed ﬁlms
in 7.2.2, for which a electro-chemically fabricated platinum-iridium (Pt80/Ir20,
GoodFellow) tip was prepared as described in Ref. [83].
The images were treated with the free software WSxM1 [137] and, where
possible, corrected for the thermal drift according to Ref. [231] with the opensource software GWYDDION2 [207].
Low temperature measurements at OU
The LT STM system used at OU was built based on the design of Meyer [197]
and includes a Besocke-Beetle type STM scanner [21], which, when scanning,
is hanging from springs oﬀ the base part of a liquid helium bath cryostat, as
shown in Fig. 4.4. The STM scanner is housed inside two thermal radiation
shields, which also act as cryogenic pumps and thereby signiﬁcantly decrease
sample contamination due to residual gas particles. Electrochemically etched
polycrystalline tungsten tips were used. See Refs. [132, 225] for further details.

1 http://www.nanotec.es/products/wsxm/
2 http://gwyddion.net/
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Chapter 5

Optimizing the energy-level
alignment at organic/metal
interfaces
To achieve push-back compensation without having to invoke an interlayer in the
device architecture, the applicability of the functionalization approach, which
was introduced in Chapt. 1, was tested for TSeT. TSeT can be seen as derived
from tetracene by substitution of four hydrogen atoms by selenium atoms, which
is predicted to be a better electronic coupling group than sulfur [322, 223]. Sect.
5.1.1 presents XPS results that evidence chemisorption of TSeT on the Ag(111)
and Au(111) surfaces via its selenium atoms. This results in pinned energy
levels of TSeT, as derived from the UPS results for the same ﬁlms. The eﬀect is
best seen for TSeT/Ag(111). For this interface, the push-back eﬀect is largely
compensated by the chemisorption. Very small HIBs are observed for both
interfaces.
While small HIBs at O/M interfaces are an energetic prerequisite for many
devices, layer-by-layer growth of the organic material is often desired in addition
(e.g., in organic light-emitting diodes, OLEDs), which is also essential for a
clear assessment of the energy-level alignment at the immediate TSeT/metal
interface. However, the photoemission experiments show that TSeT exhibits
pronounced 3D island growth when deposited onto substrates kept at room
temperature (RT). To kinetically hinder the island formation, additional UPS
experiments were performed for which the metals were cooled to 77 K (LT)
during TSeT deposition. In these experiments, which are presented in Sect.
5.1.2, layering of lying-down molecules is observed. This growth mode enables
the disentangling of the ELA at the interface and energy-level shifts observed
for multilayer ﬁlms, which are both reviewed in Sect. 5.1.3. For a controlled
assessment of how the interplay of substrate-molecule and intermolecular forces
aﬀects the ﬁlm morphology, [200, 150, 319, 173, 172] annealing procedures of
LT-grown TSeT ﬁlms were performed (Sect. 5.1.4). With the help of these
data, ﬁnally the RT-grown multilayer ﬁlms are discussed (Sect. 5.1.5).
The RT data was acquired at BESSY, while the LT results were obtained
at Chiba.
In Sect. 5.2, the interlayer approach employing HATCN interlayers was re42
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Figure 5.1: a), b), and c): Chemical structure, HOMO isodensity plot (iso
value: 0.13 e/Å3 ), and electrostatic potential map and geometric dimensions of
tetraseleno-tetracene (TSeT), respectively.

sumed, which, as mentioned in Chapt. 1, had been started by B. Bröker, H.
Glowatzki and others in my group before the start of my own project [106, 40,
41, 105]. They had found that HATCN on Ag(111) ﬁrst forms a ﬂat lying monolayer (ML), where the metal-to-molecule electron transfer [142, 152, 40] balances
the metal surface electron “push-back” eﬀect [142, 320]. Consequently, φ of ﬂat
lying monolayer HATCN/Ag is the same as that of the pristine Ag surface (ca.
4.6 eV). Deposition of further HATCN molecules induces a transition to a denser
monolayer of almost upright-standing edge-on oriented HATCN molecules. This
is accompanied by a diﬀerent metal-to-molecule electron transfer and electron
density distribution, which. This suggests that structural changes of such interlayers may have a signiﬁcant impact on the actually achievable charge injection
barriers at O/M semiconductor contacts.

Before discussing the photoemission data (obtained at BESSY), Sect. 5.2.1
discusses morphological details of the HATCN/Ag(111) system on the basis of
RT-STM data that was acquired within the present work. Thereafter, Sect.
5.2, presents results that evidence the eﬀect of the HATCN molecular orientation in interlayers on the hole injection barriers towards α-NPD (Sects. 5.2.2
- 5.2.4) and Alq3 (Sect. 5.2.5), which are prototypical hole and electron transport materials in organic light emitting diodes, respectively. A signiﬁcant eﬀect
is concluded on for both, α-NPD and Alq3 . In addition, a comparison of the
ELA for interlayer-modiﬁed metal electrodes (ﬂat-lying HATCN/Ag and edgeon HATCN/Ag) and pristine metal electrodes of the same work function (Ag and
Au, respectively) is presented. This illustrates the importance of the push-back
eﬀect compensation by the HATCN interlayer on the energy level alignment
when contacting organic materials with metal electrodes.

A large part of the results presented in Sect. 5.2 and Sect. 5.1 were published
in Ref. [210] and [212], respectively.
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Figure 5.2: Se3d and C1s core level spectra for 100 Å TSeT/SiOx . For the
C1s spectrum, the contribution due to the carbon contamination of the SiOx
substrate (= 0 Å TSeT) was subtracted as shown.

5.1

5.1.1

Seleno groups control the energy-level alignment between conjugated organic molecules
and metals
Room temperature ﬁlm growth (interface region)

Whether TSeT indeed interacts with the metals Au and Ag via its seleno side
groups was tested with XPS experiments that should yield characteristic core
level binding energy shifts upon speciﬁc strong interactions. A ﬁlm of nominal
100 Å TSeT deposited on SiOx , for which no signiﬁcant interaction is expected
at the interface, served as reference system for bulk-like spectral features. The
C1s and Se3d spectra are shown in Fig. 5.2. For the C1s spectrum, the contribution of the residual carbon contamination of the SiOx substrate has to be
subtracted. The remaining spectrum (residual) can be ﬁtted with one Voigt
peak at 284.75 eV. The Se3d region contains two doublets of very diﬀerent intensity. The binding energy of the main feature (Se3d5/2 at 55.9 eV) compares
well to that found for bulk TSeT before [236]. The very weak and also broader
feature at ca. 57 eV BE is most likely due to a shake-up process, as was observed
for the closely related molecule tetrathio-tetracene (TTT) [236].
Figure 5.3 (facing page): a): Se3d and C1s core level spectra for TSeT ﬁlms of
indicated coverage on Au(111) (left) and Ag(111) (right). For the Se3d spectra,
the background due to the Au5p3/2 - and the Ag4p-contribution was subtracted,
respectively (not shown). For both core levels, the spectral intensity which corresponds to the species found also for TSeT/SiOx (shown by the black and gray
ﬁlling) is termed “bulk-like”. For the Se3d signal, two additional contributions
at lower binding energy, identiﬁed as interface species (IF 1 and IF 2, IF 1 has
the larger binding energy of the two), can be resolved. For the C1s signal, only
one additional peak at lower binding energy (containing both IF species) can be
resolved by a ﬁtting procedure as detailed in the text. b): Fractions of bulk-like
and IF species in the Se3d and C1s spectra [as found by the ﬁts of the core
levels in a)] as function of TSeT coverage.
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In Fig. 5.3 a), the Se3d and C1s spectra for several coverages of TSeT on
Au(111) (left) and Ag(111) (right) are shown. The Se3d region overlaps with the
energy positions of the Au5p3/2 and Ag4p levels, and the presented spectra were
corrected for photoelectron intensity stemming from these substrate features
by a simple subtraction procedure (not shown). Starting from nominal submonolayer TSeT coverage (ca. 3 Å), four Se3d doublets are observed on each of
these two metals. The two features at higher BE agree with the two bulk-like
peaks observed for TSeT/SiOx (vide supra). The two features at lower BE (Se
3d5/2 at 54.0 eV and 53.5 eV) are not present in the reference spectra for ﬁlms on
SiOx , thus they must be attributed to TSeT interacting with the metal surfaces
and are therefore referred to as interface species (IF 1 and IF 2, respectively).
Like the Se3d spectra, also the C1s spectra of TSeT / Au(111) and TSeT /
Ag(111) diﬀer from those of the TSeT ﬁlm on SiOx , as can be clearly seen by
the peak asymmetry, particularly for low coverages. In a simple ﬁt model, one
contribution in the C1s spectra is attributed to the bulk-like species. By ﬁxing
the energy diﬀerence between Se3d5/2 and C1s to the value that was found for
“bulk” TSeT on SiOx (228.8 eV), the second C1s contribution is found at 0.5 eV
lower BE (i.e., too large to be only due to a diﬀerence in photo-hole screening
eﬃciency), which is thus assigned to the interface species. This assumption is
supported by the good agreement of the relative spectral weights of bulk-like
and interface (IF 1 + IF 2) contributions for both elements’ core levels, as
illustrated as a function of coverage in Fig. 5.3 b). Note that the C1s to Se3d
peak area ratio is consistent with the chemical formula of TSeT for all coverages.
Some spectral intensity is also observed at ca 285.5 eV, which was not seen for
TSeT/SiOx (Fig. 5.2). This feature, which is too small to notably contribute
to the quantitative analysis, probably stems from those carbon atoms of TSeT
that are bound to selenium atoms, and, thus, undergo a diﬀerent chemical shift
upon chemisorption compared to the other carbon atoms [120]. Notably, the
BE values of the interface species for Se3d and C1s are very similar to those
found for selenolate SAMs on Au(111) and Ag(111), where the selenium atoms
are covalently bound to the metal [63, 310, 263]. This strongly hints towards
a similar interaction in terms of strength and bond mediation (i.e., via the
selenium atoms) also between TSeT and Au and Ag.
In the chalcogenolate SAM-related literature, diﬀerent explanations can be
found for the occurrence of two Se3d-peaks with BEs similar to IF 1 and IF 2
found for TSeT/Au(111) and TSeT/Ag(111) [Fig. 5.3 a)]: For selenolate and
thiolate SAMs on Ag(111) and Au(111), BE diﬀerences of the chalcogen core
levels between ﬁlms of diﬀerent SAM types [262, 127] and also within one ﬁlm
[310] comparable to the 0.5 eV diﬀerence between IF 1 and IF 2 have been observed and were explained with diﬀerently bound chalcogenolate species. In
particular, a systematic variation with the number of methylene groups was
found for oligophenyl-substituted alkanethiolate SAMs (so-called odd-even effects) [262, 127] and explained with diﬀerently strained sulfur-metal bonds [122].
On the other hand, for benzeneselenol/Au(111) [63] and biphenyl methylenethiol
/ Ag(111) [127], two core level peaks have been attributed to two chemically
diﬀerent chalcogen species on the surface: chalcogen atoms in chalcogenolate
molecules [at higher BE, which would correspond to IF 1 in Fig. 5.3 a)] and
chalcogen atoms abstracted from the molecules [at lower BE, which would correspond to IF 2 in Fig. 5.3 a)]. In the present case, given the chemical structure
of TSeT [Fig. 5.1 a)], containing four selenium atoms that are not spaced in
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registry with the Ag(111) or Au(111) lattice, it is conceivable that the selenium
atoms of TSeT form diﬀerently strained bonds with the Au and Ag surface.
In addition, while TSeT is found to lie mostly ﬂat on Au(111) and Ag(111)
from the LT experiments (vide infra), it is possible that some TSeT molecules
adopt an inclined (and thus diﬀerently bound) adsorption geometry, which was
indeed observed for TTT/Au(111) from scanning tunneling microscopy (STM)
[91].1 These considerations allow rationalizing the observation of two interface
species without invoking a breakage of Se-C bonds. However, with the insufﬁcient atomistic-geometrical information for this particular system, no further
speculation is attempted 2 .
Having established that TSeT molecules bind to the metal surfaces strongly
via their seleno groups, let us now examine how this aﬀects the energy level
alignment. Fig. 5.4 shows UPS spectra for some of the same samples already
discussed with XPS from Fig. 5.3 a) (those that are representative for the TSeT
monolayer range). Thicker TSeT ﬁlms will be discussed after LT and annealing
sections (Sects. 5.1.2 and 5.1.4, respectively), in order to allow a comprehensive
discussion once both RT and LT data have been introduced. In the left part of
Fig. 5.4 the SECO region is presented, which is used to determine the sample
work function φ. Results for Au(111) and Ag(111) are reported in a) and b),
respectively. The bottommost trace in each graph shows the spectra for the
respective pristine metal surfaces. Up to 30 Å TSeT coverage, the work function
of Au(111) is reduced by 1.05 eV (from an initial value of 5.50 eV) and by 0.15 eV
on Ag(111) (from 4.60 eV). Thus, φ of 30 Å TSeT on both metals is 4.45 eV and
the initial φ diﬀerence between Ag(111) and Au(111) of 0.9 eV is eliminated by
deposition of the TSeT monolayer and the concomitant formation of an interface
dipole Δφ. From the very diﬀerent Δφ’s, a markedly diﬀerent charge density
rearrangements upon TSeT/metal interface formation in the two cases can be
concluded on. Interestingly, a fully analogous behavior was observed for thiolate
SAMs on the same metals [333]. For these interfaces, theoretical modeling
indicated that the adsorption-induced work function change is dominated by
the charge transfer between the sulfur atom and the metal, which is driven by
the initial metal φ, thus resulting in very similar φ values after SAM formation
[243, 123, 121, 124] (see also the discussion of Fermi-level pinning in the case
of chemisorption in Sect. 2.5.2). The calculations found the same behavior for
selenol and thiol docking groups. Therefore, the behavior of TSeT, i.e., yielding
the same φ for TSeT/Au(111) and TSeT/Ag(111), together with the core level
BEs that match those of selenolate SAMs, suggests that the selenium-metal
bonds in these systems behave very similar to what was found for the SAMs.
This gives strong evidence that the same energy-level alignment mechanism as
found for the SAM/metal interface [123], also governs the energy level alignment
at the TSeT/metal interface.
Note that Δφ for TSeT deposited on Au(111) is comparable to that induced
by many physisorbed molecules, such as the prototypical organic semiconductor
pentacene [162, 323], which also compares well to TSeT in terms of IE and molec1 However, for selenolate and thiolate SAMs on Au(111) and Ag(111), marked diﬀerences
were found for the preferred geometry depending on docking group [151, 18] and metal [257,
189, 310, 262, 127].
2 It should be noted though, that in view of a varying ratio of IF 1 and IF 2, it is unlikely
that only one bonding pattern for all TSeT molecules can explain both selenium interface
species.
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Figure 5.4: Room temperature UPS results of a) Au(111) and b) Ag(111) for the
pristine metals and after deposition of the indicated nominal TSeT coverages.
On the left, the SECO region is shown for TSeT coverages up to the approximate
saturation of the vacuum level shift (30 Å). A dashed line illustrates the common
φ = 4.45 eV at 30 Å in both cases. In the right ﬁgure part, the valence band
region close to EF is shown (measured with an angle of 45◦ between sample
normal and detector). For both a) and b), only the spectrum for a TSeT
ﬁlm close to the nominal monolayer coverage (6 Å) is presented, which is used
to determine the HOMO energetic position by a simple onset procedure, as
illustrated for the dotted spectra. In addition, a ﬁt in agreement with the
ﬁndings from the LT data (vide infra) is presented for the identical spectra
shown as continuous lines. The peak ﬁlled with dashed lines corresponds to the
two interface species, and the one without ﬁlling accounts for the multilayer
species. The relative intensities for the two ﬁt contributions are approximated
by the respective relative intensities determined from the core level ﬁts presented
in Fig. 5.3.
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ular structure 3 , or e.g. benzene[320]. However, the Δφ induced by pentacene is
due to the push-back eﬀect, whereas XPS clearly showed chemisorption of TSeT
on Au(111). The impact of the selenium substitution on the ELA is more pronounced for TSeT/Ag(111), where Δφ is signiﬁcantly smaller than reported for
physisorbed molecules like pentacene [210, 160, 148] and other common COMs
[76, 79]. Accordingly for TSeT, the push-back eﬀect is to a signiﬁcant extent
counterbalanced by the charge density rearrangement induced by the seleno-Ag
bond.
The low BE valence band region at an emission angle (θ) of θ = 45◦ is
presented in the right part of Fig. 5.4. For a nominal TSeT coverage of 6 Å on
both, Au(111) and Ag(111), a peak is found in the low BE valence region close
to the EF , which was not observed for the pristine metals, and can be readily
ascribed to emission from the orbital of chemisorbed TSeT which is derived
from the highest occupied molecular orbital (HOMO) of free TSeT. The low BE
onsets of emission determined with the simple procedure illustrated in Fig. 5.4
are at 0.25 eV and 0.5 eV for Au(111) and Ag(111), respectively.
From the evolution of φ as function of nominal coverage it can be concluded
that the monolayer is closed only beyond 12 Å or 30 Å on both substrates, which
is well beyond the nominal monolayer-equivalent coverage (4 Å). Therefore, 3Disland formation is preferred over metal surface wetting for TSeT ﬁlms deposited
at RT. Accordingly, already ﬁlms of very low nominal coverage not only contain
TSeT molecules that are in contact with the metal surface, but also some that
are located in multilayers, as is also supported by the XPS data in Fig. 5.3. In
general, the ionization energies measured by UPS of molecules in the bulk and
in contact with a metal surface are not the same, e.g. because the photo-hole
screening eﬃciency of a metal is signiﬁcantly larger than that of an all-molecular
surrounding (Sect. 2.6). Indeed, as will be shown below for TSeT ﬁlms grown
at LT, the energy levels of multilayer TSeT molecules are at higher BE than
the ones in contact with the metals. To account for this ﬁnding, which will be
discussed in detail in the following section 5.1.2, Fig. 5.4 also presents ﬁts that
account for both species, with the relative spectral intensities as found for IF
and bulk-like species in XPS. Note that the interface contribution of the HOMOderived peak for TSeT/Au(111) has a lower absolute intensity as compared to
TSeT/Ag(111) [Fig. 5.4 a) and b), respectively], which is consistent with the
fact that multilayer molecules, which attenuate the interface signal, are much
more abundant in the case of Au(111) [cf. Fig. 5.3 a)]. However, given the
complex ﬁlm morphologies, a detailed analysis of the HOMO-derived peaks is
beyond the scope of the simple model employed.

5.1.2

Low temperature ﬁlm growth

To clearly disentangle the energy levels right at the interface and in multilayers,
which is to some extent impeded by the island growth mode at RT, TSeT ﬁlms
were also grown on Au(111), Ag(111), and Cu(111) single crystals cooled to
77 K (LT), whereby the tendency of TSeT to form islands was kinetically suppressed. Cu was added in this part of the study to extend the metal substrates
towards typically higher reactivity with conjugated molecules. UPS spectra of
3 The

(lying) pentacene molecules in these cases have IEML ’s of 4.9-5.19 eV, [162, 323, 160]
and therefore compare slightly better to TSeT than tetracene, whose IE is larger than the one
of pentacene by some 100 meV. [336, 249, 238]
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the pristine metals at RT and LT, and for TSeT deposited on them at LT are
reported in Figs. 5.5 a), b), and c), for Au(111), Ag(111), and Cu(111), respectively. When cooling Au(111) from RT to LT, φ decreases slightly from 5.43 eV
to 5.27 eV and the surface state, visible at an emission angle θ = 0◦ , shifts
to higher BE due to lattice contraction [222], but does not decrease in intensity; thus Au(111) surface contamination due to adsorbates [59] is not impeding
the results presented in the following4 . Analogous observations were made for
Ag(111), where the φ decrease upon cooling to 77 K is only 0.02 eV, the surface
state shifts to higher BE, and it increases in intensity as was reported before
[222]. For Cu(111), the φ decrease upon cooling to 77 K is 0.3 eV. Furthermore,
the surface state is almost completely quenched when reaching 77 K. This indicates that, despite the best eﬀorts, the Cu(111) surface did suﬀer from notable
residual gas molecule adsorption during the cooling process; consequently, the
Cu results will be considered as preliminary.
Au(111)
Depositing ca. 2 Å TSeT gives rise to a peak in the valence electron region
with its maximum at 0.6 eV BE, shown in the very right part of Fig. 5.5 a),
which is assigned to emission from the HOMO of TSeT. This peak is clearly
visible at a take-oﬀ angle of θ = 45◦ , while it is much less intense for θ =
4 In a control experiment the initial φ was recovered when increasing the temperature back
to RT. The φ decrease upon cooling is therefore probably related to the adsorption of residual
gas molecules, which only stick to the surface at low temperatures, and the concomitant pushback eﬀect. The observed decrease of 0.16 eV is well below what was found for monolayer
coverage of xenon (0.5 eV).[59]

Figure 5.5 (facing page): a), b), and c): UPS results for TSeT ﬁlms grown on
Au(111), Ag(111), and Cu(111), respectively, with the samples held at 77 K and
during subsequent annealing to 400 K. Shown are, from left to right, the SECO
region, the valence band region at electron emission angle θ = 0◦ , and zooms
into the region close to EF at θ = 0◦ and θ = 45◦ . For a) – c), in each case the
following samples are presented: Bottom: The pristine metals before (dashed
lines) and after decreasing the sample temperature to 77 K (solid gray). Middle
(labeled “growth”): TSeT ﬁlms of the indicated nominal coverage deposited
at 77 K. For a) and b), the ﬁrst layer (ﬁlled with slanted lines with positive
slope) and second layer contribution (without ﬁlling) for the lowest two TSeT
coverages are also shown. The dashed spectra in a) show indications of sample
charging as detailed in the main text. Top (labeled “annealing”): TSeT ﬁlms of
the respective maximum thickness during subsequent heating to the indicated
sample temperature, or in the indicated sample temperature range. For b)
and the annealing temperature between 77 K and 300 K, two SECO spectra
measured at slightly diﬀerent sample spots are shown, which both show signs
of multilayer dewetting. The determination of a clear SECO spectrum as in a)
and b) was not possible for this system and the SECO onset at lowest kinetic
energy will be used for further analysis, since it gives the best guess for the
situation which is still governed by φ of multilayer molecules. For a) [b)] and
325 K [300 K], the contributions used for the subtraction procedure described in
the main text are shown with a ﬁlling of slanted lines with negative slope.
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Figure 5.6: a): Evolution of φ as function of TSeT coverage (up to ca. 2 –
3 nominal monolayers) and with diﬀerent substrates [Au(111), Ag(111), and
Cu(111)] (samples were cooled to 77 K). b): The same as a) but including also
thicker ﬁlms. Note that the energy axis was decreased to emphasize the small
φ increase with increasing coverage. The maximum of the HOMO-derived peak
(HOMO maximum) is shown for Au(111) and Ag(111) to illustrate the parallel
energetic shift of HOMO maximum and φ. For multilayer ﬁlms, the values are
plotted as symbols with connecting lines. For lower ﬁlm thicknesses, interface
eﬀects predominate and the HOMO maxima were derived indirectly, as shown
in Fig. 5.5. These values are plotted without the connecting lines. The φ values
for Cu(111) are reported to illustrate their consistency with the other systems,
despite the initial slight contamination of the Cu(111) surface by residual gas
molecules and the qualitative diﬀerences of this system discussed in the main
text.
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0◦ . Such a θ-dependence of the HOMO-related spectral intensity is due to the
selection rules of the photoelectric process and can be attributed to ﬂat-lying
molecules for the HOMO symmetry of TSeT [au in the D2h symmetry group for
an isolated molecule as shown in Fig. 5.1 b)] [274], consistent with the prevailing
geometry also observed for TTT/Au(111) by STM [91]. The maximum of the
HOMO-derived peak for the 6 Å coverage is located at higher BE than for 2 Å,
due to a second contribution with its maximum at 0.9 eV, as shown by the
best ﬁt in the θ = 45◦ spectrum. The emergence of this feature in the valence
spectrum is a good indication that at least a second molecular layer is present
at this coverage. In view of the molecular dimensions shown in Fig. 5.1 c),
this corroborates the reasoning that the ﬁrst TSeT layer adsorbs ﬂat-lying. The
higher BE of the second layer can be explained by the less eﬃcient photo-hole
screening in multilayers compared to the monolayer in direct contact with the
metal substrate[164, 331, 292]. In addition, the TSeT molecules chemisorb
on Au(111). Thus, the monolayer molecules are chemically diﬀerent from the
multilayer TSeT molecules, which will result in diﬀerent orbital energies [120].
At this coverage of 6 Å, φ has reached its minimum of φML = 4.49 eV. Together with the HOMO low BE onset at 0.2 eV, this gives the IE of the TSeT
monolayer on Au of IEML = 4.7 eV. No φ change occurs between 6 Å and 20 Å
coverage, as expected for multilayer formation once the chemisorbed monolayer
is completed. However, going from 20 Å to 120 Å coverage gives rise to a small φ
increase of 40 meV to 4.53 eV and a shift of the maximum of the HOMO-derived
peak by the same amount towards EF , i.e., a rigid shift. In Fig. 5.6, the HOMO
maximum positions and φ values are summarized for all investigated coverages.
Such gradual energy level shifts when going from chemisorbed monolayer to
multilayer have been reported frequently (e.g. Refs. [141, 75, 41, 253]), also
for chalcogenolate SAM interlayers [22]. In the present case, the observed rigid
parallel shift of HOMO and φ points to an electrostatic eﬀect. At this point,
the small shift is tentatively explained as stemming from polarization at the organic homo-junction, consisting of bulk-like TSeT on top of chemisorbed TSeT,
similar to what was found in a recent theoretical study [82]. A second possible explanation is a complex growth scheme of TSeT, which causes a gradual
reorientation of the chemisorbed ﬁrst monolayer as function of multilayer coverage, similar to what was observed for HATCN/Au(111) [41, 94]. However,
the annealing experiments reported below evidence a ﬂat-lying ﬁrst monolayer
after dewetting of the multilayer molecules. Accordingly, to be consistent, an
assumed reorientation of the chemisorbed ﬁrst monolayer upon overlayer formation would have to be a reversible process. A third explanation will be discussed
in the following section, after the results for the Ag(111) and Cu(111) surfaces
have been presented.
The peak full-width-at-half-maximum (FWHM) of the HOMO-derived peak
of the 120 Å thick ﬁlm is 0.5 eV, i.e., slightly larger than the 0.4 eV for the
ﬁrst and second layer, which indicates that the arrangement of molecules in
the multilayer probably deviates from the ﬂat-lying arrangement found for low
coverages.
The continued TSeT deposition up to a total coverage of ca. 250 Å, which
corresponds to several ten monolayers, led to a rigid shift of the valence spectrum of ca. 0.1 eV to higher BE and a φ shift of 0.13 eV (leaving IEthick =
4.9 eV essentially constant), together with a broadening of all peaks in the valence band. These observations are probably related to positive charging of the
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molecular ﬁlm during photoemission [159, 126].
Ag(111)
The SECOs for selected TSeT coverages on Ag(111) are shown in the left part of
Fig. 5.5 b). The φ evolution derived from these and further coverages, plotted in
Fig. 5.6, are now discussed ﬁrst, which allows for a discussion of subtle changes
in the energetic position of the HOMO-derived peak later on. φ ﬁrst sharply
decreased to a minimum of φML = 4.35 eV at 2 Å, which corresponds to a change
of - 0.19 eV when compared to pristine Ag(111). No further φ decrease was
observed when going beyond this coverage. Instead, already at 4 Å φ increased
slightly by 20 meV, which marks the start of a gradual increase of in total 0.16 eV
for the ﬁnal coverage of 110 Å. Note that this behavior is qualitatively the same
as was found for Au(111), and the φ value at ca. 110 Å, φthick = 4.51 eV, for
TSeT/Ag(111) diﬀers by only 20 meV from φthick for TSeT/Au(111).
With the coverage-dependent φ evolution at hand, let us now turn towards
the valence region. For 4 Å TSeT/Ag(111), the HOMO-derived peak varies in
intensity when comparing θ = 0◦ and 45◦ in a very similar way as was found
for 6 Å TSeT/Au(111). This suggests a similar adsorption geometry of the
monolayer in both cases, i.e., ﬂat-lying; this is further supported by the fact
that the minimum of φ is found between 2 Å and 4 Å coverage, which agrees
well with the value that marked the onset of the formation of the second layer
on Au(111). Since for a coverage of 6 Å TSeT on Au(111) the HOMO-derived
feature contained a second contribution at higher BE, it can be conjectured that
the same is also true for 4 Å TSeT/Ag(111). However, the assignment of two
contributions at diﬀerent BE is less obvious in the latter case, as is apparent from
almost identical peak maxima found for the HOMO-derived peak throughout
the coverage range from 4 Å to 55 Å. Still, as indicated in Fig. 5.5 b) for θ =
0◦ , a small shift of about ten meV when going from 4 Å to 8 Å and another
of ca. 20 meV when going to 55 Å coverage indicate a change of BE between
ﬁrst layer and subsequent layers. A preliminary ﬁtting (which is justiﬁed by
the ﬁndings from annealing experiments) of the HOMO-derived peak for 4 Å
and 8 Å coverage yields a second contribution to be located at 1 eV for 4 Å and
0.95 eV for 8 Å, which is exactly what is expected for the HOMO of multilayer
molecules if one extrapolates the rigid shift of φ and HOMO, found for higher
coverages in Fig. 5.6, to the low coverage regime. This allows to conclude that
the HOMO-derived peak of one ML of TSeT on Ag(111) peaks at 0.8 eV and its
onset is at 0.4 eV [shown in Fig. 5.5 b) for θ = 45◦ ], which gives an only slightly
higher IEML = 4.75 eV than was found for TSeT/Au(111) (cf. Fig. 5.7).
Cu(111)
The monolayer region of TSeT on Cu(111) is discussed in less detail than for the
other two metals for the following reasons: Firstly, the speciﬁc experiments that
were indicative for the monolayer region on Au(111) and Ag(111), namely very
thin coverages and a multilayer ﬁlm annealed to ca. RT, gave much broader
features in the case of Cu(111) as can be seen in Fig. 5.5. This indicates
that TSeT reacts qualitatively diﬀerent with Cu(111) compared to the other
two metals. A qualitative diﬀerence in bond formation has also been found for
(solution-processed) benzeneselenol/Cu(111) when compared to Au(111) and
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Ag(111) [328, 329]. In addition, as mentioned before, the Cu(111) surface was
not completely clean due to adsorbed rest gas molecules at LT.
When going beyond the coverage regime for which the spectra contain signiﬁcant intensity from the direct TSeT/Cu(111) interface, energy position and
overall behavior of the HOMO-derived peak and φ agree with what was found
for multilayer ﬁlms on the two other metal substrates. The φ evolution is included in Fig. 5.6 and is identical with the one for Ag(111). The continuous
HOMO shift to lower BE with increasing coverage can be seen from the onsets
indicated in the right part of Fig. 5.5 c).
Thus, even if the information on the monolayer contains the mentioned uncertainties, the overall energy level alignment of TSeT/Cu(111) follows the same
trend as observed for TSeT/Au(111) and TSeT/Ag(111). The φ minimum in
this case is in between the φML values for the two other metals (Fig. 5.6). The
present UPS results therefore indicate that the TSeT energy levels are similarly
pinned on all three metal surfaces, consistent with what was observed for several
thiol SAMs [333].

5.1.3

Discussion of the energy-level alignment

Fermi-level pinning at the interface
After having obtained precise Δφ values for the three coinage metals, the screening parameter S = dφﬁnal /dφsub can now be easily derived, as shown in Fig. 5.8
a). The ﬁt gives S = 0.15 ± 0.04.
It is worthwhile to apply the CNL method [301, 300, 299] to the TSeT/metal
interface, to see whether this system follows the CNL model. To do so, one must
ﬁrst obtain the density of induced interfaces states (IDIS), which is typically
estimated by applying the Lorentzian function
1
Γi /2
π (E − Ei )2 + (Γi /2)2
to the molecular energy levels Ei [301, 300, 299]. A Γi of 0.5 eV5 is assumed for
all Ei [300]. The CNL is obtained by integrating the IDIS up to the total number
of electrons of the isolated TSeT molecule, which for TSeT gives a 0.70 eV energy
distance between CNL and HOMO maximum. The spectrum shown in Fig. 5.8
b) has been shifted to align the experimental and theoretical HOMO maxima.
The screening parameter can be calculated from equation (2.2), which relates
S to D(EF ), the IDIS at EF , as was introduced in Sect. 2.7.3. For ﬂat-lying
molecules, the parameter α in (2.2) can be described as
α = 4πe2 d/A
which gives
S=

1
d
1 + 4πe2 D(EF ) A

(5.1)

where d and A are the TSeT-metal distance and the area occupied by one
TSeT molecule, respectively. In lieu of A for TSeT, A = 106 Å2 , as found from
STM and low energy electron diﬀraction for TTT/Au(111) [91] will be used.
5 The

CNL is only very weakly-dependent on Γi , while S depends heavily on it.
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Figure 5.7: Energy level diagrams (bottom) and morphology models (top) for
the following systems: From left to the vertical dashed line: the pristine metals
at room temperature (RT) and 77 K, the ﬁrst TSeT layer, the second TSeT
layer, and a multilayer TSeT ﬁlm for a sample temperature of 77 K. Very right:
The multilayer TSeT ﬁlm during a subsequent annealing, beyond 170 K and
just before room temperature (RT) is reached. The respective substrates and a
scale bar for positive binding energies in eV are shown on the left. For Au(111)
and Ag(111), the HOMO maxima are given and the peak widths are indicated
by the rectangles ranging to the peak onsets. Only the onsets are shown for
Cu(111) and ﬁrst and second layer are not diﬀerentiated because of the qualitative diﬀerences of this system discussed in the main text. In all cases, the
onsets are used for determining the presented ionization energies and HIBML ’s.
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Figure 5.8: a): φML as function of φsub , which allows deriving S. b): IDIS
obtained from the TSeT Eigenvalues, shifted to correct for the experimental
IE, and broadened with Γi = 0.5 eV (see text). c) and d): Comparison of
experimental and theoretical values for Au(111) and Ag(111), respectively.

Unfortunately, no data for d is available and d = 3 Å is assumed [120, 73].
D(EF ) can be taken from Fig. 5.8 when multiplying the IDIS by 2. Eq. (5.1)
gives S ≈ 0.15 in very good agreement with the experimental value, which
permits calculating the theoretical EF according to [301, 300, 299]
EF − CNL = S(φsub − CNL)

(5.2)

With the values reported in Fig. 5.7, this gives an energy diﬀerence between
HOMO maximum and EF of 0.55 eV and 0.68 eV in the case of Au(111) and
Ag(111), respectively. Fig. 5.8 c) and d) compares this with the respective
experimental energy diﬀerences of 0.6 eV and 0.8 eV, which are also reported in
Fig. 5.7.
In a more comprehensive approach [299], the CNL model takes the pushback eﬀect into account. Therein, the procedure presented above is applied on
the eﬀective work function φeﬀ , i.e., φ of the metal after overlayer formation as
it would be without charge transfer [1, 339]. φeﬀ can be obtained theoretically
if the adsorption geometry of the COM is known [196], which is not the case
for TSeT. However, the small S in the present case implies that the push-back
is largely screened [299], which explains the overall good agreement reported
above. Remarkably, though, if, for the case of Ag(111), one accounted for a φ
decrease before applying equation (5.2), one would end up with a value for EF
which is on the same side of the CNL as the experimental one (i.e., towards the
VL).
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Figure 5.9: a): Room temperature UPS results of SiOx for the as received
substrate and after deposition of 100 Å nominal TSeT coverage. From left to
right, the SECO region, a large valence band region (measured with an emission
angle of 0◦ ) and the region close to EF (measured with emission angles of 0◦
and 45◦ ) are presented. b): Coverage-dependent evolution of φ.

Figure 5.10: DFT results for TSeT. The Eigenvalues are given as vertical lines
and as spectrum by applying a Gaussian broadening with a FWHM of 0.4 eV.
The onsets of HOMO and LUMO are indicated by ticks and their energy diﬀerence is given. The insets present isodensity plots for LUMO – LUMO-2.
Energy-level shifts for multilayer ﬁlms
As can be seen in Figs. 5.6 and 5.7, diﬀerent values for the φ shift at the
[bulk-like TSeT]/[chemisorbed TSeT] homo-junction were found in the cases of
Au(111), Ag(111), and Cu(111) which results in identical energy level alignments for the multilayer ﬁlms with respect to the metal Fermi level. It is noted
in that context that for TSeT deposited on SiOx at room temperature, φ slightly
increases with increasing coverage and seems to trend towards 4.5 eV, as shown
in Fig. 5.9 that presents UPS results for the same sample that was also used
for the XPS reference spectra shown in Fig. 5.2. Note that TSeT hardly covers the SiOx surface when the sample is at room temperature, as seen by the
very weak HOMO-derived peak and pronounced substrate features at a nominal coverage of 100 Å. For this interface, no chemisorption was found from the
XPS results, which in the case of SiOx excludes the chemisorption-related explanation for multilayer-related energy shifts that was provided above in case of
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the metal substrates. Another explanation, which also rationalizes the observation of a common φthick for all these substrates, is electrode-to-overlayer charge
transfer induced by Fermi-level pinning of unoccupied TSeT states, as discussed
for metal electrodes in Chapt. 6. It was shown that such pinning-induced
long-range charge transfer can result in gradual energy level shifts as presently
discussed for TSeT [195, 306, 215]. Notably, in view of the proximity of the
HOMO-onset to EF , this implies an energy distance between HOMO-onset and
unoccupied states that is lower than TSeT’s optical gap of ca. 1.3 eV [267] and
the HOMO-LUMO-gap estimated from the DFT results (cf. Fig. 5.10). This
could be caused by disorder [49]. The 0.1 eV increase of the HOMO-derived peak
FWHM when going from thin to multilayer ﬁlms gives an estimate for this eﬀect,
however, it does not comprise the very-low density of tailing gap states [48, 49].
Impurities are another source of intra-gap states [160, 153, 175, 227, 141]. For
TSeT it was found that the conductivity increases signiﬁcantly when a vacuum
deposited ﬁlm is heated to 375 K under UHV conditions, which was ascribed to
the contact with residual oxygen and the formation of acceptor impurity levels
[267]. However, the annealing of TSeT/metal to only slightly above 375 K leads
to a drastic change in the valence band spectra for all employed metals, as will
be discussed in Sect. 5.1.4. Therefore, the decrease in conductivity observed
in Ref. [267] could also be a temperature induced eﬀect at the metal contacts.
Still, the inﬂuence of impurities cannot be ruled out for the presented experiments. Additional experiments are needed to unambiguously resolve the origin
of the multilayer-related shifts. These are, however, beyond the scope of the
current study, which is focused on the ELA at the immediate O/M interface
only, and discusses multilayer ﬁlms in relation to morphological aspects.

5.1.4

Annealing of ﬁlms grown at low temperature

To be in a better position to discuss the ﬁlm growth of TSeT at RT, the multilayer ﬁlms deposited at LT were annealed by slowly increasing the sample
temperature up to ca. 400 K over a time of ca. 15 hours. The corresponding
spectra are included in Fig. 5.5. The observations obtained are almost identical
for all metals and will be discussed in detail for Au(111); only (small) diﬀerences
observed for the other two metals will be discussed thereafter.
Au(111)
Starting when the sample temperature reached ca. 170 K, φ gradually decreased
from 4.53 eV to 4.0 eV, while the HOMO onset shifted from 0.35 eV to 0.25 eV BE,
i.e., the IE decreased by more than 0.6 eV. This temperature-induced process
can be explained by gradual dewetting of TSeT from Au(111), as also observed
e.g. for pentacene/Au [150]. This allows the molecules to rearrange (most
likely a transformation from an amorphous to a polycrystalline ﬁlm), which
can impact IE for the following two reasons: Firstly, a better/closer molecular
packing can increase the intermolecular screening (Sect. 2.6), which was found
to decrease the IE by up to 0.3 eV when going from disordered to crystalline
ﬁlms [248, 96], and can explain part of the observed IE diﬀerence. Secondly,
the orientation of the molecules with respect to the substrate can change [200,
319, 47], which was shown to signiﬁcantly inﬂuence the IE [76, 47, 57]. In the
present case, a reorientation is indeed indicated by a change of the relative
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Figure 5.11: Top part (labeled “experiment”): UPS spectra obtained before and
during the annealing of a multilayer TSeT-ﬁlm on Au(111) [the same as shown in
Fig. 5.5 a)] and the diﬀerence spectrum illustrating where the annealing induces
an intensity increase (black solid) and decrease (red solid). Bottom part (labeled
“DFT”): Calculated density of states (DOS, broadened with a Gaussian having
FWHM = 0.6 eV) belonging to π- and σ-orbitals (black solid, at bottom as
labeled). Also shown are the total DOS (black line) and a diﬀerence spectrum
indicating where σ-orbitals are more (black solid) and less important (red solid)
for the DOS than the π-orbitals. Spectra have been shifted to align the HOMO
maxima.
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peak intensities in the valence region. The features higher in BE than ca. 5 eV
are much more intense than before annealing started, while the peaks at lower
BE decrease in intensity. The latter ones are derived from π-orbitals, while the
former ones are mainly from σ-orbitals, as illustrated in more detail in Fig. 5.11.
In accordance with similar systems [319, 47], the observed intensity variation can
therefore be interpreted as an increasing inclination of the backbone of the TSeT
molecules (“lying-to-standing” transition). Such a transition is consistent with
the observed IE decrease, since both, the Se and H atoms have a positive partial
charge [236], while the π-electrons create a negative partial charge above and
below the TSeT backbone. This results in a signiﬁcantly anisotropic potential
of an isolated TSeT molecule, as shown in Fig. 5.1 c), which translates to an IE
decrease between a ﬁlm of ﬂat-lying and inclined molecules, as was introduced in
Sect. 2.3 and is further detailed in Refs. [57, 125, 244]. Reorientation-induced
IE decreases of comparable magnitude were reported before [76, 47, 57]. Note
that for lying-to-standing transitions of related molecules often a constant φ is
observed and the change in IE is reﬂected only by a shift of the molecular levels
[76, 79]. This is not the case for TSeT on Au. The HOMO level is very close
to EF already at LT, and the orientation-induced movement of the HOMO
would bring it even above EF , i.e., into extreme electronic non-equilibrium.
In return, electrons are transferred from the TSeT HOMO to the metal, i.e.,
pinning sets in. Consequently, a signiﬁcant dipole is built up as evidenced by
the φ decrease. This ensures that also the reoriented molecules with lower ﬁlm
IE have their HOMO below EF . The apparent ﬁnite energy diﬀerence between
HOMO-onset and EF can be rationalized by the tailing HOMO gap states,
which are not accessible with the experimental sensitivity of the employed setup
[195, 48, 275, 276, 191].
When reaching ca. 325 K, φ increases again (gradually over ca. 1 h) to
φ = 4.45 eV, which is similar to φML and φthick . Substrate features can now
be seen again in the valence region, in particular the Au d-band, between 2 eV
and 7 eV BE, and also the Fermi edge. Obviously, annealing leads to a dramatic
change of the aspect ratio of the multilayer ﬁlm, from quasi-2D to pronounced
3D. Therefore, the signal contribution from multilayer areas is reduced, i.e., the
valence signal from the monolayer appears prominently and φ is increased due
to the area-averaging of the SECO measurement. When comparing the HOMOderived peak at θ = 0◦ and θ = 45◦ emission angle, additional intensity at lower
BE can be seen for the latter case. The diﬀerence spectrum gives a peak that
agrees very well in energy position and shape with the spectrum of the 2 Å ﬁlm
during the initial deposition sequence. This indicates that the monolayer does
not dewet and reorient up to this temperature.
Increasing the sample temperature up to 380 K causes only a slight broadening of the valence features (not shown). However, at 400 K − 410 K the intensity
of the molecular features reduces drastically and irreversibly; when going back
to RT the spectrum remains unchanged. This ﬁnal annealing step also induces
a φ decrease of 0.05 eV. The origin of these observations is likely desorption of
intact molecules, probably accompanied by (substrate-mediated) chemical reactions and desorption of reaction products, similar to what was reported for
benzeneselenolate/Au(111) [63, 151] and TTT/Au(111) [91].
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Ag(111)
On Ag(111) the dewetting (indicated by the beginning of the SECO shift to
higher kinetic energies) sets in already at ca. 285 K [was ca. 325 K for Au(111)].
This diﬀerence between the two substrates agrees with the observation of more
pronounced dewetting on Ag(111) observed during the RT measurements (see
below). However, another reason for the observation of dewetting already at
lower temperatures might be the lower ﬁlm thickness employed [less than half
of that for Au(111)].
In addition, on Ag(111) the HOMO-derived peak of the ﬁlm after dewetting
(between 300 K and 380 K) has a diﬀerent shape and its intensity varies diﬀerently as a function of θ than was observed for Au(111). Still, like for Au(111),
a feature that is signiﬁcantly higher in intensity at θ = 45◦ than at θ = 0◦
can clearly be seen. Therefore, the same subtraction procedure was performed
as in the case of Au(111). This yields a feature with its maximum at 0.8 eV,
which is attributed to the TSeT monolayer, consistent with the discussion for
the LT-ﬁlm growth above.
Cu(111)
On Cu(111), the shift of the SECO to higher kinetic energies sets in at around
300 K. As mentioned before, the HOMO-derived feature for the annealed ﬁlm
is very broad already at 325 K. However, another change in spectral shape and
φ decrease is seen when the sample temperature reaches 400 K, showing that
also in this case the TSeT ﬁlm undergoes a signiﬁcant structural change at this
temperature.

5.1.5

Multilayer ﬁlms grown at room temperature

With the conclusions drawn from the LT ﬁlm growth and annealing experiments, let us now turn back to RT-grown TSeT ﬁlms and discuss the multilayer
regime. Figs. 5.12 a) and b) presents the UPS data for TSeT ﬁlms of the indicated nominal coverages grown on Au(111) and Ag(111), respectively. The
respective XPS data were already presented in Fig. 5.3. The ﬁrst observation
is that even for the highest TSeT coverage on Au(111) (100 Å) as well as on
Ag(111) (130 Å) [topmost spectra in Figs. 5.12 a) and b), respectively], significant spectral intensity from the substrates – apparent from still visible Fermi
edges and valence region shapes that are diﬀerent for Au and Ag – can be observed. Since UPS is a very surface sensitive technique, with a sampling depth
of only a few Å, this supports the notion of pronounced 3D island growth on
both metal substrates at RT, as was discussed above based on XPS data and
the SECO evolution only.
As discussed in the LT section (Sect. 5.1.2), the contribution of the HOMOderived peak that can be attributed to the multilayer is at higher BE than
that of the monolayer, as can be seen in the ﬁts shown for a coverage of 6 Å
and an emission angle of θ = 45◦ in the very right part of Fig. 5.12. With
increasing coverage, this feature gradually shifts by ca. 0.25 eV to lower BE for
Ag(111) and a (smaller) shift is observed also for Au(111); analogous shifts are
seen in the bulk-like core levels. These shifts are in part of the same nature
as those observed in the LT measurements, i.e., of electrostatic origin, with a
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Figure 5.12: Room temperature UPS results of a) Au(111) and b) Ag(111) for
the pristine metals and after deposition of the indicated nominal TSeT coverages. Shown are, from left to right, the SECO region, the valence band region
at θ = 0◦ , and zooms into the region around EF for θ = 0◦ and θ = 45◦ . The
dashed spectra in a) show indications of sample charging.

corresponding shift of the SECO to higher kinetic energy not being observable
due to 3D-island growth. However, the HOMO maxima observed for RT-grown
multilayer ﬁlms [0.6 eV and 0.75 eV for 30 Å TSeT on Au(111) and Ag(111),
respectively] are at lower BE than observed for multilayer ﬁlms grown at LT
(0.85 eV in both cases). Recalling the observations during the annealing of the
LT-grown ﬁlms, this probably results from an increased inclination of TSeT
molecules, with a further contribution from better screening in the RT-grown
ﬁlms (i.e., improved intermolecular order).
As can be seen in Fig. 5.3 a) (most clearly for the Se3d spectra and coverages
less than 30 Å), the spectral intensity of the bulk-like (= multilayer) contribution in the case of Ag(111) is lower than for Au(111) for identical nominal coverages. This can be due to a lower sticking coeﬃcient and/or more pronounced
dewetting of multilayer TSeT molecules in the former case, which (both) means
that TSeT molecules have less aﬃnity to TSeT-monolayer-covered Ag(111) than
to TSeT-monolayer-covered Au(111). This diﬀerence, which is consistent with
the observed dewetting behavior of multilayer TSeT during the annealing of
LT-grown ﬁlms, is reﬂected in the following diﬀerent observations for higher
nominal TSeT coverages on Ag(111) and Au(111): For Ag(111), the substrate
features become more prominent when going from 30 Å to 130 Å TSeT coverage
due to signiﬁcant dewetting [75]. Consistently, for this coverage step also the
interface species in XPS become more intense [Fig. 5.3 b)] and an increase in
intensity is also observed for the Ag3d core level (not shown).
For Au(111), on the other hand, the substrate contribution in the valence
region decreases when increasing the coverage to 100 Å, evidencing that dewet63

ting is less pronounced in this case. At the same time, the SECO shifts to lower
kinetic energy and all peaks signiﬁcantly broaden. A pronounced broadening is
also observed for the core level peaks in XPS, and the bulk-like feature shifts to
higher BE, i.e., rigidly with the SECO. These observations (which, as mentioned
before, likely stem from photoemission-induced sample charging) match those
for the LT measurements, where, however, they were made only for a TSeT
coverage of ca. 250 Å. This indicates columns of at least the same height for
the RT-grown 100 Å TSeT ﬁlm on Au(111), which further supports the notion
of pronounced 3D island growth also in this case. It is worth noting that SECO
and valence band evolution as function of coverage for RT-grown TTT/Au(111)
was reported before [282] and parallels the one reported here for TSeT/Au(111).
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Figure 5.13: a), b), c), and d): STM images of HATCN / Ag(111) for HATCN
coverages of 1 Å, 2 Å, 3 Å, and 4 Å, respectively. [Imaging parameters: a): -1.4 V,
0.2 nA, Insets: -1.4 V, 0.1 nA, b): -1.4 V, 0.4 nA, c) and d): -1.9 V, 0.2 nA]

5.2

5.2.1

Tuning hole-injection barriers at organic/metal interfaces exploiting the orientation of a
molecular acceptor interlayer
STM of HATCN/Ag(111)

STM data for a ﬂat-lying HATCN layer had been presented before [106, 105].
The structure of the ﬂat-lying interlayer had been found to be characterized by
ﬂat-lying HATCN molecules in a honeycomb arrangement, where uncovered Ag
patches are exposed via nanocavities [106]. Identical ﬁndings have also been
reported for HATCN/Au(111) [321]. In Fig. 5.13, STM images of several coverages of HATCN/Ag(111) are shown. These images present details for the
ﬂat-lying layer that were not contained in previous studies. In Fig. 5.13 a),
isolated honeycombs can be seen for a nominal HATCN coverage of 1 Å. Fig.
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Figure 5.14: STM images of HATCN / Ag(111) for a HATCN coverage of 2 Å
[the same sample as in Fig. 5.13 b)]. [Imaging parameters: a) - c): -1.2 V,
0.7 nA, d): -1.0 V, 0.7 nA, e) - g): -1.2 V, 0.8 nA ]
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Figure 5.15: a): Zoom for the same sample as in Fig. 5.14. b) and c): Molecular
models for the honeycomb arrangement and a denser arrangement, respectively
[Imaging parameters: -1.0 V, 0.7 nA]
5.13 b) presents a HATCN ﬁlm with a complete ﬂat-lying monolayer. At certain
locations, a HATCN packing that deviates from the (prevailing) honeycomb pattern is observed. More STM images of this ﬁlm can be found in Fig. 5.14. The
denser arrangement of ﬂat-lying HATCN molecules seems to be related to grain
boundaries or special cites of the Ag(111) surface like narrow terraces [cf. Fig.
5.13 b)] and holes. The honeycomb pattern and the denser arrangement are
illustrated in Fig. 5.15 b) and c), respectively. They look very similar along the
row direction that is indicated by the dashed line. The two arrangements thus
mainly diﬀer by the oﬀset that two such rows have with respect to each other.
This results in a denser packing for the structure presented in Fig. 5.15 c), which
resembles the P1 arrangement observed for the related molecule hexahydroxy
triphenylene on Ag(111) [224]. The existence of a dense ﬂat-lying HATCN ﬁlm
was concluded on in a UPS study of HATCN deposited on top of a monolayer
α-NPD / Ag(111), for which it was found that the HATCN molecules diﬀuse
underneath the α-NPD molecules. The HATCN molecules were proposed do
not reorient to form an edge-on orientation under these conditions [5]. The
present STM results substantiate the reasoning in Ref. [5]. While the reorientation of HATCN molecules was evidenced by a multitude of experimental
techniques [40], STM images of edge-on molecules have not been reported yet.
In this context it is noted ﬁrst, that the encircled nitrile groups in 5.15 c) have
an electrostatic very unfavorable mutual arrangement [321], which, in addition
to what is laid out in Ref. [40], might make a reorientation to an edge-on geometry preferred over the formation of this denser packing. Fig. 5.14 c) and
d) show STM images of HATCN coverages of 3 Å and 4 Å, respectively, (i.e.
more than a full ﬂat-lying monolayer arranged in honeycombs), which evidence
large protrusions (apparent height ca. 3 Å larger than for ﬂat-lying HATCN)
that increase in number with coverage and might very well result from edgeon HATCN molecules. Unfortunately, a clear identiﬁcation of edge-on HATCN
molecules was not possible.

5.2.2

α-NPD on pristine Ag and Au

The top part of Fig. 5.16 a) shows the valence spectra and SECOs for α-NPD
deposited with incremental coverage on Ag(111). The values for the HIB and φ
determined from these spectra are summarized in Fig. 5.18 – as are the ones for
the other systems discussed in this text. φ of pristine Ag(111) was 4.60 eV. In the
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Figure 5.16: a) and b): UPS valence and SECO spectra for α-NPD and Alq3 ,
respectively (the thickness is denoted by θα−NPD and θAlq3 , respectively) deposited on (from top to bottom) pristine Ag(111), ﬂat-lying HATCN interlayer
on Ag(111), and edge-on HATCN interlayer on Ag(111). The ﬂat-lying and
edge-on HATCN interlayer spectra are labeled 0* and 0** respectively.
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coverage range from 2 Å to 10 Å (spectra not shown) φ decreased linearly with
coverage to 3.65 eV and remained constant for yet higher coverages, indicating
the completion of the molecular monolayer at ca. 10 Å. The lowering of φ is
due to a modiﬁcation of the Ag surface dipole by the push back eﬀect, which
corresponds to a compression of the electron tail spilling out of the clean metal
surface (Sect. 2.5.1).
The valence spectra show a distinct photoemission feature spanning from
1.4 eV to 2.7 eV binding energy (BE) for low α-NPD coverages. It consists
of emission from the highest and second highest occupied molecular orbital
(HOMO and HOMO-1) [130]. The HOMO low-energy onset is at 1.40 eV BE
in the monolayer regime and undergoes a shift of 0.35 eV to higher BE for multilayers (see, e.g., 100 Å spectrum), i.e., the HIB into multilayer α-NPD from
Ag is 1.75 eV. The constant φ when going from 10 Å to 100 Å coverage indicates
to the absence of charging. Consequently, the observed shift predominantly results from a diﬀerence in the metal-substrate mediated photo-hole screening for
α-NPD monolayer versus multilayer (Sect. 2.6). However, the energy splitting
between HOMO peak maximum and all other valence band features is apparently 0.1 eV larger in the α-NPD multilayer compared to the monolayer (shown
for the HOMO-1 in Fig. 5.17).
As no interface states close to EF are observed, it can be concluded that
the interaction between α-NPD and Ag(111) is rather weak, i.e., physisorptive
rather than involving signiﬁcant charge transfer or covalent bond formation.
Consequently, the diﬀerence in the HOMO-HOMO-1 energy splitting does not
reﬂect a chemical interaction, but is most likely due to diﬀerent molecular properties in the monolayer versus multilayer. Similar observations were reported for
p-sexiphenyl adsorbed on Ag(111) [166] and explained by a change in the twist
angle of the phenyl units [37]. In the case of α-NPD, the HOMO is localized
on the central biphenyl core [130]. Accordingly, the observed diﬀerential shift
would correlate to an increased twist of the biphenyl unit in the monolayer because the HOMO is at higher BE. This suggests that the interaction of α-NPD
with the Ag surface is predominately mediated by the phenyl or naphthyl endgroups, which would be enabled by an increased biphenyl inter-ring twist angle.
However, another mechanism may cause apparent changes of peak maxima in
photoemission from molecular materials [324]. The strength of hole-vibration
coupling, which governs the intensity distribution of vibronic replica on the high
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Figure 5.18: a) and b): Schematic energy level diagrams of α-NPD and Alq3 ,
respectively, on (columns from left to right) pristine Ag(111), ﬂat-lying HATCN
interlayer on Ag(111), edge-on HATCN interlayer on Ag(111) and Au [polycrystalline Au for α-NPD (data taken from Ref. [305]) and Au(111) for Alq3 (data
taken from Ref. [39])]. Note that to minimize eﬀects of the permanent molecular dipole moment of Alq3 , a nominal coverage of 30 Å was chosen as multilayer
for the respective systems. This is in contrast to the α-NPD results for which
the multilayers have a nominal coverage of 100 Å.

BE side of the vibronic ground-state transition (Sect. 3.1.2), may be diﬀerent
for mono- and multilayer. Consequently, the apparent shift in the maximum of
emission from the α-NPD HOMO may be due to a larger Huang-Rhys factor
[111] for the monolayer that interacts directly with the metal substrate.
The electronic structure of α-NPD on Au investigated by UPS was reported
in detail by Wan et al. [305]. Their most important ﬁndings will be shortly
reviewed in the following. For multilayers, the HIB was 1.4 eV and φ of the
molecule-covered Au was 4.1 eV, i.e., 1.3 eV lower than φ of the pristine Au.
The diﬀerences found for the φ-change and HIB for α-NPD on the two metals
mainly reﬂects the diﬀerence in the speciﬁcs of the push-back of Ag versus Au
(cf. Sect. 2.5.1). Noteworthy, while φ values of the pristine metal surfaces diﬀer
by 0.8 eV, HIB values (for multilayers) diﬀer only by 0.35 eV. Let us now turn
towards α-NPD deposited on HATCN pre-covered Ag(111). Two diﬀerent precoverages were chosen: (i) 2 Å HATCN corresponding to a ﬂat-lying monolayer
with a φ value of 4.65 eV [essentially the same as pristine Ag(111)], and (ii)
12 Å HATCN corresponding to an edge-on monolayer with a φ value of 5.50 eV
[essentially the same as pristine Au(111)].

5.2.3

α-NPD on the ﬂat-lying HATCN interlayer

The coverage dependent valence and SECO spectra for α-NPD deposited on
Ag(111) with a ﬂat-lying HATCN interlayer are displayed in the middle part of
Fig. 5.16 a). The valence region of this layer exhibits a weak and broad feature
spreading from ca. 1.3 eV BE up to EF . These states have been assigned to
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LUMO-derived hybrid state also involving a contribution from the Ag bands,
which is partially ﬁlled due to metal-to-molecule electron charge transfer. Upon
adsorption of 2 Å HATCN, φ remains unchanged because the push back eﬀect
is counterbalanced by the charge transfer [106].
For ca. half-monolayer to monolayer (5 Å and 10 Å) of α-NPD deposited on
the ﬂat-lying HATCN interlayer, φ decreased by 0.55 eV and the HOMO low-BE
onset was at 1.05 eV. The overall φ reduction upon multilayer α-NPD deposition was 0.65 eV, and the HOMO onset shifted to 1.40 eV BE. The observed φ
decrease upon α-NPD deposition is 0.3 eV smaller than for pristine Ag(111),
but not zero as might be expected for non-interacting molecule-molecule interfaces (Sect. 2.3). This behavior may be explained by considering that α-NPD
partially adsorbs on the free Ag patches (the nanocavities of the HATCN honeycomb structure), which leads to a push-back, however, reduced in magnitude
as most of the surface is covered by HATCN. Such considerations have recently
been substantiated by a more comprehensive study, for which the same COMs,
but an indium tin oxide substrate was employed [318].
Upon adsorption of multilayer α-NPD, the HOMO onset shifted towards
higher BE by 0.35 eV, as expected for decreased photo-hole screening. Compared
to α-NPD/Ag(111), where the VB shifted by 0.45 eV to higher BE, a reduction
of the substrate-induced screening by 0.10 eV is now found, probably due to the
lower screening eﬃciency of the HATCN interlayer compared to the metal.

5.2.4

α-NPD on the edge-on HATCN interlayer

The second interlayer that was investigated comprised nominal 12 Å HATCN
coverage on Ag(111), which equals an edge-on HATCN monolayer. Due to the
diﬀerent bonding pattern, this interlayer increases φ to 5.50 eV compared to
4.60 eV for pristine Ag(111) [40]. This will enable a good comparison to the
results obtained on pristine Au with a very similar φ (5.40 eV, see above).
Photoemission spectra of α-NPD ﬁlms of increasing coverage on edge-on
HATCN / Ag(111) are displayed in the bottom part of Fig 1 a). The total φ
decrease up to 100 Å α-NPD coverage was only 0.50 eV. The HOMO-onset was at
0.3 eV for the α-NPD monolayer and it shifted to 0.45 eV BE for the multilayer.
The φ and HIB values that were found for α-NPD on edge-on HATCN/Ag(111)
directly indicate that the energy level alignment at this interface is governed
by Fermi-level pinning [35, 304, 161]. This substrate’s φ (5.50 eV) is larger
than the ionization energy of α-NPD (5.20-5.45 eV). If vacuum level alignment
occurred, the HOMO of α-NPD would be placed above EF , i.e., a situation out
of thermodynamic equilibrium (HOMO-pinning). In the integer charge transfer
model for pinning, electron transfer from α-NPD into the substrate occurs,
which leads to an interface dipole that pulls the occupied levels of the organic
overlayer below EF to establish equilibrium (Sect. 2.7). The interfacial charge
transfer results in a mixture of positive polarons and neutral molecules in the
ﬁrst α-NPD monolayer. From the discussion of LUMO-pinning in Sect. 6, one
can conjecture that in the present case of HOMO-pinning, the energy levels of
the neutral α-NPD are at higher BE than those of neutral α-NPD. The resulting
spectrum gives a HIB of 0.3 eV for half a α-NPD monolayer. For a full α-NPD
monolayer, the fraction of charged molecules is decreased (cf. the discussion in
Sects. 6.2.1 and 6.2.2), which gives rise to a small shift of the HOMO-onset
to lower BE. The following HOMO-onset shift to 0.45 eV when increasing the
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coverage beyond the ﬁrst monolayer is probably due to the ﬁlling of tailing intragap states [195, 275]. This value corresponds to the BE for neutral molecules
in the multilayer. Similar observations were reported, e.g., for the EF -pinning
behavior of diindenoperylene on high φ conductive polymer electrodes [304]. In
addition, part of this shift to higher BE may be due to the reduced screening
by the underlying HATCN/Ag as the ﬁlm thickness increases. Consistently, the
ﬁnal sample φ of 5.0 eV found here corresponds to the φpin+ , which deﬁnes the
border between EF -pinning and the Schottky-Mott limit (Sect. 2.7) for α-NPD
[35, 161].
Another mechanism that could explain pinning in this case was recently put
forward by Rissner et al. [237]. Here, no long-range charge transfer between
the pinned molecular overlayer and substrate is involved, but rather charge density rearrangement within the α-NPD layer due to polarization may cause the
interface dipole that brings the system to equilibrium. However, the experimental evidence that will be presented in Sect. 6.2, clearly supports integer
charge transfer rather than polarization as cause for pinning at O/O interfaces.
As outlined above, this model can also explain the small shifts of the α-NPD
HOMO onset within and beyond ML coverage of the overlayer.
Two more comments for the α-NPD/HATCN heterojunction are worth noting: First, the same HIB of 0.3 eV as in the present case of 1 ML edge-on
HATCN/Ag(111) was reported for 20 nm HATCN/Au by UPS [157], even though
this latter template had a signiﬁcant larger φ of 6.1 eV. Second, an only slightly
larger HIB of 0.4 eV has been found for a nominal coverage of 5 Å HATCN on
Ag(111) (φ = 5.3 eV) [41], i.e., in between an all-ﬂat-lying and an all-edge-on
HATCN monolayer.

5.2.5

Alq3 on the HATCN interlayers and comparison to
α-NPD

Alq3 , which has a similar IE as α-NPD (5.8 eV as compared to 5.4 eV), was
used as another molecular overlayer in order to validate the generality of the
observed eﬀect of the HATCN interlayer. The corresponding spectra are shown
in Fig. 5.16 b) and the characteristic energy level values are summarized in Fig.
5.18 b). The values for Alq3 /Au(111) are from literature [39]. φ for multilayer
Alq3 was 3.45 eV (4.15 eV) in case of the bare Ag (Au) substrate. These values
are similar to those found for α-NPD, which suggests a push back eﬀect of
comparable magnitude for both molecules. Due to the higher IE of Alq3 the
HIB is generally larger than for α-NPD. On Ag it is 1.85 eV for the ML and
amounts to 2.40 eV for the multilayer. This yields a diﬀerence of 0.55 eV, of
which 0.45 eV are induced by screening and 0.1 eV stem from the permanent
intramolecular dipole of Alq3 , as seen from the concomitant φ-change. On Au,
the HIB for a 30 Å Alq3 ﬁlm is 1.60 eV.
For Alq3 deposited on silver pre-covered with ﬂat-lying HATCN (initial φ
of 4.65 eV), φ is 4.05 eV. This φ change of 0.6 eV is almost the same as for αNPD. This is expected, as the adsorption in the remaining HATCN-uncovered
Ag surface area should induce a similar push back eﬀect for the two molecules.
The HIB of Alq3 on ﬂat-lying HATCN/Ag(111) is 1.55 eV for the monolayer, i.e.,
0.30 eV lower compared to the bare Ag electrode. For the edge-on HATCN interlayer (initial φ of 5.45 eV), φ reduces upon adsorption of Alq3 by 0.85 eV, giving
a ﬁnal φ of 4.6 eV. The HIB of Alq3 is 1.10 eV for the ML and 1.20 eV for the
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multilayer. The signiﬁcant φ decrease observed for Alq3 deposited on edge-on
HATCN/Ag(111) points towards EF -pinning on this high φ substrate. However,
the HIB of 1.10-1.20 eV seems rather high compared to α-NPD. Nonetheless,
HIB values of this magnitude in the pinning regime can yet be rationalized when
deep intra-gap states in the organic semiconductor are present [195, 279, 153].
The present experiments ﬁnd the pinning level for Alq3 to be 1.10 eV for the
ML. A similar HIB value (1.2 eV) was found for a ML of Alq3 on the conductive polymer poly(ethylenedioxythiophene):poly(styrenesulfonate) (PEDT:PSS
with a φ: 5.1 eV) and attributed to pinning at gap states with a density too
low to be directly observed in UPS [305]. Recently, pinning for Alq3 was indeed clearly evidenced by Lindell et al. in an extensive study that covered a
wide φsub -range [185]. The φpin+ in this latter study was even slightly smaller
than φpin+ = 4.6 eV found presently and in [305], which can be attributed to a
higher degree of alignment of the Alq3 dipole moments in the case of inorganic
substrates used by Lindell et al. than on organic ﬁlms [185, 317].
In essence, the qualitative behavior of Alq3 on Ag, Au and the two ﬂat-lying
and edge-on HATCN interlayers on Ag parallels that of α-NPD, providing solid
support for the general validity of the concepts for the application of interlayers
that are discussed in the following.
The ﬂat-lying HATCN interlayer features essentially the same φ value as
pristine Ag(111) (ca. 4.6 eV), and φ of the upright standing HATCN layer
resembles that of Au (ca. 5.5 eV). However, the HIB values determined for αNPD and Alq3 on electrodes with comparable φ with and without the acceptor
interlayer diﬀer notably. In both cases the HIB is signiﬁcantly lower when
HATCN interlayers are present, which is also reﬂected by smaller φ-changes
resulting from deposition of the organic semiconductor (see Fig. 5.18). For
instance, φ decreases by 1.3 eV for α-NPD on Au, whereas the decrease is only
0.5 eV when an edge-on HATCN interlayer on Ag(111) is used as electrode. Note
that part of this 0.5 eV φ decrease is due to EF -pinning, and might be even
smaller if pinning did not occur. As noted above, the φ decrease for weakly
adsorbed organic molecules on clean metal surfaces is due to the push-back
eﬀect, i.e., the electron density spilling out into vacuum at the free metal surface
is partially moved back into the metal due to Pauli repulsion [12]. A similar
eﬀect may be operative for the HACTN-covered Ag surfaces as well, however,
greatly reduced in magnitude as the α-NPD and Alq3 induced φ decrease is
much smaller. Consequently, it appears that the mechanically “soft matter”
molecular interlayer is electronically more rigid than the “hard matter” Ag and
Au.
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5.3

Conclusions

As an approach to functionalize the active material directly, tetracene with
four peripheral selenium atoms (TSeT) was employed and studied at the interface with Au(111) and Ag(111) with XPS, which evidences chemisorption via
the selenium atoms in both cases. UPS results obtained for TSeT deposited
on these metals and Cu(111) reveal diﬀerent molecule-induced work function
changes, which give rise to an almost identical work function for TSeT monolayers on the three metals (within 0.15 eV), while the initial metal work function
values vary by almost 1 eV. This situation can be explained by charge density
rearrangements at the seleno-metal-bonds resulting from Fermi-level pinning
predominantly at the selenium-related levels. A seleno- (or chalcogeno-) functionalization therefore oﬀers a good strategy to counterbalance the push-back
eﬀect at the organic/metal interface, which reduces the work function in the
case of physisorption. This is particularly relevant for TSeT/Ag(111), since
Ag(111) has the lowest φ of the three metals. In this case, almost vacuum level
alignment is found, and the low IE of TSeT allows a very low hole injection
barrier (only 0.4 eV).
When the samples are cooled to 77 K during deposition, TSeT grows in a
kinetically limited layer-by-layer fashion on Au(111), Ag(111), and Cu(111).
Molecules in multilayers change orientation from lying to vertically inclined
upon annealing and pronounced dewetting occurs. Consistently, TSeT exhibits
3D-island growth when the metal substrates are at RT. Therefore, despite the
favorable energy level alignment for hole injection from a metal, TSeT itself is
not suitable for device applications. However, similar seleno-functionalization
should be applicable also to organic semiconductors that have more favorable
morphology and ﬁlm growth, and, therefore, oﬀers a promising route to fabrication of air-stable organic material with yet minimized hole injection barriers
at noble metal contacts.
For the interlayer approach, HATCN interlayers of two diﬀerent orientations
on Ag(111) were employed to tune the energy level alignment at organic semiconductor / metal electrode interfaces. Ultraviolet photoelectron spectroscopy
experiments revealed that employing such acceptor interlayers signiﬁcantly reduced the hole injection barriers for organic semiconductors, up to 1.3 eV for
α-NPD, and up to 1.2 eV for Alq3 , compared to pristine Ag. Most notably, even
when the acceptor-modiﬁed electrodes exhibited the same φ as pristine metal
surface [ﬂat-lying HATCN/Ag(111) and Ag(111), and edge-on HATCN/Ag(111)
and Au] substantial HIB reductions were accomplished through the mere presence of the acceptor interlayer. This is attributed to a more rigid character
of the surface electron density of the metal-adsorbed HATCN layers compared
to the electronically “soft” surface of metals, where considerable electron density spills out into vacuum. Consequently, the electron push-back eﬀect due to
the deposition of an organic semiconductor is less pronounced for molecularly
modiﬁed metal electrodes, which is beneﬁcial for their use as charge injection
contacts in organic electronic devices.
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Chapter 6

Role of charge transfer,
dipole-dipole interactions,
and electrostatics in
Fermi-level pinning at
molecular heterojunctions
on metal surfaces
From an energetic point of view it is straightforward to demand that in an electronically contacted system in equilibrium all occupied energy levels be located
below EF , while all unoccupied states have to be located above it. If this is
not fulﬁlled in the case of vacuum-level alignment, charges will ﬂow and create
electric ﬁelds to realign the energy levels accordingly. Clearly, this should also
hold for the second organic layer in a multi-layer stack.
It was therefore occasionally predicted [36, 33] that the charges in such a
setup originate from the conductive contacts. This is a very reasonable assumption, as the molecular level alignment is actually determined by the electrochemical potential of the substrate - as already clearly phrased by the term
“Fermi-level pinning”.
To test this prediction, UPS, XPS, and STM experiments for two material
combinations were carried out. The architecture of both systems consisted of
a Ag(111) surface that was pre-covered with a physisorbed molecular layer, on
top of which a strong acceptor was deposited. Section 6.1 discusses the ﬁrst
heterostructure, which employed materials that were already encountered in
Sect. 5, namely HATCN and Alq3 .1 .
EAHATCN is higher than φ of Alq3 /Ag(111). Consequently, the LUMO of
1 It was attempted to study also the second possible bilayer for the materials used in Part 1,
namely HATCN on top of α-NPD-precovered Ag(111) surface. However, a careful UPS-study
[5] revealed that in this case HATCN molecules diﬀuse underneath the α-NPD layer and form
a dense ﬂat-lying monolayer.
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HATCN would be positioned below the occupied states of the substrate if vacuum level alignment was assumed. Details concerning the ﬁrst Alq3 monolayer
on Ag(111) are given in Sect. 6.1.1, which were not presented in Sect. 5.2.5.
From the UPS results discussed in Sect. 6.1.2, equilibrium is found to be established via electron transfer to HATCN. The location of HATCN at the very
surface of the bilayer structure is evident form XPS results presented in Sect.
6.1.3. UPS data for a blend ﬁlm of the two materials and a comparison with
the data from Sect. 5.2.5 are discussed in Sect. 6.1.4, which allows excluding an
interface dipole that is localized at the O/O interface. Instead, additional core
level and valence region data evidence an electrostatic potential drop within the
Alq3 interlayer, which strongly suggest that the charges that ﬁll the HATCN
LUMO originate from the metal substrate. Sect. 6.1.5 completes the discussion of this heterostructure by arguing that the φ change of 0.75 eV observed
upon HATCN adsorption is attributed to the combination of the two following counteractive eﬀects. The dipoles formed by the MOCT increase φ. They
also produce an electric ﬁeld which induces a reorientation of the polar Alq3
molecules. This, in turn, counterbalances the φ increase.
Section 6.2 is concerned with the second heterostructure, which comprised
C60 and sexithiophene (6T). This material combination constitutes a bettercontrollable and tunable system, as detailed below, and therefore allows deriving a more generally valid and comprehensive picture of the ELA of O/O
heterostructures on metal substrates in the case of pinning. C60 was deposited
on one monolayer 6T (ML 6T) and a bilayer 6T (BL 6T) pre-covered Ag(111).
Previously, well-deﬁned morphologies for these systems had been reported by
Zhang et al. [335] and Chen et al. [54], respectively. Complications due to
polar molecules in the interlayer, as was observed for Alq3 , are avoided for
6T. Both systems exhibit a MOCT. With a Å-by-Å deposition of C60 on the
ML 6T interlayer, it is demonstrated that only a fraction of the C60 molecules
within the ﬁrst overlayer undergoes a MOCT (Sect. 6.2.1) and the coverage
dependent evolution of the ratio between these molecules and neutral C60 is
carefully analyzed (Sect. 6.2.2). Sect. 6.2.3 compares the ratio of charged to
neutral C60 molecules in the ML and BL case. The ratios are found to diﬀer
markedly for the two systems, demonstrating a dependence on the overlayerto-metal distance. In Sect. 6.2.4, the potential drop observed in the 6T layer
as well as the energy position of the neutral C60 frontier levels are proposed
to result from electric ﬁelds induced by the interface dipoles. This statement
is further supported by classical electrostatics calculations. These ﬁndings establish a coherent picture for the energy alignment at Fermi-level pinned O/O
interfaces of thin ﬁlms in contact with metals. As is laid out in Sect. 6.2.5, the
same reasoning might also apply to cases of pinned molecular and organic heterojunctions comprising thicker layers. This was tested by applying the model
to one such system that had been measured and analyzed before. Finally, Sect.
6.2.6 tentatively analyzes RT-STM results for C60 / 6T / Ag(111) and discusses
the interdependence of the molecular assembly in the ﬁrst C60 overlayer and the
MOCT-induced dipole-dipole repulsion.
The presented XPS (UPS) data were obtained at BESSY (HU) unless
otherwise stated. Most of the results presented in Sect. 6.1 were published in
Ref. [6]. Section 6.2 contains results from [211] and [4].
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6.1
6.1.1

Metal-to-acceptor charge transfer through a
molecular spacer layer (MOCT)
Formation of the Alq3 monolayer (ML)

RT-STM results of Alq3 / Ag(111) are presented in Fig. 6.1 and show that Alq3
molecules arrange into rows, which for their part form ordered grains of up to
ca. 100 nm length. The intermolecular spacing between two adjacent rows found
from Fig. 6.1 a) matches the value of 1.7 nm reported before [334]. The encircled
area of two consecutively taken images [6.1 b)] evidences that molecules outside
of ordered domains can readily move, as expected for physisorbed molecules.
The overall Alq3 network, however, is not aﬀected by the STM measurements,
which gives conﬁdence that it can indeed prevent the HATCN molecules from
touching the Ag(111) surface.
Figs. 6.2 a) – c) depict the SECO and valence region spectra, recorded in
normal emission, of Ag(111), 1 ML (corresponding to 12 Å mass-thickness) Alq3
/ Ag(111), and 2 Å HATCN / ML Alq3 / Ag(111) (sequentially deposited). The
deposition of 1 ML Alq3 / Ag(111) was calibrated by incremental deposition of
molecules until the Ag surface state completely vanished. The sample φ, which
was 4.5 eV for the pristine Ag(111), decreased by 0.9 eV upon deposition of
1 ML Alq3 and amounted to 3.6 eV, very similar to the experiments discussed
in Sect. 5.2.5. The overall VB spectrum of one ML Alq3 shows that the Ag4d
contribution, between 4 and 7 eV binding energy is largely attenuated. The low
BE region was already presented in Fig. 5.16. Importantly, the frontier peak of
emission from Alq3 , which is centered at 2.4 eV and has a full width of ca. 1 eV,
is in fact constituted of the HOMO, HOMO-1 and HOMO-2 that are localized
on each ligand of the molecule [130, 66]. For simplicity, this emission feature
will be referred to as the HOMO-peak of Alq3 . No molecule-derived gap states
are observed, which evidences that Alq3 interacts weakly with the silver surface.

6.1.2

Valence electronic structure of HATCN deposited
on ML Alq3 /Ag(111)

Upon deposition of 2 Å HATCN (which corresponds to ca. one layer of ﬂatlying molecules [40]) on top of 1 ML Alq3 / Ag(111), the φ increases by 0.75 eV.
In the valence region near EF , a ca. 1 eV broad occupied density of states
(DOS), with a peak maximum at ca. 0.6 eV BE, clearly emerges upon HATCN
deposition. Because of the high IE of HATCN (ca. 9.1 eV) [40], this DOS
cannot be attributed to the HATCN HOMO but indicates a (partial) ﬁlling of
the LUMO of neutral HATCN whose EA is ca. 4 – 4.5 eV.2
Close inspection of this peak yields no evidence that this state is intersected
by EF , i.e., HATCN adsorbed on 1 ML Alq3 / Ag(111) is not metallic. In
contrast, the corresponding gap states of HATCN deposited directly on a bare
Ag(111) surface do intersect EF , indicating a metallic molecular adsorbate (see
Fig. 6.3). This was also discussed in Sects. 5.2.3 and 5.2.4 for both HATCN
/ Ag(111) monolayer phases (ﬂat-lying and vertically inclined), and explained
2 Calculations based on Density Functional Theory (DFT, B3LYP/6-31+G* level) give an
EA of 4 eV.
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Figure 6.1: a): An STM image of Alq3 / Ag(111) that exhibits rows of Alq3
molecules. b): Two consecutively taken images of another region. Some
molecules in the encircled area are found to be mobile and are not observed
in the second scan. [Imaging parameters: 1.1 V, 0.6 nA]
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Figure 6.2: a) – c): SECO, top valence, and large range valence spectra, respectively, of (from bottom to top) Ag(111), 12 Å (ca. 1 ML) Alq3 / Ag(111),
and 2 Å HATCN / 1 ML Alq3 /Ag(111). The thin vertical lines in b) show the
Alq3 HOMO-onset and in c) denote shifts and changes of the spectrum induced
upon HATCN deposition (see text).

Figure 6.3: From top to bottom, top valence
band spectra of 3 Å HATCN / 1 ML Alq3
/ Ag(111), ca. 2 Å HATCN / Ag(111) and
12 Å HATCN / Ag(111) (lying and standing
HATCN on Ag(111), respectively, see text).
All spectra were taken with a photon energy
of 35 eV at BESSY.

by a strong hybridization of the HATCN LUMO and the continuum of metal
states[40].
Consequently, HATCN molecules interact diﬀerently with the Alq3 / Ag(111)
surface compared to a pristine Ag(111) surface. Since interdiﬀusion of two
sequentially deposited organic materials on metal substrates was observed for
HATCN deposited on α-NPD pre-covered Ag(111) [5], and the order of a metaladsorbed molecular layer inﬂuences the electronic properties, as demonstrated
for the case of PTCDA sub-monolayers formed on Ag(111) [156], one explanation for the particular line-shape and energy position of the LUMO-derived
peak observed here is a consequence of HATCN diﬀusing through Alq3 and
chemisorbing in a disordered manner on the silver substrate.
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Figure 6.4: a): Normalized Ag3d core levels measured on 1 ML Alq3 / Ag(111)
(full blue line) and 2 Å HATCN / 1 ML Alq3 / Ag(111) (red circles). b): Fit
(full black line) of the O1s spectrum measured on 1 ML Alq3 / Ag(111) (blue
circles). c): Fit (full black line) of the O1s spectrum measured on 2 Å HATCN
/ 1 ML Alq3 / Ag(111) (red circles). The measurements were performed at HU
on the same sample that is presented in Fig. 6.2.

6.1.3

Location of the HATCN molecules

It is therefore crucial to determine the morphology of the current system, in
particular the position of the HATCN molecules, which is possible by employing
the short photoelectron mean free path (ca. 20 Å) and elementary selectivity
of XPS. If the HATCN molecules are indeed located at the very surface, they
should attenuate the intensity of Alq3 core levels the same as the intensity of
the substrate core levels. Because HATCN contains C and N, only the intensity
variations of the O1s and Ag3d levels, which are exclusively related to the
substrate and Alq3 , respectively, are presented in 6.4. As a ﬁrst step, the Ag3d
peak spectra with and without HATCN adsorbate, whose absolute intensity
exhibited a decrease of about 13 % after HATCN deposition, were normalized
to the same intensity [Fig. 6.4 a)]. The same normalization factors were then
applied to the O1s spectra, and the area under the peaks was determined using
a ﬁtting routine. The best ﬁts were realized using a Voigt proﬁle (65 % Gaussian
and 35 % Lorentzian) as shown in Fig. 6.4 b) and c). This showed that the areas
of the peaks before and after HATCN deposition diﬀer by only 1.5 % (with an
estimated error of 3 %). As the spectral intensity of O1s (Alq3 speciﬁc) thus
varies like that of Ag3d (metal substrate speciﬁc) it is established that HATCN
indeed adsorbs on the surface of Alq3 . The ﬁt also gave that the O1s peak
full width at half maximum (FWHM) is decreased by about 8% (0.13 eV) upon
HATCN adsorption.

6.1.4

Origin of the charge transfer

Having established that the HATCN layer is located at the very surface, possible
origins of the electron transfer to the LUMO of HATCN will now be discussed.
The ﬁrst possible mechanism is a charge transfer between the two organic materials, as illustrated in Fig. 6.7 b). This explanation seems unlikely when
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Figure 6.5: Valence band spectra of (from bottom to top) 48 Å HATCN /
Ag(111), 50 Å Alq3 / Ag(111), and 100 Å HATCN : Alq3 blend ﬁlm (ratio 1:2).
The spectra of the pristine materials are shifted to match with the features observed in the blend ﬁlm. All spectra were taken with a photon energy of 35 eV
at BESSY.
observing that the valence band spectrum of an Alq3 : HATCN blend ﬁlm,
which is shown in Fig. 6.5 (molar ratio 2 Alq3 : 1 HATCN), can be described
as a simple sum of spectra recorded for individual pristine HATCN and Alq3
ﬁlms (shifted to higher and lower binding energy, respectively, to take account
of the diﬀerent sample φ values). Most importantly, no gap state close to EF is
observed for the blend, revealing the absence of organic-organic charge transfer.
This is actually to be expected due to the mismatch of the electron aﬃnity ≈ 4
- 4.5 eV of HATCN and the Alq3 ionization energy of 5.7 eV.
Consequently, charge transfer between the metal and the HATCN through
the Alq3 spacer layer is left as second possible explanation. Let us test this
assumption of a metal to overlayer charge transfer (MOCT) by considering the
Alq3 energy levels after HATCN overlayer formation. A MOCT should have
a signiﬁcantly diﬀerent eﬀect than an interface dipole localized directly at the
O/O interface.
In the large energy range VB spectra presented in Fig. 6.2 c), a comparison
of the spectra before and after HATCN deposition shows a rigid shift of the
Alq3 spectrum to lower BE. Due to the small amount of deposited HATCN, the
HATCN contributions are relatively weak and only lead to minor modiﬁcations
of the shape of the spectrum (as indicated by vertical lines). As can be seen
more precisely in Fig. 6.2 b), the Alq3 HOMO-peak onset shifts from 1.80 eV BE
to 1.50 eV BE. In addition, a narrowing of the HOMO-peak FWHM by 0.1 eV
is found. An according 0.3 eV shift towards lower BE is also observed for the
core levels speciﬁc to Alq3 [C1s, O1s and Al2p, see Fig. 6.6 a)3 ]. A FHWM
decrease similar to that of the Alq3 HOMO-peak was also observed for the O1s
core level, as discussed above. This narrowing will be commented on at the very
end of section 6.1.5.
First, let us compare the energy level alignment for the currently discussed
heterostructure HATCN/Alq3 on Ag(111) with the same heterostructure de3 N1s

core levels of Alq3 and HATCN cannot be resolved unequivocally
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Figure 6.6: a): Comparison between Alq3 core levels before (blue lines) and
after (red lines) HATCN adsorption showing a rigid shift of Alq3 core levels.
Note that the increase in intensity of the C1s peak at -2 eV relative BE after
HATCN deposition corresponds to the C1s component of the HATCN molecules
as shown in b). b): C1s peak measured for 2 Å HATCN / 1 ML Alq3 /Ag(111)
(red circle). The C1s component of Alq3 (blue line) was subtracted to obtain
the C1s contribution due to HATCN (black line).
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Figure 6.7: a): Energetic (bottom) and morphological (top) situation of ML
Alq3 /Ag(111). b): Bottom: Comparison of the energy level diagrams for the
HATCN/Alq3 heterolayer deposited in the two possible sequences. Top: The
corresponding morphology and the dipoles for the hypothetical case that the
Δφ’s are caused by an interface dipole p due to an interaction at the O/O
interface. c): Schematic energy level diagram of the occupied DOS of HATCN
on ML Alq3 /Ag(111). The upper part depicts the Alq3 reorientation induced
by the electric ﬁeld formed between HATCN and Ag(111).
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posited in reverse order, i.e. Alq3 /HATCN on Ag(111), which was discussed in
section 5.2.5. The present case, where Alq3 is below the HATCN layer will be
referred to as Alq3 -b, while Alq3 -t denotes the case where Alq3 was located on
top of the HATCN layer.
The HATCN orientation in the overlayer of the Alq3 -b system is not known.
Flat-lying molecules seem more likely in view of the adsorption-induced interaction and also because the HATCN coverage is the same as in the Alq3 -t,FL
system with ﬂat-lying (FL) HATCN molecules in the interlayer. In this case, the
interface dipole upon formation of the O/O interface was ΔφAlq3 -t,FL = 0.55 eV.
This is smaller than ΔφAlq3 -b = 0.75 eV. However, one can argue that this is
because the HATCN molecules in the Alq3 -t,FL system are in contact with the
metal, which decreases the interface dipole at the O/O interface. Then it is not
valid to simply compare the magnitude of the interface dipoles in the two cases.
The reader is reminded that the ELA for the Alq3 -t,FL system was actually explained consistently completely without invoking a charge transfer at the O/O
interface by instead considering a push-back eﬀect in the open nano-cavities of
the HATCN honeycomb network.
The following discussion has therefore to limit itself to the ionization energies
of Alq3 . If the interface dipole was located at the O/O interface the diﬀerence
between the IE’s of Alq3 on either side of the interface (ΔIEAlq3 t/b ) should equal
the interface dipole that was found in the current case of Alq3 -b (ΔφAlq3 -b =
0.75 eV), as illustrated in Fig. 6.7 b). In contrast, if we assume a MOCT, the
Alq3 molecules are located in the center of the potential drop induced by the
charge transfer, as shown in Fig. 6.7 c). Therefore, the MOCT model predicts
ΔIEAlq3 t/b to be ca. 1/2 ΔφAlq3 -b ≈ 0.38 eV.
IEAlq3 -b and IEAlq3 -t,FL can be taken from Fig. 6.7 b), but need to be
corrected for the photo-hole screening of the respective surrounding. The diﬀerence in screening eﬃciency for Alq3 in contact with Ag(111) and on top of the
ﬂat-lying HATCN interlayer can be derived from Fig. 5.18 by comparing the
IE’s for the respective monolayer and multilayer ﬁlms. This monolayer-speciﬁc
ML
screening, pML , is pML
Alq3 -b = 0.45 eV and pAlq3 -t,FL = 0.15 eV for Alq3 on pristine
Ag(111) and ﬂat-lying HATCN pre-covered Ag(111), respectively. Thus we have
ML
ΔIEAlq3 t/b = (IEAlq3 -b + pML
Alq3 -b ) − (IEAlq3 -t,FL + pAlq3 -t,FL ) = 0.5 eV.
Notably, the IE of the Alq3 overlayer in the Alq3 -t,FL system simply equals
that of bulk Alq3 if, as done above, the diﬀerence in photo-hole screening is
accounted for. The discussion is therefore exactly the same when simply taking
Alq3 on pristine Ag(111). Then, Alq3 in the Alq3 -b system before HATCN
ML
deposition can used as Alq3 -t. Obviously, in this case pML
Alq3 -b = pAlq3 -t . Accordingly, ΔIEAlq3 t/b is just the diﬀerence between the IE’s of Alq3 in the Alq3 -b
system before and after HATCN deposition, which equals the diﬀerence between
ΔφAlq3 -b and the shift of the HOMO-onset (ΔHIB). ΔφAlq3 -b −ΔHIB = 0.45 eV,
which is consistent with the above result of 0.5 eV within the experimental accuracy.
To conclude the above discussion, not all of ΔφAlq3 -b is felt by the Alq3
molecules in the interlayer, but 0.3 eV (i.e. ΔHIB; almost half of the total
potential) drops in between Alq3 and the substrate. This clearly favors the
MOCT model over a charge transfer at the O/O interface.
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6.1.5

MOCT-induced work function increase and concomitant polarization of the Alq3 interlayer

In the following, the amount of charge transferred per HATCN molecule, the
behavior of φ, and the shift of the Alq3 HOMO-onset and core levels will be discussed. Within the limit of the unknown respective photoemission cross-sections
and orientation-dependent photoelectron angular distributions [216, 154], the
number of extra charges per HATCN can be estimated by determining the intensity ratio of the Alq3 HOMO emission and that of the partially ﬁlled HATCN
LUMO, when also taking into account the number of molecules probed in the
experiment. The latter was done via the C1s spectrum of the Alq3 / HATCN
system. By subtracting the component of the pristine Alq3 monolayer (whose
intensity is assumed to decrease like the Ag3d intensity, see above) from the
overall C1s spectrum, the HATCN contribution can be determined as shown in
Fig. 6.6 b). By comparing the area of these two components, a ratio of Alq3
: HATCN of 5 ± 1 is obtained. This is consistent with the nominal coverages
estimated with the QCM during sample fabrication (12 Å and 2 Å, respectively).
In the valence region, the ratio of the Alq3 HOMO and the HATCN LUMO is 35
± 5.0. As noted in the beginning, the Alq3 HOMO-peak contains contributions
of three molecular orbitals, and thus accommodates 6 electrons. Taking into
account that there is 1 HATCN for 5 Alq3 molecules, we ﬁnd that the HATCN
LUMO is ﬁlled with 1.2 ± 0.3 electrons. Even though this is not a scrupulously
justiﬁed estimation, the number is remarkably close to ﬁlling with an integer
electron, and strongly suggests the occurrence of a static charge transfer from the
silver to the HATCN LUMO. With the following discussion of C60 /6T/Ag(111)
in Sect. 6.2 in mind, it has to be noted that, a priory, not all HATCN molecules
can be assumed to take part in the MOCT. However, given the low coverage
of HATCN and its EA possibly higher than that of C60 , this assumption might
still be valid.
As test of the hitherto considerations, the Helmholtz equation [247] can be
used to compare the observed φ increase of 0.75 eV upon HATCN deposition
with what is expected for the MOCT model:
Δφ =

qN p
0 r

(6.1)

with q the elementary charge, N the dipole density on the surface, p the dipole
moment perpendicular to the surface, 0 the vacuum permittivity, and r the
relative dielectric constant. The footprint area of a ﬂat-lying HATCN molecule
is ca. 0.9 nm2 . With a Alq3 : HATCN ratio of 5 : 1 and assuming ﬂat-lying
HATCN, the surface density of HATCN (and thus the dipole density) is about
0.2 molecules/nm2 . Further assuming a charge of one electron per HATCN and
a relative dielectric constant r of 2.5, [203] a Δφ of 0.75 eV is found when the
distance HATCN-silver is about 5.5 Å. This distance is smaller than the expected HATCN adsorption distance from Ag, which can be deduced from the
Alq3 approximate size of 1 nm. For a molecule-substrate distance of 1 nm, the
Helmholtz equation shows that Δφ should be 0.65 eV larger than the experimental observations. This discrepancy might be due to three diﬀerent facts:
First, a HATCN-Ag(111) distance of 1 nm is a rather rough estimation since,
for instance, HATCN could partially penetrate the space between two ligands of
Alq3 , which would notably decrease the adsorption height. Second, as already
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mentioned above, it is possible that not all HATCN molecules undergo a charge
transfer, which was indeed found for the C60 -comprising systems discussed later
on. Third, Alq3 is a polar molecule with a permanent dipole moment μ of ca. 4
D [203]. However, when the pristine Alq3 monolayer on Ag(111) is completed,
the φ decrease is similar to what is observed for other non-polar organic molecular layers adsorbed on Ag(111) and can be ascribed to the push-back eﬀect only.
This suggests that for ML Alq3 / Ag(111) the vertical components of the intrinsic dipole moments of Alq3 contribute negligibly to the φ change. Consequently,
the molecules likely adopt no preferential orientation or, alternatively, are arranged with their dipole moment aligned in an anti-parallel fashion . However,
the situation can be diﬀerent for HATCN / Alq3 / Ag(111). Indeed, this system
is similar to a dielectric slab placed inside in a charged parallel plate capacitor
(with the positive and negative charges located in the metal electrode and the
HATCN layer, respectively). In this scenario, the Alq3 molecules possibly undergo a reorientation upon HATCN adsorption in order to align their intrinsic
dipole to the electric ﬁeld created inside the plate capacitor, as depicted in the
top part of Fig. 6.7 c). When going from a randomly toward a vertically oriented Alq3 dipole layer (with the positive pole pointing upward), the φ increase
due to electron transfer to HATCN will be counterbalanced. Such an eﬀect can
decrease φ by up to ca. 1 eV [185, 325, 326]. Therefore, the current experimental ﬁndings can be conciliated with electrostatic considerations involving such
a molecular reorientation. In addition, the proposed molecular reorientation
can account for the observed narrowing of the Alq3 energy levels upon HATCN
adsorption.
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Figure 6.8: a) From bottom to top: Valence band spectra of Ag(111), of a
polycrystalline Ag sample, of ML 6T/Ag(111) and evolution of the valence band
upon increasing C60 thickness on ML 6T/Ag(111). On the right part of the
graph, 0* denotes ML 6T/Ag(111) and the values above the respective C60 ﬁlm
thickness. b) Zoom into the low binding energy region of the corresponding
spectra (except for polycrystalline Ag). c) C60 HOMO and Fermi-level region
of 2 Å, 5 Å and 7 Å C60 on ML 6T/Ag(111) after background removal due to ML
6T/Ag(111) represented by the bottom dashed line spectrum. HOMO, HOMO*
and LUMO* (see text) are marked with a dash.

6.2

Doping of C60 (sub)monolayers by Fermilevel pinning induced electron transfer

6.2.1

Valence band and Core level spectra: Charged and
neutral C60 within the ﬁrst C60 monolayer

A monolayer of 6T on Ag(111) was obtained by desorption the multilayers of a
thick ﬁlm upon annealing at ca. 250 ◦ C, leaving only the (intact) ﬁrst layer on
the substrate
Figure 6.8 shows the valence electron region for C60 grown on ML 6T /
Ag(111). Fig. 6.8 a) and b) show diﬀerent energy ranges of a collection of
valence band spectra corresponding - from bottom to top - to Ag(111), polycrystalline Ag [Fig. 6.8 a) only], ML 6T/Ag(111) (denoted 0*), and the subsequent C60 thickness dependent series up to nominally 40 Å of C60 deposited
on ML 6T/Ag(111). The most intense features in the bare Ag spectra between
4.0 eV and 7.5 eV binding energy correspond to the silver d-band, and the ﬂat
background going from 4 eV BE up to EF is due to the silver sp band. Upon
formation of ML 6T on Ag(111), the Ag(111) d-band changes dramatically and
becomes very similar to the d-band of polycrystalline Ag. This can be explained by Umklapp scattering (diﬀraction) of the substrate photoelectrons by
the molecular overlayer [7, 187, 102, 28, 103]. Additional intensity due to ML
6T is mostly visible between 1 and 4 eV BE.
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In the zoom of the silver sp band region shown in Fig. 6.8 b), the intense and
sharp peak located at EF in the clean Ag(111) spectrum is due to the Ag(111)
Shockley surface state. This state completely vanishes upon formation of ML
6T. Three features in the density of states are detected for ML 6T/Ag(111),
which are assigned to the highest occupied molecular orbital levels of 6T with
their peak maximum at 1.8 eV BE, 2.5 eV BE and 3.2 eV BE (for the HOMO,
HOMO-1, and HOMO-2, respectively), and with the 6T HOMO onset at 1.3 eV
BE [cf. Fig. 6.16 c)]. As no intra-gap states are observed, the 6T layer can be
considered as weakly interacting with the silver surface.
Upon C60 deposition, C60 -related DOS clearly emerges, in particular in the
sp-band region. In the energy region of the silver d-band, Ag-related DOS
spectral weight remains important up to 9 Å C60 , which corresponds to ca. 1
ML C60 (also c.f. Fig. 6.9). The 40 Å C60 spectrum is representative of a
thick neutral C60 ﬁlm with its HOMO peak maximum located at 2.35 eV BE
and its onset at 1.85 eV BE. The intermediate 15 Å C60 spectrum is a weighted
sum of the ﬁrst and the second layer C60 contributions, showing that the DOS
corresponding to the second C60 layer and thick C60 are very similar.
In the sp-band region, from the ﬁrst C60 deposition on, an increase in intensity in the immediate Fermi-level vicinity is observed. This DOS is intersected
by the Fermi-level and the system can thus be considered metallic. The spectral weight of this feature keeps increasing up to 9 Å C60 coverage and decreases
again for thicker ﬁlms, demonstrating its interfacial character. Its line shape and
intensity closely resembles the partially ﬁlled LUMO-derived states observed at
the C60 /Ag interfaces. This feature is therefore referred to as LUMO* and attributed to a charge transfer toward the C60 molecules [20, 192, 136, 252]. For
low C60 coverage, the C60 HOMO emission is observed with a peak maximum
at 1.8 eV BE and an onset at 1.3 eV BE, i.e., at about 0.55 eV BE less than for
the 40 Å C60 ﬁlm. Notably, when going from 1 Å to 7 Å C60 , the C60 HOMO
feature becomes increasingly broadened on its high binding energy side [see Fig.
6.8 b)] until a clear peak emerges in the 9Å spectrum at the energy position
of the thick C60 ﬁlm. The C60 HOMO broadening is therefore attributed to
the development of the intrinsic (neutral) C60 HOMO, denoted HOMO0 in the
following. For 15 Å C60 , the C60 HOMO0 peak becomes then dominant over
the initially observed HOMO-related emission, whose intensity vanishes completely for the thick-ﬁlm 40Å C60 spectrum. Therefore, the low BE C60 HOMO
is attributed to the C60 interface-HOMO (i.e., the monolayer) that is denoted
HOMO*. Fig. 6.8 c) shows the top VB spectra of 2 Å, 5 Å, and 7 Å C60 from
which the background due to ML 6T/Ag(111) has been removed, revealing the
contributions due to C60 only. The background removal procedure was performed consistently such that no negative intensity occurred. This procedure
remains approximate because, for instance, no energy shift of the (however relatively weak) 6T features was considered and a more detailed analysis of these
spectra will be provided later on. After background removal, the spectra were
normalized to the HOMO* peak maximum. This procedure highlights that the
LUMO* and HOMO* intensities vary similarly for the three shown coverage
and that the increase in intensity between 2 eV and 2.7 eV BE is related to the
development of the intrinsic C60 HOMO. The ratio of HOMO* and LUMO*
spectral weight (assuming a symmetric HOMO* lineshape) is ca. 9. Considering the 5-fold degeneracy of the neutral C60 HOMO and assuming the same
photoemission cross-section for both levels, the charge in the LUMO* would
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Figure 6.9: Evolution of the Ag3d
(open circles) and C1s (ﬁlled triangles) relative signal intensities as a
function of C60 thickness. The transition in the change of slopes at 9 Å
C60 is due to the completion of the
ﬁrst C60 monolayer. Measurements
were performed at HU.

correspond to ca. 1.1 electron, which, in view of the imperfect subtraction procedure, also allows for the physically reasonable value of exactly one electron
in the LUMO*. Therefore, the C60 HOMO* and LUMO* derived features are
attributed to C60 molecules charged with one electron, which will be referred as
−1
C−1
60 in the following. Note that the smaller HOMO*-LUMO* gap for C60 as
−1
compared to the HOMO-LUMO gap for C60 results from additional screening
mechanisms due to the electron in the partially ﬁlled LUMO* [250, 192, 190].
The question of the C60 growth mode is particularly important since neutral
C60 could be located either in the ﬁrst C60 layer or in subsequent layers. In a
previous STM study on the same system, no island growth mode was reported
[335]. STM measurements that were performed within the present work are
presented in Fig. 6.10 and conﬁrm this ﬁnding. Furthermore, some ordered
C60 structures shown in this ﬁgure were not reported in [335]. STM and UPS
probe ﬁlm properties on dramatically diﬀerent length scales. Therefore XPS
was employed to study the growth behavior of C60 on ML 6T / Ag(111) on a
length scale that is more comparably to that of UPS. The obtained normalized
intensities of the C1s and Ag3d core levels signals as a function of C60 nominal
thickness4 are reported in Fig. 6.9, which clearly shows a linear variation of
both signals up to at least 9 Å thickness, beyond which the second C60 layer
starts to grow as inferred from the change of slopes. This evidences that no 3D
islands form before 9 Å nominal thickness, which is thus assumed to represent
the complete C60 monolayer. Therefore, these results allow concluding that
indeed the ﬁrst C60 ML is composed of a mixture of neutral (C060 ) and anionic
(C−1
60 ) molecules.
In the following, XPS is used to probe the diﬀerent chemical states of the
molecules present at the surface and will additionally serve as tool to investigate
the electrostatic potentials induced by the interfacial charge transfer.
In Fig. 6.11 a), the S2p CL of 6T for ML 6T/Ag(111), 3 Å (0.33 ML) C60
and 7 Å (0.77 ML) C60 are presented. Upon 3 Å C60 deposition the S2p shifts
toward lower BE by 0.17 eV, then by an additional 0.2 eV for 7 Å C60 . As the
S2p shift is gradual and without signiﬁcant broadening of the peaks, it does
4 The

6T C1s spectral weight was subtracted from the total C1s intensity in order to
obtain only the intensity from the C60 C1s core level. The 6T C1s signal was approximated
to decrease like the Ag3d signal.
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Figure 6.10: a), b), and c): STM images of C60 /ML 6T/Ag(111) for very low coverage, ca. half-monolayer coverage, and close to monolayer
coverage. The two images in the lower right corner where taken consecutively as illustrated by the time-arrow. [Imaging parameters: a):
-1.5 V, 0.7 nA, b) I: -1.4 V, 0.4 nA, II: -1.2 V 0.8 nA, III: 1.5 V, 0.4 nA, IV: 1.6 V, 0.5 nA, V: 1.6 V, 0.4 nA c) -1.2 V, 1.4 nA]

Figure 6.11: a) Normalized S2p CL spectra of pristine ML 6T on Ag(111)
(bottom) and after deposition of 3 Å and 7 Å C60 . b) C1s CL spectra of the
same systems. The spectra symbolized by dashed lines below the C1s spectra
represent the 6T contribution (see text).

not result from a change in the chemical state of the 6T molecules. Therefore,
it is of electrostatic origin. As the shift magnitude depends on the amount of
deposited C60 , it has to be related to the total amount of charges transferred
from the silver to the C60 overlayer. Fig. 6.11 b) shows the corresponding C1s
CL spectra. To determine the C60 C1s contribution of these spectra, the asmeasured spectrum is displayed together with the 6T C1s spectrum. The C1s
signal of 6T consists of two features, stemming from the two diﬀerently bonded
carbon atoms in the thiophene rings [110]. It is displayed, for each coverage,
shifted in energy like the S2p CL and with its intensity renormalized consistently
with the Ag MNN Auger peak intensity attenuation. This procedure is shown in
Fig. 6.12. Note that without a shift of the 6T C1s spectrum, a shoulder due to
the 6T features should be observed on the high BE tail of the C1s spectra in Fig.
6.11 b). This is consistent with the electrostatic considerations discussed above
for HATCN/Alq3 /Ag(111) and in more detail for the present system below,
according to which a potential drop within the spacer layer rigidly shifts all its
energy levels.
By subtracting, the 6T C1s part of the 3 Å and 7 Å C60 spectra are obtained,
which are presented together with the result of a ﬁtting procedure in Fig. 6.13 a)
and Fig. 6.13 b), respectively. These spectra clearly demonstrate two C60 C1s
contributions separated by ca. 0.74 eV, which, from the relative spectral weight
evolution, can be attributed to C060 and C−1
60 , at high and low BE respectively.
This interpretation compares well with what was reported by Macovez et al. for
the surface of the fcc phase of RbC60 ﬁlms where these two charge states have
also been observed [192]. The ﬁt results give a C060 : C−1
60 ratio of 1 : 2 and 1 :
1.2 for 3 Å and 7 Å C60 , respectively.
Noteworthy, these ﬁndings also imply that, if electron ﬂuctuations occur between diﬀerent C60 molecules, the ﬂuctuation time-scale is much longer than
the typical time-scale of the photoemission process (ca. 1 fs), as the CL spectra
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Figure 6.12: XPS region used for normalizing the C1s intensity for the subtraction procedure. The AgMNN region was used to determine the attenuation of
photoelectrons originating from the C1s orbital of 6T upon C60 deposition. For
an excitation energy of ca. 620 eV, the kinetic energies of photoelectrons originating from AgMNN and C1s are 350 eV and 335 eV respectively. The presented
data are for the BL system. The ML case is completely equivalent.
of the ML are not notably broadened compared to those of thick ﬁlms. Also,
this suggests that charge transport does not occur via band transport (delocalization) but rather via a hopping process, as expected in narrow band materials
such as fullerides [192].
It is now possible to evaluate details of the VB spectra line-shapes by simulating them via a summation including i) two C60 contributions (C060 and C−1
60 )
whose proportions were determined from the ﬁt results in Fig. 6.13; ii) a shifted
6T contribution, with the same shift as observed for the S2p CL, and iii) a
valence band spectrum of a polycrystalline Ag (most appropriate because of
the surface Umklapp experienced by the silver photoelectrons upon crossing the
molecular layers). In Fig. 6.13 c) and d), the VB spectra simulations are shown
for the 3 Å and 7 Å C60 coverages and compared to the as-measured spectra.
The experimental spectra are remarkably well reproduced using the C060 : C−1
60
ratio determined from the C1s spectra. The two C60 VB spectra employed in
the simulations are the ones of the thick ﬁlm (i.e. neutral molecules) located
at the energy position as observed in the 40 Å C60 ﬁlm to represent the neutral
species, and the same but shifted by 0.55 eV to lower BE without additional
broadening to account for the anion contribution. The 6T DOS is simulated by
the appropriately shifted spectrum of a thick, pristine ﬁlm 6T/Ag(111).

6.2.2

Work function evolution

SECO spectra, from which the work function φ is determined, are shown in Fig.
6.14 a). Upon formation of 1 ML 6T /Ag(111), φ decreases from 4.55 eV [clean
Ag(111)] to 3.8 eV. As 6T weakly interacts with Ag(111), this φ decrease can be
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a)

b)

c)

d)

Figure 6.13: a) and b): Deconvolution of the C1s C60 CL spectra of 3 Å and 7 Å
C60 on ML 6T, respectively, obtained after subtraction of the 6T contribution
from the as-measured C1s spectra presented in Fig. 6.11 b). The blue dots and
blue lines correspond to the Gaussian components used to ﬁt the experimental
C1s spectra (red dots). The gray dotted lines represent the employed Shirley
background. The red lines show the result of the ﬁts. (shifts and the relative C60
spectral weights are provided in the text). c) and d): As-measured VB spectra
(top, green) of 3 Å and 7 Å C60 /ML 6T/Ag(111), respectively, compared with
simulated VB spectra (middle, red) resulting from the summation of (bottom
spectra) one C60 bulk-like spectra (C060 , black), a shifted C60 bulk-like spectra
(C−1
60 , blue), a shifted 6T bulk-like spectrum (orange) and the spectrum of a
polycrystalline Ag sample (gray). The data were obtained at BESSY.
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Figure 6.14: a) Secondary electron cutoﬀ spectra for Ag(111), ML 6T /Ag(111)
(red line, denoted 0*) and for increasing C60 thickness. 9 Å C60 represent the
1 ML C60 /ML 6T/Ag(111) system. b) φ proﬁle (black dots) compared to the
spectral weight evolution of HOMO0 + HOMO* (gray triangle), HOMO* (blue
cross) and LUMO* (red circles). c) Evolution of the proportion of C−1
60 (ρ(θ))
(black open circles) and C060 (1 − ρ(θ)) (red open circles) as a function of C60
coverage within the sub-monolayer regime as deduced from graph a) (see text).
d) Fit of the work function proﬁle using (6.4) and parameter values given in the
text.
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attributed to the push-back eﬀect, as discussed in Sect. 2.5.1. Upon deposition
of 15 Å C60 , φ increases back to 4.5 eV and remains constant for higher C60
coverages, demonstrating the formation of an abrupt interface dipole upon C60
adsorption, which, in view of the previous conclusions, has to be related to the
electron transfer toward a part of the C60 ML. The increase of φ is not linear
with coverage despite the fact that no C60 3D islands form before completion of
the C60 monolayer. This non-linearity in the φ vs. coverage dependence could
either be related with the variation in the fraction of charged and neutral species
within the C60 monolayer, in line with the phenomenological model developed
by Topham and coworkers [288]. On the other hand, depolarization within
the C60 layer could explain the observed behavior according to the model by
Langmuir [178] and recently suggested for tetrathiafulvalene/Au(111) [95].
It is possible to decide between both explanations by comparing the coveragedependence of φ with those for the HOMO*, HOMO*+HOMO0 , and LUMO*
spectral weights as depicted in Fig. 6.14 b). It can be seen that the spectral
weight in the region including the HOMO0 and HOMO* increases linearly with
C60 coverage, while the spectral weight of the HOMO* and LUMO* both increase asymptotically, very similar to the φ proﬁle. This shows unambiguously
that the φ change is determined by the absolute amount of charges transferred
to the C60 layer and that depolarization plays no considerable additional role.
The curves in Fig. 6.14 b) can be used to extract the fractions of C−1
60 [ρ(θ)] and
C060 [1 − ρ(θ)] as a function of C60 coverage (θ) within the monolayer range. As
depicted in Fig. 6.14 c), ρ(θ) varies linearly with θ. It can therefore be written
in the form
ρ(θ) = b − αθ
(6.2)
where b and α are constants whose values are deduced from the graph in Fig.
6.14 d) and amount to ca. 0.81 and 0.42 ML−1 , respectively. The net φ increase
as a function of θ is given by the relation:
Δφ(θ) = θρ(θ)φ0

(6.3)

where φ0 corresponds to the work function increase for an assumed complete
C60 charged layer, i.e. when considering a molecular layer composed of only
C−1
60 . Inserting (6.2) into (6.3) gives:
Δφ(θ) = bθφ0 − αθ2 φ0

(6.4)

Fitting the work function proﬁle [Fig. 6.14 d)] using b and α gives a value
of 1.6 eV for φ0 . Finally, for the complete monolayer the fraction of neutral and
charged C60 amounts to 58 % and 42 %, respectively.

6.2.3

Comparison of C60 adsorbed on ML and BL α-sexithiophene on Ag(111)

This part explores how the thus-far discussed characteristics of the C60 / 6T /
Ag(111) system changes when the 6T spacer layer is changed to a bilayer (BL).
The 6T bilayer ﬁlm was prepared by monitoring the decrease in intensity of
the Ag(111) core levels upon adsorption of 1 ML 6T, assuming that they decrease
similarly from 0 to 1 ML and from 1 to 2 ML [Fig. 6.15 a)]. The reference
for the Ag CL signal attenuation upon adsorption of 1 ML 6T / Ag(111) was
determined from a routinely prepared monolayer ﬁlm (see above).
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Figure 6.15: Realization of the bilayer 6T ﬁlm on Ag(111) by monitoring XPS
intensities. a): Ag3d spectra of clean Ag(111), 1 ML 6T / Ag(111) obtained
by annealing a thicker ﬁlm at ca. 250 ◦ C, and 3 Å 6T deposited on top of
1 ML 6T / Ag(111). b): S2p spectra for the corresponding coverages. The
Ag3d intensity decrease measured when going from clean Ag(111) to 1 ML 6T
/ Ag(111) was used as reference for the signal attenuation upon adsorption of 1
ML 6T. A mean free path of 9 ML is found, consistent with the values reported
for PTCDA (7ML) at kinetic energies around 885 eV [108]. Further 6T was then
deposited by steps of 1 and 0.5 Å until the Ag3d CL had decreased again by
the same relative amount as observed when going from the clean to the 1 ML
6T covered Ag(111). This was achieved for an additional 3 Å 6T. At the same
time, the S2p intensity increases by about a factor of 1.8. 1 ML 6T + 3 Å 6T
can be therefore safely attributed to a bilayer of 6T (BL 6T) on Ag(111). The
data were obtained at HU.
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Figure 6.16: a): STM image of BL 6T / Ag(111) (30x30 nm2 ). b): Height
proﬁle between the molecular rows in image a). (Scanning parameters: I = 1
nA ; USample = −1 V). c): Details of the valence band spectrum of the bilayer
6T ﬁlm on Ag(111). The spectra of ML 6T and BL 6T on Ag(111) are shown as
blue thick line and red dots, respectively. At the bottom of the graph, the DOS
of a pristine thick 6T ﬁlm is used to entangle the spectral features of the 1 BL
6T / Ag(111) spectrum as a superimposition of the ﬁrst and second 6T layer.
The black dashed line represents the background due to the silver sp-band. The
shifted 6T spectra correspond to the DOS of the ﬁrst (bottom, dashed blue line)
and second (bottom, dashed and ﬁlled red line) 6T layer. The inelastic mean
free path of the photoelectrons deduced from the attenuation of the 1st layer
HOMO is 2.8 (6T) ML, in agreement with Ref [108].
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Figure 6.17: STM images of 6 Å C60 / BL 6T / Ag(111), measured on the same
sample as presented in Fig. 6.19. a) and b): STM image (40x20 nm2 ) of 6T not
covered with C60 and corresponding height proﬁle, respectively. c): STM image
(200x200 nm2 ) showing C60 on 6T and uncovered 6T areas. A magniﬁcation of
a region with “worm-like” structures is displayed in the inset (50x50 nm2 ). d):
The height proﬁle along the blue line in c). [Scanning parameters: -1 V, 1 nA]

A representative scanning tunneling microscopy (STM) image of the 6T
bilayer is shown in Fig. 6.16 a). The 6T molecules form rows with the long axes
oriented perpendicular to the row direction, and an inter-row spacing of about
2.7 nm [Fig. 6.16 b)], consistent with the study by Chen et al. [54].
The 6T-derived valence region photoemission features, shown in Fig. 6.16
b), consist of at least four contributions. These can be explained by the ﬁrst
two highest occupied molecular orbitals (HOMO and HOMO-1) of the ﬁrst and
second 6T layers, with the HOMO peak maxima at 1.80 eV and 2.15 eV BE for
the ﬁrst and second layers, respectively. The diﬀerent BE can be rationalized
by the more eﬃcient photo-hole screening of the ﬁrst 6T layer by the metallic
substrate.
Figs. 6.17 a) and c) show representative STM images of the 6 Å C60 ﬁlm.
About 65 % of the surface is covered with a loosely packed and disordered C60
layer of uniform apparent height, i.e. without 3D islands. The vast majority
of the structures resemble the worm-like structures as also found by Zhang et
al. for C60 / ML 6T / Ag(111) [335]. The periodicity and height [Fig. 6.17 b)]
measured inside the hole in the C60 layer shown in Fig. 6.17 a) coincide with
those of the 6T bilayer rows in Figs. 6.16 a) and b). Sub-monolayer C60 coverage
is therefore evidenced by STM, consistent with the 6 Å nominal coverage, which
is ca. 60 % of the height of a densely-packed C60 monolayer [167]. The reader is
reminded that for C60 / ML 6T / Ag(111) 9 Å were identiﬁed as a complete ML.
When assuming the same growth for C60 / BL 6T / Ag(111), the 6 Å coverage
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Figure 6.18: a): Normalized Ag3d core levels for the pristine BL 6T, 2 Å C60
and 6 Å C60 adsorbed on the BL 6T. b): S2p signal from 6T normalized with
the same factors as used for normalizing the Ag3d CL. The S2p core levels have
been shifted in energy in order to be superimposed. Note that if diﬀusion of
C60 to the silver surface would occur and would be responsible for the presence
of charged C60 molecules (40 % of the total amount of deposited C60 ), the S2p
signal would be much less attenuated than the Ag3d signal. The fact that the
Ag3d and S2p signals vary very similarly demonstrates that no C60 diﬀusion
occurs to the substrate (C60 molecules adsorb on top of the 6T ﬁlm). The data
were obtained at HU.

corresponds to 66 % of a full ML. No signs for diﬀusion of C60 molecules to the
Ag(111) surface is evidenced by the STM data presented in Fig. 6.17, which is
also strongly supported by the more extensive STM study of the same system
by Chen et al. [54], who found that even after annealing at 380 K, the C60
does not diﬀuse to the silver surface. In addition, also for this system, the
relative attenuation of the Ag substrate and the 6T core levels signal upon C60
adsorption was carefully monitored. Figure 6.18 shows an identical decrease of
the S2p and Ag3d signals, which shows that C60 in-diﬀusion does not occur and
all the C60 molecules, including those corresponding to the signiﬁcant HOMO*
and LUMO* spectral intensities, are located on top of the BL 6T.
The SECO and VB regions of C60 on top of BL 6T are shown in Fig. 6.19
a) - c). Upon C60 adsorption, the formation of an interface dipole is observed
and φ increases from 3.8 eV to 4.55 eV for a thick C60 ﬁlm. Furthermore, the φ
proﬁle displayed in Fig. 6.19 e), which shows that φ does not increase linearly
with coverage but varies in a similar fashion as was observed when the 6T spacer
layer ﬁlm was 1 ML. The VB spectra exhibit qualitatively the same features as
encountered previously, namely i) a partially ﬁlled C60 LUMO (LUMO*) and ii)
the HOMO region is composed of two contributions corresponding to HOMO0
and HOMO* due to C060 and C−1
60 . Furthermore, it can be also seen that the
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Figure 6.19: a) – c): SECO and valence spectra of C60 / BL 6T / Ag(111). The
spectra correspond, from bottom to top, to Ag(111), BL 6T on Ag(111) (denoted
0BL 6T ), 2 Å, 6 Å, and 100 Å C60 on BL 6T / Ag(111). A magniﬁcation of the 6 Å
C60 spectrum is also presented together with the BL 6T / Ag(111) background.
H0 , H* and L* refer to HOMO0 , HOMO*, and LUMO*, respectively (see main
text). For the broad valence band regions shown in c) also the spectrum of a
polycrystalline silver sample is shown to illustrate the surface-Umklapp scattering and angle averaging of the silver d-band [7, 187, 102, 28, 103]. The spectrum
of pristine silver was multiplied by 0.15. d): Superimposition of the 2 Å (red
dots) and 6 Å (black solid line) C60 after background removal due to BL 6T /
Ag(111). The diﬀerence of these two spectra yields the (blue shaded) spectrum
at the bottom, which is compared to a thick ﬁlm C60 spectrum (red line). e):
Evolution of the work function as a function of C60 coverage.
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Figure 6.20: Comparison of the HOMO region for 9 Å C60 /ML 6T, 6Å C60 /BL
6T and 10 Å C60 /BL 6T. The spectra are normalized to the HOMO* intensity
in order to reﬂect the relative HOMO0 and HOMO* intensities.
relative intensity of HOMO0 increases with respect to that of HOMO* as a
function of coverage.
The following shows how the C060 / C−1
60 ratio for a complete C60 layer is
inﬂuenced as a function of the 6T spacer layer thickness. Fig. 6.20 shows
a superimposition of the VB spectra of 6 Å (0.66 ML) and 10 Å (1.1 ML) C60
on BL 6T/Ag(111) and 9 Å (1 ML) C60 on ML 6T/Ag(111). The spectra are
normalized to the HOMO* intensity in order to reﬂect the variation of neutral
and charged species of these systems. It can be seen that the C060 and C−1
60
fractions for 1 ML C60 /ML 6T and 0.66 ML C60 /BL 6T are very similar.
The 1.1 ML C60 /BL 6T shows a pronounced increase in C060 intensity as
compared to 0.66 ML C60 /BL 6T. The estimated spectral weight due to the
second C60 layer (which is assumed to consist only of C060 molecules) amounts
to slightly less than 10 % of the total spectral weight. Accordingly, the spectral
weight of C060 within the ﬁrst C60 layer is much larger than what was observed
0
for 1 ML C60 /ML 6T. The C−1
60 and C60 fractions for 1 ML C60 on BL 6T are
estimated to be ca. 0.3 and 0.7 respectively.
The XPS spectra for the BL system, shown in Fig. 6.21, present similar
features as observed when ML 6T is used as spacer layer: The C1s spectra
after C60 deposition, shown with separate corresponding 6T contributions for 4
and 7 Å C60 coverage, evidence the presence of two additional features, which
have to be attributed to C60 species with a ratio varying with coverage. For a
quantitative analysis of the C60 C1s signal, the 6T contribution is removed. To
account for the electrostatic potential drop in the 6T interlayer and the signal
attenuation, the C1s 6T background in Fig. 6.21 b) was shifted by the same
amount as observed for S2p and decreased in relative intensity as measured for
the AgMNN (Fig. 6.12). Like discussed already for the ML 6T, without the
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Figure 6.21: a): S2p CL spectra of BL 6T / Ag(111) before and after deposition
of 4 Å, 7 Å, 10 Å and 14 Å C60 . b): C1s spectra of the same systems as in a).
Dashed lines show the estimated C1s 6T contributions in the spectra of 4 Å
and 7 Å C60 / BL 6T (see text). c): Fit of the C60 C1s contributions after
subtracting the 6T contributions in b), for 4 Å and 7 Å C60 . The high and low
BE components correspond to C060 and C−1
60 , respectively. d): Simulation (red
line) of the valence spectra for another sample with 4 Å and 7 Å C60 coverage
using shifted thick ﬁlm C60 valence spectra and a background due to the BL 6T
/ Ag(111). The relative intensity of both employed C60 spectra is determined
from the ﬁt of the C1s spectra in c). The data were obtained at BESSY.

shift, a shoulder should be visible on the high BE tail of the C1s measured after
C60 deposition. The so-obtained diﬀerence spectra are presented in Fig. 6.21 c)
and ﬁtted with two main components with Voigt lineshape. The components at
285.1 eV and 284.4 eV are identiﬁed as neutral C60 (C060 ) and anionic C60 (C−1
60 )
respectively. To account for the high BE shoulder, a Gaussian peak was added
at 1.6 eV higher BE from the C−1
60 C1s main peak. However, it is unclear whether
this small peak of < 4 % spectral weight has to be attributed to a shake-up of
the main C−1
60 C1s peak or if it results from a discrepancy in the subtraction
procedure (possibly due to not-accounting for a diﬀerent shift of the C1s peaks
stemming from the ﬁrst and second 6T layer, as shown in Fig. 6.22 for the S2p
spectra).
S2p spectra, displayed in Fig. 6.21 a), exhibit a gradual shift to lower BE
upon C60 deposition. However, the shift of the S2p spectrum is ca. 0.15 eV
larger than for the ML 6T case. The ﬁtting procedure shown in Fig. 6.22 a)
helps discriminating between the ﬁrst and second 6T layer contributions, which
are separated by 0.4 eV in BE before C60 deposition. This energy diﬀerence
is attributed mainly to diﬀerences in screening of the photo-holes [142] and
compares well with the energy diﬀerence of 0.35 eV that was identiﬁed for the
HOMO and HOMO-1 of the ﬁrst and second 6T layer [Fig. 6.16 c)]. In addition,
upon increasing C60 thickness up to 1 ML C60 , the full-width-at-half-maximum
(FWHM) of the S2p3/2 component decreases by 0.15 eV from 0.95 eV to 0.8 eV.
The ﬁtting reveals that this is due to a diﬀerential shift of the CL corresponding
to the ﬁrst (0.3 eV shift) and second (0.5 eV shift) 6T layer, which leave the two
contributions separated by 0.2 eV after completion of the C60 monolayer. Importantly, this evidences an electrostatic potential drop in the direction normal to
the sample. This can be explained quantitatively by the potential drop induced
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Figure 6.22: a): S2p spectra obtained for (from bottom to top) ML 6T/Ag(111),
BL 6T/Ag(111), and 10 Å and 14 Å C60 deposited on BL6T/Ag(111). Dots
correspond to the experimental spectra. Blue and red lines correspond to the
ﬁt of the ﬁrst and second 6T layer contributions, respectively. The black lines
depict the result of the ﬁt for each spectrum. Further details on the results of the
ﬁts are given in the text. b): Scheme of the eﬀect of the potential drop on the
relative position of the ﬁrst and second layer 6T CL before (empty rectangles)
and after (ﬁlled rectangles) C60 deposition.

by the charge transfer from the Ag(111) to a fraction of the C60 molecules, as
detailed in section 6.2.4 below.
Like for HATCN and Alq3 , EA and IE of C60 and 6T, respectively, have
a large energy mismatch (ca. 1 eV) such that, based on general grounds, no
inter-molecular charge transfer is expected. For the C60 /6T interface, a charge
transfer between the molecules can be further ruled out as it is not observed
when the substrate employed has a higher work function and the 6T layer has a
similar thickness [307]. In fact, none of the features shown above (including the
interface dipole formation, the 6T core levels shifts, and the two distinct C60
C1s components) were reported in Ref. [307]. Also, for the present systems,
considering an inter-molecular charge transfer would not explain the fact that
diﬀerent charge states are observed within the C60 layer and not within the 6T
layer. Furthermore, invoking inter-molecular charge transfer does not provide
a satisfactory explanation for the fact that the fraction of the two C60 species
depends on the 6T spacer layer thickness. This allows concluding that the eﬀect
of intermolecular interactions (involving charge transfer or hybridization) is very
small and plays a negligible role in explaining the observations.
The following section discusses the consequences when assuming that charges
in the overlayer (responsible for interface dipoles) originate from the substrate,
as proposed in the MOCT model. A coherent picture is drawn on this basis,
which allows explaining the experimental observations quantitatively. Electrostatic considerations are employed to address the questions why i) the C60 layer
is not homogeneously charged, ii) the fractions of charged and neutral molecules
vary with the 6T spacer layer thickness, and iii) C60 molecules, which do not
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Figure 6.23: a) and b): Energy level diagram for 1ML C60 /ML 6T/Ag(111) and
1ML C60 /BL 6T/Ag(111), respectively. Empty rectangles depict the energy
position of 6T HOMO, neutral C60 HOMO and neutral C60 LUMO assuming
VL alignment (before contact). Filled rectangles show the actual energy level
alignment as determined experimentally. The diﬀerence between both, depicted
by the arrows and the associated numbers, results from the potential drop due
to the dipoles formed with charged C60 molecules. At the top, the electric ﬁeld
lines and the potential drop ΔV are illustrated for each system.
undergo charge transfer in the monolayer, can still be at electronic equilibrium
within that layer.

6.2.4

Energy-level alignment and electrostatic considerations

For a comprehensive understanding of ELA, the following part considers the
potential drop in between two charged molecules. This allows the neutral C60
molecules in the overlayer to be at electronic equilibrium without undergoing a
charge transfer, as is explained in the following.
The negative pinning work function, φpin− , of C60 was reported to be 4.5 eV
[36, 29], which means that for a substrate with φ < 4.5 eV, charge transfer must
occur to establish electronic equilibrium (i.e., to prevent that the empty C60
LUMO is located below EF ). With the help of Fig. 6.23, let us ﬁrst look at the
situation as it is expected for simple vacuum level alignment between the neutral
C60 molecules and the 6T interlayer. As the work function of 6T/Ag(111) is
3.8 eV, the neutral C60 HOMO peak maximum should be found at 3 eV BE (and
its onset at 2.5 eV BE). Given a charge transport gap (determined from HOMO
and LUMO onset energy diﬀerence) of about 2.4 eV as determined by combined
direct and inverse photoemission [309, 314], electronic equilibrium would not be
encountered for these molecules. In contrast, the present results show that the
HOMO peak maximum of the neutral C60 is positioned at 2.3 eV BE (and onset
at ca. 1.8 eV), i.e., where the neutral C60 molecules are electronically stable. The
following will demonstrate that the discrepancy between the expected neutral
C60 HOMO BE, assuming VL alignment, and the actual one is due to the
potential drop, which was also found to aﬀect the 6T CL.
103

Table 6.1: Experimental (ex) and theoretical (th) values of Δφ and ΔV for a full
C60 monolayer (θ = 1) on top of a monolayer 6T (ML) and a bilayer 6T (BL).
The fractions of C−1
60 for this coverage, i.e. ρ(1), were derived from experiment,
as explained in section 6.2.2. Δφth was calculated with (6.1). Details on the
ΔVth proﬁles and the determination of ΔVex are provided in Figs. 6.24 and
6.23, respectively. 6T1 and 6T2 are the ﬁrst and second 6T layer, respectively.
ρ(1)
ML
BL

0.42
0.3

zth
(Å)
4.5
7

Δφex
(eV)
0.75
0.7

Δφth
(eV)
0.85
0.87

ΔVex (eV)
6T1 6T2 C060
0.35
0.7
0.3
0.5
0.7

ΔVth (eV)
6T1 6T2 C060
0.3
0.65
0.25 0.45 0.65

The energy position of the neutral C60 HOMO is now reconsidered by accounting for electrostatic ﬁelds arising from MOCT. It is possible to calculate
the change in the electrostatic potential induced upon C−1
60 adsorption within
a simple image charge model in order to test the previous assumptions. For
this, let us consider an ordered network of dipoles (corresponding to anion C60
molecules) and their mirror charge in the metal substrate, which are described
as negative and positive point charges, respectively.
Within the scope of this work only classical calculations were performed.5
The 1 ML C60 /ML 6T/Ag(111) and 1 ML C60 /BL 6T/Ag(111) systems are
−
simulated as a square network of C−
60 whose dimensions give an C60 areal density
N in agreement with the experimentally observed C60 fractions. The electronimage plane distance z is chosen such that the electron in the charged C60
is located at the bottom part of the molecule (see Tab. 6.1). This can be
intuitively justiﬁed by considering the attraction between the charge and its
image. Describing the electrons as point charges remains an approximation to
the actual spatial extent of the frontier π orbitals, which are delocalized and
also tail out of the C60 cage. Test calculations including charges homogeneously
spread over small disks (with diameter of 0.8 nm corresponding to the diameter
of a C60 molecule) were also performed and gave comparable results.
As a ﬁrst test, the expected work function increase can be calculated by
the Helmholtz equation (Eq. (6.1)). With r = 46 [340, 118, 330, 226] and a
charge transfer of one electron, we ﬁnd Δφ = 0.85 eV for 1 ML C60 /ML 6T and
Δφ = 0.87 eV for 1ML C60 /BL 6T (with z = 5 Å and z = 7.5 Å, respectively),
which is in reasonable agreement with the experimental values.
This permits to simulate the electrostatic potential caused by the MOCT
in more detail. The potential drop ΔV within the molecular layers at a point
M can be calculated as the sum of the potentials created by the positive and
5 When looking in the corresponding literature it seems to be still under debate how well
such a classical treatment induces errors for adsorbates in close vicinity to metal surfaces.
While according to one study “long-range electrostatic interaction between molecules and
metals can be approximated by means of a simple image-charge model” [90], the results
of another paper “make it evident that interaction of dipoles on the surface will [..] be
substantially modiﬁed, if the non-locality of the substrate screening properties is taken into
account.” [99]. For the present systems, on the other hand, the adsorbate should be at a largeenough distance from the image plane (i.e., the metal surface) for the classical treatment to
be appropriate.
6 To simplify the calculations, a common relative permittivity for both materials was assumed.
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Figure 6.24: a) and b): Map of the potential increase ΔV for C60 /ML
6T/Ag(111) and C60 /BL 6T/Ag(111), respectively, within the plane normal
to the surface as schematically depicted in the insets. The arrows on the left
represent the approximate position of the 6T layers. c) and d): The same as a)
and b), but for the plane parallel to the surface 2 Å above the location of the
point charges (i.e. going through the center of the C60 molecules). Note that
the point charges are located below the higher ΔV values in the graph. The
dotted lines on the potential map present the isocontours corresponding to the
values in between parentheses.
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negative monopoles on each side of the image plane and, in the simple point
charge model, is given by:
ΔV (M ) =

1  qi
,
4πr 0 i ri (M )

(6.5)

where qi corresponds to the charge of the ith monopole and ri (M ) represents
the distance between the ith monopole and any point M in space. A map of
the resulting increase in potential ΔV in a plane normal to the sample is shown
in Fig. 6.24 a) and b) for C60 on ML 6T and BL 6T, respectively.
From these calculations, the potential at the adsorption sites of neutral C60
is seen to increase by ca. 0.6 - 0.65 eV for 1 ML C60 /ML 6T and ca. 0.6 – 0.7,eV
for 1 ML C60 /BL 6T, consistent with the energy diﬀerence of 0.7 eV between
assumed vacuum level alignment and measured values mentioned earlier. Furthermore, the potential increase within the 6T layer is in very good agreement
with the experimental data and reproduces the diﬀerential shift of the 6T features observed in the XPS spectra of BL 6T (see Fig. 6.22). Representative
averages of the numerical results are resumed in Tab. 6.1. The experimental
values in this table were derived from the energy level diagram as measured
compared to what would be expected for vacuum level alignment, as resumed
in Fig. 6.23.
Maps of the induced electrostatic potential in a plane parallel to the surface
and cutting through the center of the C60 molecules are displayed in Fig. 6.24 c)
and d). The potential is rather homogeneous in the xy plane and therefore not
expected to lead to a signiﬁcant broadening of the neutral C60 HOMO, again
consistent with the experimental observations.

6.2.5

Application to device-relevant architectures

This part is dedicated to the consequences of the present ﬁndings on the ELA at
molecular (organic) heterojunctions in contact with a metal, or, more generally,
conductive electrodes. For these systems, in most cases photoemission measurements do not reveal DOS at EF that could be directly attributed to charge
transfer to the organic overlayer. The analysis provided in this study might
help understanding this discrepancy. Indeed, the fact that not all molecules are
charged may allow attributing the lack of DOS at the EF for those cases as
being due to too small amount of charges at the interface to be detected. In
ﬁrst approximation, the density of dipoles resulting from electrode-to-overlayer
charge transfer necessary to create the observed work function changes is expected to vary inversely proportional with the overlayer–electrode distance. As
a result, the density of dipoles will be dramatically reduced when increasing the
organic spacer layer thickness to values typically employed for organic electronic
devices.
As proof of principle, the electrostatic calculations presented above will
be applied to the recently reported system diindenoperylene (DIP) grown on
10 nm C60 adsorbed on a conductive polymer electrode made of poly(ethylenedioxythiophene:poly(styrenesulfonate) (PEDT:PSS) [313], which was discussed
in more detail in [315]. The C60 /PEDT:PSS system had φ = 5.55 eV. EF pinning was found for the DIP HOMO and φ decreased by 0.45 eV as a result
of the creation of an interface dipole by adsorption of the ﬁrst DIP layer. The
106

н

a)

Ͳ


Ɖ

Δφ 

&



Wd͗W^^


    
ϲϬ 
     

Figure 6.25: a): Energy level diagram of DIP/ 10 nm C60 /PEDT:PSS from [313].
Filled rectangles show the actual energy level alignment and empty rectangle
the energy level alignment when assuming VL alignment. Values in parentheses
are the average energy shift determined theoretically. b): The potential map in
the last C60 layer as calculated with Eq. (6.5) (see text). The isocontours are
plotted for a potential drop between 0.22 eV and 0.32 eV.
DIP HOMO onset was measured at 0.3 eV BE and no DOS was observed at EF .
Because DIP has an IE of 5.4 eV, VL alignment would have placed its HOMO
onset 0.15 eV above EF . Furthermore, upon DIP deposition, the HOMO of the
C60 spacer layer continuously shifted to higher BE by 0.25 eV. Fig. 6.25 a)
shows the actual energy level diagram of this system and the expected one in
the hypothetical case of VL alignment. Applying the Helmholtz equation to
this system (placing the negative end of the interface dipole at the substrate
surface and the positive one in the ﬁrst DIP layer), it is found that a dipole
density of N = 0.01 nm2 (i.e., one charged DIP molecule for ca. 100 nm2 ) is
suﬃcient to induce the observed work function decrease. The potential drop,
as determined with Eq. (6.5), shows a homogeneous potential decrease of ca.
0.27 (±0.03) eV in the topmost C60 spacer layer and in the DIP overlayer as
shown in Fig. 6.25 b). These values are consistent with the experimental observations. The low N explains why charged DIP molecules are not readily
observed. This ﬁrst “reality check” of the MOCT model suggests that it can be
used (within its limitations) to adequately explain the electronic properties of
many application-relevant organic-organic interfaces.

6.2.6

Eﬀect of dipole-dipole interactions

For a MOCT through a spacer layer, as proposed in the present work, one
should encounter large dipole moments, oriented normal to the sample surface
and formed by charges in the overlayer and their counterparts inside the metal.
Thus, the impact of dipole-dipole interactions cannot be neglected [287, 95, 330].
This is clearly seen by the observation that the dipole-dipole repulsion makes
the MOCT less likely to occur with increasing coverage, as evident from the
decreasing fraction of charged molecules in the organic overlayer with coverage
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Figure 6.26: Interaction potentials
between two dipoles formed by electrons and their image charge in the
metal as a function of d, the distance
between two adjacent dipoles, and for
diﬀerent electron - image charge distances 2z, ranging from 5 to 25 Å
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energy for each proﬁles. Inset: geometry of the considered system; the red
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[Fig. 6.14 c)]. The models commonly used for organic/metal interfaces treat
the dipole-dipole repulsion as collective response of the electron density that
is delocalized over the hybridized metal/adsorbate system [288, 95]. Obviously
this is not appropriate for the localized integer charges in the MOCT model.
It is therefore particularly tempting to speculate how the charged and neutral
molecules are distributed in the C60 overlayer and how the Coulomb force affects the self-assembly. In Ref. [287] it was suggested that “STM images can
unambiguously reveal the emergence of peculiar 1D patterns at the submolecular level, which [...] could be regarded as a strong indication of charge transfer
at the adsorbate/substrate interface”. Thus, it does not come as a surprise that
the structures observed in the STM images do not resemble densely packed C60
assemblies found on 6T when no charge transfer was present [307], but indicate
that charge-transfer-induced dipoles play a role on the molecular self-assembly
via a repulsive interaction.
The “1D patterns” mentioned in the above quote from Ref. [287] refer to
structures that neither evidence molecules that repel each other, nor exhibit
a dense packing. The reason for this is the coexistence of short-range attractive and long-range repulsive intermolecular forces. The short-range component
was identiﬁed as hydrogen bonds in the case of tetrathiafulvalene/Au(111) [95].
However, in Ref. [287], no hydrogen bonds are expected to form between the
rubrene molecules, and, as is argued by the authors, dispersion forces are sufﬁciently large at small distances to overcome the repulsive long-range coulomb
interaction between the positively charged molecules. It is important to note
that for the discussion of intermolecular forces induced by MOCT, the term
dipole-dipole repulsion is slightly misleading, since, when computing the interaction between two charged molecules, the image charges in the metal do not
interact with each other. This is illustrated in Fig. 6.26 and, for the simple
image charge model introduced above, yields the following interaction potential
⎛
⎞


1
q2
2
2
q2 ⎝
⎠
U (d) =
−√
1−
(6.6)
=
4πr 0 d
4πr 0 d
2z 2
2z 2 + d2
1+
d2

where d is the horizontal distance between the two charged molecules. Note
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that the attractive interaction between each electron and its image, which would
add an oﬀset to U (d), is neglected. In Fig. 6.26, interaction potential proﬁles
obtained from Eq. (6.6) with r = 4 are shown as a function of d for several
z. The proﬁles depicted with z = 5 Å and z = 7.5 Å are representative of the
C60 /ML 6T/Ag(111) and C60 /BL 6T/Ag(111) cases, respectively.
For low d, the interaction is dominated by the Coulomb repulsion, which
is more pronounced for larger z, since the screening by the image charges is
less eﬃcient. Notably, U (d) exhibits a minimum for d = 2.6 z (i.e., beyond the
next-neighbor distance in a dense C60 packing for both relevant z’s), and the
interaction starts being attractive when d increases further. This is due to the
counter charges in the metal surface and therefore somewhat resembles the likelikes-like interaction discussed for ionic colloids [140, 337]. However, at these
distances the interaction with other molecules make a two-particle treatment
increasingly inappropriate.
As mentioned above, in Ref. [287] it was assumed that dispersion forces are
responsible for a short-range attractive force and therefore found to stabilize the
formation of 1D structures. However, the corresponding free parameters in the
theoretical model were introduced ad hoc to achieve just that. In the present
system another situation is more conceivable: two charged C60 could be linked
via one neutral C60 , since, due to induction, the short-range interaction between
neutral and charged molecules is certainly attractive. Such an arrangement
could result in the formation of 1D structures, e.g. the lines observed in the
STM images in Fig. 6.10. The patterns with isolated molecules found in the
same images are then readily explained by the lack of a short range attractive
force between charged molecules, and thus should indeed be formed in areas
where this species predominates.
Notably, the STM images in Fig. 6.10 suggest that the formation of particular C60 patterns might also be related with their orientation with respect
to the 6T template. Furthermore it needs to be pointed out that the above
discussion does not elaborate on the possibility that not only the position of
the molecules, but also their charge state can change. However, it is very well
possible that charges ﬂow from one C60 molecule to another, e.g., via the metal
surface. Indeed it should be very interesting to probe the charge state of individual molecules (e.g. by Kelvin probe atomic force microscopy) and to see
whether charge ordering phenomena can be observed.
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6.3

Conclusions

A strong electron acceptor molecule, HATCN, was deposited on-top of a physisorbed Alq3 monolayer adsorbed on Ag(111). The location of HATCN at the
very surface was deduced from core level photoemission measurements. The
valence band spectra reveal the emergence of an interface DOS in the vicinity of
the Fermi level. This DOS is attributed to a charge transfer from the metal to
the top HATCN molecular layer through the Alq3 layer, possibly involving the
transfer of one electron per molecule. The (relatively low) φ increase suggests
a reorientation of Alq3 and its dipole moment upon HATCN adsorption.
In a more comprehensive follow-up study, C60 was deposited on substrates
consisting of ML 6T and BL 6T on Ag(111) and the evolution of φ and VB
during interface formation was monitored. For 6T-covered Ag(111), φ is well
below φpin− of C60 , and therefore upon C60 adsorption an interface dipole arises.
Remarkably, the work function is found to increase asymptotically. The φ increase, which is correlated with the emergence of the partially ﬁlled C60 LUMO
in the VB spectra, results from an integer charge transfer from the metal to
the C60 overlayer through the neutral 6T spacer layer. A careful analysis of the
core levels and valence band spectral weights of the diﬀerent contributions leads
us to further conclude that two C60 species, namely neutral (C060 ) and charged
(C−1
60 ), are observed simultaneously and in diﬀerent proportions at diﬀerent C60
coverages within the sub-monolayer regime. This varying fraction is identiﬁed
as the cause for the non-linearity of the φ proﬁle. When C60 is deposited on BL
6T on Ag(111), similar features are found with the diﬀerence that the fraction
of charged C60 molecules is systematically lower. Dipole-dipole interaction is
proposed as the driving force leading to the occurrence of a layer composed of
mixed neutral and charged C60 species. Electrostatic considerations allow for
a quantitative analysis of the energy shift of the 6T spectral features as being
due to the potential drop over this neutral spacer layer. The energy level alignment at these interfaces could thus be explained in a coherent picture of integer
charge transfer and associated charge dilution in the C60 overlayer.
The model was applied successfully to apprehend the energy level alignment
recently reported for another organic/organic interface grown on a conductive
polymer substrate. It is therefore suggested that substrate-to-organic overlayer
charge transfer and the resulting electric ﬁeld are key prerequisites for understanding the energy level alignment at molecular and organic heterojunctions
in contact with metals or conductive electrodes.
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Chapter 7

Polar molecules at
organic/metal interfaces:
Molecular self-assembly and
energy-level alignment
STM can most easily access molecules in direct contact with a conductive surface. In this setup, however, the molecules’ dipoles are partially screened by the
substrate and, in addition, their mutual interaction might be further masked
by site-speciﬁc molecule-substrate [251] and adsorption-induced intermolecular
[303, 89, 214] interactions. Therefore, it is crucial to choose a simple system for
which the expected eﬀect of the built-in dipole moment μ is clearly identiﬁable.
In addition, the inﬂuence of interactions that can potentially have the same
eﬀect as μ should be tested with related systems that (to the largest degree possible) diﬀer only in μ. Under these conditions it should be possible to identify
also subtle changes induced by the dipole-dipole interaction.
Accordingly, ﬁrst the reference system for the following discussion, 6P deposited on cooled Ag(111) is presented in Sect. 7.1.1. This system had been
studied before [133, 166, 32] and no signiﬁcant interaction at the O/M interface
was expected.
The following sections 7.1.2 and 7.1.3 report the results of LT-STM studies of the partly ﬂuorinated 6P derivatives meta-2F-6P/Ag(111) and ortho-2F6P/Ag(111), respectively. The molecules are found to form supra-molecular
chains via hydrogen bond formation involving the ﬂuorine atoms. Remarkably,
the two derivatives exhibit a range of diﬀerent vertical oﬀsets between neighboring molecules along the chains, which is partly explained by a preferred epitaxial
registry, but can only be fully understood when accounting for an inﬂuence of
the diﬀerent built-in dipoles of the derivatives.
In two-dimensional structures, the dipole contribution is expected to manifest itself more subtly, since a variety of structures is predicted already for
ideal1 dipole networks [296]. Indeed, four diﬀerent phases, including one with
1 The short range interaction of real dipoles additionally diﬀers from that of ideal ones due
to the non-point-like charge distribution [254, 158, 296].
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a ferroelectric unit cell, have been observed by low temperature STM [72, 270]
for the polar molecule 4-methoxy-3,3’,5,5’-tetra-tertbutylazobenzene (M-TBA)
on Au(111), while for the corresponding non-polar derivatives, diM-TBA and
TBA, only one phase has been observed. In a more recent study [188], titanyl phthalocyanine (TiOPc) was found to undergo a phase transition of its
in-plane dipole moment from ferroelectric to anti-ferroelectric as function of the
rhomboid angle α of its unit cell. The experimental critical α agrees well with
theoretical predictions [241, 86, 31, 88]. Unfortunately, due to the appearance
of the inclined TiOPc molecules, some ambiguity concerning the identiﬁcation
of the molecular orientations remained.

From the STM images of the 6P derivatives, an unambiguous determination
of their orientation was not possible due to the virtually symmetric appearance. Therefore, ID28, which has a highly asymmetric chemical structure, on
Au(111) was employed for the RT experiments presented in Sect. 7.2. The part
of ID28 that consists of a dicarboxylic-anhydride functionalized perylene core
is identical to the corresponding part of PTCDA, which allows estimating the
strength of the molecule-substrate interaction and a part of the intermolecular
forces for ID28/Au(111). For PTCDA/Au(111), a predominantly physisorptive
bonding [284] and a ﬂat surface potential energy surface (or corrugation potential) was found experimentally [255] and theoretically [202], which should hold
even more for ID28, since its bulky side groups prevent the central benzene ring
in the perylene core, which for PTCDA was found to be the main reaction center [84], and the nitrogen atom from interacting strongly with the surface. For
weakly-bound cases like on Au(111), PTCDA exclusively forms herringbone and
square arrangements, which are explained as being due to hydrogen bonds between the oxygen and hydrogen atoms [311, 202] together with the possibility to
compensate PTCDA’s large quadrupole moment by a pairwise near-orthogonal
arrangement [273, 104]. The hydrogen bonds were identiﬁed as responsible for
the formation of an in-plane herringbone arrangement of PTCDA at several
organic hetero-interfaces [56]. On the other hand, they were found to be comparable weak by scanning tunneling hydrogen microscopy of PTCDA/Au(111)
[311].

Sect. 7.2.1 reports the four diﬀerent ordered phases that were observed for
pristine ﬁlms of ID28/Au(111). The eﬀects of ripening and application of an
electric ﬁeld with the STM tip on the molecular self-assembly are shown. Sect.
7.2.2 discusses, by means of XPS and UPS data (both BESSY), as well as STM
results, how annealing at 300 ◦ C leads to geometric and electronic changes of the
molecules. The annealing also makes the molecules arrange in two new phases
which are both more densely packed than the pre-annealing phases. Thereafter,
hints for the inﬂuence of the permanent dipole moments on the molecular arrangement in the STM data are carefully discussed in Sect. 7.2.3. The ﬁnal
section 7.2.4 presents UPS results (obtained at HU) that evidence a preferred
orientation of ID28 molecules in multilayer ﬁlms, leading to a surface potential
of 1.2 eV. Further data shows the reversible partial removal of this potential by
visible light irradiation.
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7.1
7.1.1

Para-Sexiphenyl (6P) and partly ﬂuorinated
6P derivatives on Ag(111)
Unsubstituted 6P

First, the reference system, namely 6P deposited on Ag(111) at ca. 70 K, will be
discussed. At low coverage, isolated molecules are observed, which are mostly
oriented (with their long molecular axis) along the [1-10] (= azimuthal) direction
of the Ag(111) substrate as was reported before [133, 32]. About 10 % of 6P
molecules were found oriented along the Ag [11-2] (= interazimuthal) direction
[134]. From earlier work [133, 166] a face-on conﬁguration with a torsional
angle of 11.4◦ between adjacent phenyl-groups can be concluded on. At higher
coverage, the 6P molecules arrange in clusters with their long molecular axis
oriented ca. 8◦ oﬀset with respect to the interazimuthal direction and stack
perpendicular to their long molecular axis. An intermolecular distance along
the stacking direction of 6.2 ± 0.2 Å was found [134].
A diﬀerent molecular arrangement has been found in another work by Chen
et al., who deposited 6P onto Ag(111) at room temperature (RT) and annealed
the system to 380 K [58] before their measurements.2 Under these conditions,
6P molecules arranged in rows with an intermolecular distance of 7.0 ± 0.2 Å
along the stacking direction. A face-on geometry and an exact interazimuthal
alignment was observed for these molecules. Deposition of further 6P molecules
on top of such a 6P template at RT led to insertion of diﬀerently oriented
(edge-on) molecules in between the face-on molecules.

7.1.2

Meta-2F-6P

Let us move on to the dipole-functionalized 6P derivatives. The electrostatic
potentials for meta-2F-6P (with the ﬂuorine in meta position) and ortho-2F6P (with the ﬂuorine in ortho position) are presented in Fig. 7.1 c) and d),
respectively. Even though we want to investigate the role of the dipole-dipole
interaction for the self-assembly, the substitution of two hydrogen atoms will
potentially inﬂuence the intermolecular interaction also via the formation of
hydrogen bonds and a changed molecule-substrate interaction. Therefore an
assessment of how these two factors aﬀect the self-assembly before discussing
the role of the non-vanishing permanent dipole moment is crucial.
In Fig. 7.1 a), the expected mutual orientations of two face-on meta-2F-6P
molecules are sketched when permitting both ﬂuorine atoms to form a hydrogen
bond each. Both proposed arrangements can indeed be found in Fig. 7.2 a),
which presents STM data for the low coverage regime of meta-2F-6P/Ag(111).
For the 180◦ conﬁguration, several parallel oﬀsets are observed and a line scan
2 For comparison, for 6P on Au(111) deposited at RT, a number of diﬀerent molecular arrangements has been observed by RT-STM [93], including some with the molecules’ orientation
oﬀset with respect to the azimuthal or interazimuthal directions. In addition, subtle substrate
temperature-dependent diﬀerences on the molecular orientation were found for this system
from XRD [113]. Au(111) has a lattice constant very similar to the one of Ag(111) and for
another physisorbed molecule (diindenoperylene), comparable arrangement were found for the
two substrates [138, 68]. Accordingly, it is not surprising that our data indicates that, just like
for 6P on Au(111), the molecular arrangement of 6P on Ag(111) shows a large variation and
sample temperature-dependence (however, due to a diﬀerent molecule-substrate interaction
maybe with shifted critical temperatures).
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Figure 7.1: a) and b): Ball-and-stick model of meta-2F-6P and ortho-2F-6P,
respectively. Only the part of the molecules where two hydrogen atoms of 6P
were substituted by ﬂuorine is shown. The central part presents the Mulliken
charges on top of the atoms. The intramolecular polar bonds and the resulting
dipole are illustrated by red ellipses without and with ﬁlling, respectively. The
gray, yellow, and blue atoms for the adjacent molecules correspond to carbon,
hydrogen, and ﬂuorine, respectively. These molecules, which are of the same
species as the central one, show the expected arrangements for two molecules
that link via two H· · · F bonds. c) and d): The electrostatic potential for meta2F-6P and ortho-2F-6P, respectively.
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Figure 7.2: a): Typical clusters found at low meta-2F-6P coverage. The line
proﬁle measured along the red line is presented in b). c): An impurity that was
occasionally observed. d): A grain boundary between two ladder-like structures.
e): Molecular rows observed for medium coverage. The dashed arrows show the
Ag[11-2] direction. The thin blue and black lines give the orientation of the long
molecular axes, and arrows point in the perpendicular direction, while the thick
red lines indicate the average stacking direction of the molecular rows. [Imaging
parameters: a): -1.0 V, 10 pA; c): -1.0 V, 5.8 pA; d): -1.0 V, 10 pA; e): -1.0 V,
30 pA]
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Figure 7.3: Ball-and-stick model of two meta-2F-6P molecules. The van der
Waals radius is illustrated by the shaded area. Horizontal lines correspond to the
location of Ag(111) hollow sites along [110]. Molecules with the same epitaxial
registry as the central one would be located such that the indicated carbon atom
in the right molecule sits where horizontal lines meet with vertical lines. The
conﬁgurations with solid lines are found experimentally, while those with dashed
and thin dotted lines are not observed. f): STM images of the most-frequently
observed conﬁgurations, together with their abundance and the corresponding
conﬁguration derived from the model. [Imaging parameters: -1.0 V, 5 pA]

Figure 7.4: Several overlaid large scale images of meta-2F-6P. The structures in
the lower left corner resemble the low-coverage arrangements presented in 7.2
a). [Imaging parameters: -1.0 V, 30 pA]

Figure 7.5: Ball-and-stick model of a meta2F-6P molecule 6◦ rotated with respect to the
Ag[11-2] direction illustrating the reasoning
that the location of ﬂuorine on top of Ag(111)
hollow sites is what determines the molecules’
orientation.
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in Fig. 7.2 b) indicates that these are not equally spaced. When increasing
the areal density by depositing more molecules, only the 180◦ conﬁguration prevails and supramolecular chains are formed, as presented in Figs. 7.2 d) and
e). Some molecules appeared with what seems like a neck, as shown in 7.2 c).
These molecules are probably impurities and were omitted from the analysis
to the best eﬀort. Chain length > 100 nm are presented in Fig. 7.4. Occasionally, the 60◦ conﬁguration was observed when the local areal density was
lower than that presented in Fig. 7.2 e). On the other hand, when the local
areal density was higher, a more densely-packed log-raft-like arrangement was
found. Both structures can be seen in the lower left bottom of Fig. 7.4. By
and large, the chains in Fig. 7.2 e) consist of a head-to-head arrangement of
adjacent molecules. Only when two sides of the chain are joined by a more
complex arrangement (which might result from the convergence of two separate chains) a head to tail conﬁguration has to occur, as illustrated in Fig.
7.2 d). Black and blue lines in Fig. 7.2 e) indicate two diﬀerent enantiomers
that can be identiﬁed by their respective misaligned by 6◦ with respect to the
interazimuthal direction. As can be seen in Fig. 7.6, the same misalignment
is found also for ortho-2F-6P. The diﬀerence with respect to the orientations
observed for unsubstituted 6P might arise to allow the Fluorine atoms to be
located on top of hollow sites, as illustrated in Fig. 7.5 for meta-2F-6P (without loss of generality). The same reasoning was applied to the nitrogen atoms
of cyano-substituted 6P in Ref. [155]. Like was done in this other case, an
epitaxial registry will be assumed in the following. With this assumption, one
can predict the possible arrangements of adjacent meta-2F-6P molecules in the
180◦ conﬁguration, as shown in Fig. 7.3. Due to the 6◦ tilt with respect to
the interazimuthal direction, the arrangements with diﬀerent vertical oﬀset also
vary in the intermolecular distance along the stacking direction. In addition,
due to the mismatch of the interatomic spacing along the interazimuthal direction of Ag(111) and the interring spacing of 6P, a diﬀerent vertical oﬀset of
two adjacent meta-2F-6P molecules results in diﬀerent mutual conﬁguration of
their peripheral atoms. Accordingly, even though all arrangements indicated in
Fig. 7.3 allow for two hydrogen bonds to be formed, they will not be equally
favorable (i.e., also when not taking the van der Waals interaction into consideration). The most frequently found arrangements are presented in Fig. 7.33 .
Notably, all conﬁgurations with the head-up (= partially ﬂuorinated phenyl ring
pointing upwards) molecule on the left side have a large parallel oﬀset (“zipper
arrangement”), while the conﬁguration with the head-up molecule on the right
side also include small parallel oﬀsets. The arrangement for which the smallest
intermolecular distance is expected is marked with an asterisk in Fig. 7.3. As
mentioned above, a reduced spacing for this arrangement is indeed found from
the line proﬁle in Fig. 7.2 b). Such side-by-side arrangements for the head-up
molecule on the left side do not ﬁt with an epitaxial adsorption and were only
sparsely found experimentally. This diﬀerence in preferred stacking on either
side of a given molecule explains the observed (20◦ – 30◦ ) misalignment of the
stacking direction when compared to an assumed side by side arrangement, as
indicated in Fig. 7.2 e) by bold (red) lines and two sided-arrows respectively. A
similar misalignment was also found for 6P-clusters on Au(111) [93]. The important diﬀerence between 6P and meta-2F-6P is that the 6P molecules always
3 At

times, also the other arrangements indicated by a black line in Fig. 7.3 are found.
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Figure 7.6: a) and b): STM images of ortho-2F-6P at low and medium coverage,
respectively. Like in 7.2 e), the thin blue and black lines give the orientation of
the long molecular axes, and arrows point in the perpendicular direction, while
the thick red lines indicate the average stacking direction of the molecular rows.
[Imaging parameters: a): -1.5 V, 10 pA, b): -1.0 V, 10 pA]

try to minimize the parallel oﬀset to maximize the van der Waals (vdW) interaction4 . Therefore, the observed patterns clearly show that another interaction,
which is similarly important to the vdW interaction, favors a large lateral oﬀset. Strikingly, the intramolecular dipoles of meta-2F-6P molecules [illustrated
in Fig. 7.1 c)] in the most frequently observed conﬁguration (i.e., with large
vertical oﬀset; see Fig. 7.3) arrange very similar to the side-by-side anti-parallel
alignment that one would expect for two ideal dipoles.

7.1.3

Ortho-2F-6P

As can be seen from the Mulliken charges given in Fig. 7.1 a), the hydrogen
atoms in the partially ﬂuorinated phenyl ring are slightly more positive than
the ones in unsubstituted phenyl rings. Therefore, also from a hydrogen-bond
perspective the zipper arrangement is more favorable. In a study of tetrathiafulvalene on Au(111), a ﬁnite vertical oﬀset in molecular rows was indeed found
to stem from hydrogen bonds only [95]. Therefore, ortho-2F-6P was employed
to test whether the hydrogen bonds or the intramolecular dipole drives the zipper assembly. As can be seen from the very similar Mulliken charges for both
derivatives reported in Figs. 7.1 a) and b), this should not aﬀect the strength of
the hydrogen bonds in the 180◦ conﬁguration. The dipole moment of ortho-2F6P, on the other hand, is less than half of that of meta-2F-6P and points in the
opposite direction, as shown in Fig. 7.1 b). No zipper arrangement is observed
for ortho-2F-6P/Ag(111), as can be seen in Figs. 7.6 a) and b). This clearly
proves the role of the macroscopic dipole moment for the molecular assembly of
meta-2F-6P. The variation in vertical oﬀsets for adjacent ortho-2F-6P molecules
suggests a delicate balance of diﬀerent forces (and, in turn, an inﬂuence of the
dipole moment) also in this case. However, it will not be attempted to study the
4 if they do not repel each other altogether because of substrate-mediated interactions; see
e.g. [214]
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role of the (signiﬁcantly smaller) dipole moment for two reasons. Firstly, the
electric potential deviates signiﬁcantly from that of an ideal dipole, as shown
in Fig. 7.1 d). This makes the inﬂuence of the dipole-dipole interaction more
complicated and probably signiﬁcantly more compatible with a vdW-dominated
assembly. Both makes a clear identiﬁcation much more diﬃcult. Secondly, and
diﬀerent from meta-2F-6P, the ortho position of the ﬂuorine atoms allows a 0◦
conﬁguration that accommodates two hydrogen bonds, as illustrated in Fig. 7.1
b). This, together with the fact that the position of the ﬂuorine atoms cannot be
identiﬁed in the STM images, makes an identiﬁcation of the exact conﬁgurations
from experiment too speculative.
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Table 7.1: Unit cell dimensions for all observed phases. α is the rhomboid angle
of the unit cell. γ is the angle between a and the Au[11-2] direction. # mols.
is the number of molecules per unit cell and A the unit cell’s area.

HB
S
P
sP
HBA
SA

7.2
7.2.1

a (nm)
1.75
3.50
4.33
5.57
2.11
7.16

b (nm)
5.30
5.30
5.34
4.03
3.61
2.42

α (◦ )
83
83
36
58
93
118

γ (◦ )
37
37
-10
-14
2
16

# mols.
4
8
6
8
4
8

A
#mols.

(nm2 )
2.30
2.30
2.27
2.38
1.90
1.91

ID28/Au(111)
As deposited-ﬁlms

Adsorption geometry of pair-wise arranged ID28
Fig. 7.7 a) shows a large-scale image of the Au(111) surface covered by almost
a full monolayer ID28. The ﬁve Au(111) terraces have been leveled to allow
for a better intra-terrace contrast. Ordered phases can be observed on three
of the terraces and are labeled HB and P, for herringbone and parallelogram,
respectively. Unresolved areas are due to mobile molecules and bright spots
likely stem from molecules that are located on top of the ﬁrst ML. Fig. 7.7
b) shows a highly-resolved zoom into an area with a HB and a P grain on the
left and right side, respectively, which reveals that both arrangements consist of
the identical two building blocks (encircled). Both building blocks consist of a
group of four small features in the center and two large elongated features at the
ends, which can be readily attributed to the phenyl groups with the attached
tert-butyl groups [198, 261, 264, 251] and the perylene-derived core of ID28,
respectively. Therefore, both building blocks can be identiﬁed as consisting of
a pair of ID28 molecules that have their long molecular axis ca. parallel to the
Au surface and face each other with their side groups.
For the further discussion it is important to note that ID28/Au(111) shows
strikingly diﬀerent appearances as function of the tip conditions. Spontaneous
changes of the intramolecular contrast were routinely observed while scanning
with ﬁxed bias and set-point current, which is most likely induced by the STM
tip becoming decorated with residual gas [311, 16, 114, 60] or ID28 molecules
[177, 234, 70, 62, 213]. Three identiﬁable appearances of ID28 were encountered
throughout the work: The data discussed thus far give perylene-derived core
and side groups with similar apparent height, which will be referred to as “fullappearance” and is intermediate to the extreme cases where either the perylenederived core or the side groups appear as located at much smaller height or do
not show up in the images at all, which will be termed “side-groups only” and
“core only” appearance, respectively. A similar change seems to be also induced
by changing the tunneling bias, which, however, could be investigated only for
annealed ﬁlms, and will therefore be discussed in the corresponding section
7.2.2. In Fig. 7.8, side-groups-only and core-only appearances are shown for all
arrangements encountered in this study. The dimensions of the corresponding
120

Figure 7.7: a): Large scale image showing ﬁve terraces with several grains of the
two phases HB and P for ca. 0.85 ML ID28/Au(111). The Au(111) herringbone
reconstruction is also visible and can be used to identify the orientation of
the Au(111) lattice as illustrated by the long arrow. b): Molecularly resolved
image of the area around a phase boundary with HB on the left and P on the
right side. Since the exact conformation of the molecules on the surface is not
known, a simpliﬁed representation is used to determine the arrangements and
pair-wise orientation from the STM images. In the models for the HB and P
structures, the representations of the molecules are simpliﬁed as ﬂat-lying spaceﬁlling models of the ID28 molecules without tert-octyl groups (as calculated by
DFT) overlaid with the chemical structure of ID28. The encircled molecules,
together with the shaded rows, illustrate how one could hypothetically arrive
from the racemic HB to the non-racemic P phase. c) and d): Molecularly
resolved images of the mirror symmetric P* and P arrangements, respectively.
In d), some molecules at a step edge can be observed whose orientations diﬀer
from the ones found for the other molecules. f): Chemical structure of the
two surface-enantiomers of ID28 and the various orientations of the enantiopure
pairs with respect to the [11-2] direction of Au(111). [Imaging parameters: a):
-1.5 V, 0.4 nA, b) – d): 1.5 V, 0.3 nA]
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Figure 7.8: a) – f): Molecularly resolved images of HB, S, P, sP, HBA , and
SA respectively, measured with tip conditions under which the perylene-derived
cores appear lower than the side groups. g) – l): The same as a) – f), but with
tip conditions under which the perylene-derived cores appear higher than the
side groups. The lines in i) and j) indicate the split-lines in the P arrangement
where extra molecules are inserted to arrive at sP. The arrow in k) points to a
defect consisting of an enantiopure pair of the opposite type. m) – r): Models of
the respective molecular arrangements. The vertical line divides pre- and postannealing phases, for which the substrate orientation was slightly diﬀerent as
shown by the coordinate systems. [Imaging parameters: a) – c) and h): -1.5 V,
0.4 nA, d): -1.4 V, 0.4 nA, e): -1.8 V, 0.7 nA, f): -1.7 V, 0.8 nA, g): 1.5 V, 0.3 nA,
i) and j): -1.5 V, 0.3 nA, k): 1.8 V, 0,7 nA, l): -0.85 V, 0.8 nA]
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unit cells are listed in Tab. 7.1.
None of the appearances allows directly determining a possible tilt of the
perylene-derived core. Such a tilt for as deposited-ID28 is however suggested
by the following two facts. Firstly, gas phase-ID28 has a signiﬁcantly threedimensional conformation, with one phenyl group above and the other one
below the perylene plane [181], which will not be signiﬁcantly altered by the
physisorption on Au(111). Secondly, the two side groups appear with approximately the same height in all images. These two conditions can only be fulﬁlled
simultaneously if the perylene-derived core is tilted with respect to the gold
surface. This implies that the horizontal projection of the perylene-derived core
of as deposited-ID28/Au(111) is narrower in reality than in our models for the
molecular arrangements for which ﬂat-lying molecules are employed.
Due to its asymmetric chemical structure, ID28 exhibits two enantiomers
when adsorbed on Au(111). Throughout this work, the green and red color
each signiﬁes one of them as deﬁned in 1 e). The herringbone reconstruction
of the Au(111) surface is not lifted by the adsorption of ID28 molecules, as
clearly seen in Fig. 7.8 a), which readily allows simultaneously determining
substrate and adsorbate orientations. This is done by employing simpliﬁed representations of the ID28 molecule, which are placed on full-appearance images.
The results are illustrated in Fig. 7.8 e). The two ID28 pairs are not mirror
symmetric with respect to any Au(111) high symmetry direction [11-2], which
means that they do not have the same epitaxial registry. This can explain why
they appear slightly diﬀerently in the STM images [176, 112, 156, 171]. Other
possible reasons are diﬀerences in the adsorption geometry, or the mutual arrangement. Unfortunately, while the angle between the two diﬀerent pairs can
be determined with high precision, the appearance of the perylene-derived core
does not allow precisely identifying the in-plane orientation of the individual
molecules. Still, the pairs can be indirectly determined as enantiopure for the
following reasons. Firstly, in a hypothetical racemic case, the two pairs would
have two very diﬀerent arrangements to match the observed patterns, while for
enantiopure pairs each pair is simply one of the two mirror-symmetric arrangements of either enantiomer type. It is more likely that only one, namely the
energetically most favorable arrangement prevails. Secondly, enantiopure pairs
with identical mutual arrangements of the two molecules in each pair are indeed
found unambiguously for the herringbone arrangement HBA that emerges after
annealing [cf. Fig. 7.8 q) and discussion below]. Thirdly, enantiopure pairs
are conserved under a rotation by 180◦ , while racemic ones are not. Within one
given STM image, equivalent pairs always look identical, showing no indications
for pairs which diﬀer by a rotation by 180◦ .5
All arrangements have an equivalent mirror-symmetric arrangement with
respect to Au[11-2]. An asterisk is used to diﬀerentiate the two if both are
present within one image, as can be seen in Fig. 7.8 a) and in detail for the
example of P and P* in Figs. 7.7 c) and d), respectively. While HB is racemic,
P is enantioenriched with a 1:2 ratio for the two enantiomers, notably in such a
way that for P (P*) the red (green) pairs, rotated – (+) 30◦ with respect to the
Au[11-2] orientation, are in the majority, meaning that this epitaxial registry
5 STM images show small shifts for all pairs when comparing rotated and original image.
However, since by and large the shifts have the same direction for both pairs, while the pairs
themselves do not, these rather point to an asymmetric tip shape than to pairs rotated by
180◦ with respect to each other.
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(for the enantiopure pair only or the complete unit cell) is more favorable than
for the corresponding case with a higher fraction of pairs with + (-) 10◦ oﬀset,
which is only observed very rarely and without long-range order.
Rearrangements induced by the STM measurement
Fig. 7.9 a) shows a large scale area as it was ﬁrst observed. The tunneling
conditions give a side-groups-only appearance. HB and P structures, as well as
areas without long-range order can be seen. Fig. 7.9 b) shows another scan of
approximately the same area after seven intermediate scans. Note the change
to a core-only appearance. Signiﬁcant changes of the molecular structures can
be seen, and are presented for selected areas also for some intermediate scans
in Figs. 7.9 b) and c).
Notably, by scanning, a square phase (S; S-like for structures whose ordered
grains do not extend for more than one unit cell) was created in some of the
areas that were exhibiting an HB structure before.6 . Importantly, the grains
with the highest degree of long range order are S* rather than S, while they
were initially also HB, and not HB*. Two formation paths are discussed in the
following, that lead from an HB to an S or an S* arrangement, respectively. The
successive scans presented in Fig. 7.9 c) (with increasing scan number from left
to right) show some examples for an HB-to-S rearrangement, while the phase
boundary shown in Fig. 7.9 d) allows directly comparing HB and S arrangement.
Half of the enantiopure pairs are at the same position in both arrangements,
indicating a rearrangement by a dislocation of the other half, as illustrated in
the molecular models in the left and right part of Fig. 7.9 d): If, at every second
position of the enantiomer-pure rows (dotted lines) in the HB arrangement, the
shaded enantiopure pairs [which correspond to the shaded column in Fig. 7.8 b)]
move along the dashed lines until the pairs of diﬀerent enantiomer type roughly
changed positions, one ends up with S. In contrast, to arrive from HB to S*,
all molecules have to be rotated. This might be best achieved by the splitting
of existing enantiopure pairs and the subsequent formation of new ones, as
indicated by the lines in the top and bottom part of Fig. 7.9 e), which connect
identical molecules before and after rotation, respectively.
Fig. 7.9 f) shows a similar rearrangement process (for another sample and
with ca. opposite bias). Here, a well-ordered HB-domain is separated from
an unresolved area by S-like structures. Interestingly, the domain boundary
changes in both directions, meaning that S-like arrangements also transform
back to HB-structures.
Ripening of monolayer phases
For the sub-monolayer ﬁlm presented in Fig. 7.9 f), which was grown in a
single deposition of a few minutes, exclusively phase HB is observed as longrange ordered. The extended S-like and P-like structures for the same ﬁlm
[Figs. 7.10 a) and b)], could be pristine structures, or due to the tip-induced
rearrangement discussed above. In contrast, the ﬁlm presented in Fig. 7.7,
6 A tip-induced transformation of a herringbone to a square structure was also observed for
PTCDA on Au(111) [ChizhovJChrystGrowth2000]. For this molecule, this is accomplished by
providing more space through the removal of molecules, which, however seems not to be what
happens in the present case and the unit cell size per molecule for HB and S are identical
within the experimental resolution.
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Figure 7.9: a): Large scale image (side-groups-only appearance). Diﬀerent phases are indicated by the letters. b): Similar area as a)
after 6 intermediate scans (core-only appearance). c) (from top to bottom): Cutout from a) and the fourth and ﬁfth consecutive scan
of the same area. Arrows point to selected locations where the enantiopure pair type changed compared to the preceding scan. d):
Grain boundary between structures HB and S (side-groups-only appearance) overlaid with simple representations of ID28 molecules. The
diﬀerence between HB and S is a displacement of the molecules at every second position along the herringbone, as emphasized by the
arrows pointing at such positions. A model for the arrangement HB (S) with corresponding lines and arrows is shown on the left (right).
e) (from top to bottom): Cutout from a) and the sixth consecutive scan of the same area. A model for the arrangement HB (S*) is
shown on top (below). f): Three consecutive scans of a diﬀerent ﬁlm (core-only appearance). The dashed lines show the phase boundary
of the respective previous scan. S-like structures are seen at the phase boundary between unresolved and resolved molecules. The insets
shows close-ups of the phase boundary (left) and a defect line in the HB structure that allows identifying identical positions in the images
(right). [Imaging parameters: a) – e): -1.5 V, 0.4 nA, f): 1.6 V, 0.8 nA; scans lasted 6-9 minutes]

Figure 7.10: a): Molecularly resolved large scale image of an area without largerange order (= S-like). Protruding objects of the same size as the other molecules
can be resolved and identiﬁed as molecules in the second layer. Several sizes
of second-layer clusters can be seen. b): Zoom into a similar area as shown in
a). c) and d): Line scan for the upper and lower line shown in a), respectively.
[Imaging parameters: a): 1.8 V 0.8 nA, b): 1.9 V 0.8 nA]
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Figure 7.11: a): Large-scale image (with side-groups-only appearance) showing
the two defect lines occasionally encountered for P structures. b) Detailed image
(with core-only appearance) of a defect line as the one marked by the arrow in
a). c): Two molecularly resolved images (with core-only appearance; merged
at the white line) of a sP defect line, which illustrate that two of the molecules
in each circled area are not paired. The circles correspond to the circles in d)
and e). d): Models for all arrangements. e): Large scale image (with core-only
appearance) showing a long-range ordered P and sP structure in the lower and
upper part, respectively. The footprint of sP is deduced to be ca. 3 % larger
than that of P. [Imaging parameters:, a): -1.8 V, 0.3 nA, b): -1.5 V, 0.4 nA, c):
-0.85 V, 0.01 nA, e): -1.5 V, 0.3 nA].

which was deposited in a step-wise fashion over several hours, shows signiﬁcant
ripening of the P phase, while the HB phase is much less abundant. In the P
structures, occasionally ordered defect lines were observed. One encountered
case is marked with an arrow in Fig. 7.11 a) and the close up in Fig. 7.11
b). The other one, which is the focus of the following discussion, is labeled
sP (for split P). It comes in two diﬀerent arrangements (sPI and sPII ), which
are shown in detail in Fig. 7.11 c). This sP arrangement was also observed
as long-range ordered phase, however only for a ﬁlm for which the stepwise
deposited molecules were residing longer on the surface before the ﬁnal coverage
was reached. Unfortunately, no image of sP with full-appearance tunneling
conditions was obtained. Still it is possible to identify all enantiopure pairs
by comparing with the data in Fig. 7.8, which in turn allows identifying two
unpaired molecules per sP unit cell as shown in Fig. 7.11 c). Unpaired molecules
are also evident by groups of two instead of four small features in the side-groupsonly appearance shown in Fig. 7.8 d). The enantiomer-type of the unpaired
molecules remains unclear7 , and the enantiomer ratio for sP has to be stated as
in between 1:1 and 1:3. As shown in Fig. 7.11 e), sP has a ca. 3 % larger unit
cell size per molecule than P. This ﬁlm was the one with the longest ripening
time in this study and did not show any traces of the HB phase. Instead, mostly
phase P was observed. In addition, a long-ranger ordered S structure could be
evidenced. Accordingly, ID28 very quickly forms the HB phase, while it takes
about one day at low coverage and room temperature to allow most molecules
7 Slightly

diﬀerently oriented HB-arrangements in Fig. 7.12 a) and the reoriented pairs at
the step edge in Fig. 7.7 d) evidence some adaptability of the ID28’s epitaxial registry, which
prevents identifying the enantiomer type by the orientation only.
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to arrange in the P phase, which is when they only start forming phases sP and
S. This sequence is sensible, given that the number of molecules per unit cell is
4, 6, and 8 for HB, P, and sP and S, respectively.

7.2.2

Annealing

Eﬀect of mild annealing
Fig. 7.12 a) shows a large area scan of a sample for which slightly more than ML
coverage was deposited in a single deposition. Just like for the single-deposition
sub-monolayer ﬁlm, HB is the only long-range ordered phase. A large number
of grain boundaries and slightly diﬀerent grain orientations are apparent. After
mild annealing at ca. 200 ◦ C, the sample exhibits a signiﬁcantly increased longrange order with domains routinely extending over several 100 nm, as shown in
Fig. 7.12 b). Defects are seen at certain locations that seem to be related with
speciﬁc sites of the Au(111) herringbone reconstruction. In addition, extensive
areas without long-range order are resolved. This annealing step goes along with
the removal of multilayer molecules, as evident in the UPS spectra shown in Fig.
7.13 b): When comparing the bottommost (red) spectra and the middle (brown)
ones, which correspond to the as deposited-ﬁlm and the same ﬁlm annealed at
200 ◦ C, respectively, the HOMO-derived peak decreases in intensity and width,
while the Au(111)-related features increase in intensity and the work function
increases by 0.1 eV. This is exactly the reverse of what is observed when going
beyond monolayer coverage for the deposition series discussed later on.
Molecular assembly and adsorption geometry after moderate annealing
After annealing at ca. 300 ◦ C, none of the hitherto discussed structures prevail.
Instead, the two new structures HBA and SA are found, as presented in Figs.
7.12 c) – f). Further details of these structures are presented in Figs. 7.8 and
7.14. Important diﬀerences exist between the pre- and post-annealing phases HB
and S, and HBA and SA , respectively. HB and HBA are both herringbone-like,
Figure 7.12 (facing page): a): Large scale image (with core-only appearance)
of a sample with more than monolayer coverage. b): Large scale image (with
side-groups-only appearance) of the same sample after annealing at ca. 200 ◦ C.
The ordered domains now stretch over several hundred nm. Also disordered
domains can be seen. c) – f): Large scale images (with core-only appearance) of
the same sample after annealing at ca. 300 ◦ C. In c), two diﬀerent phases can
be seen on either side of the step edge. The number of molecules in a ﬁxed area
is given for both phases. In d) and f), the Au(111) herringbone reconstruction
can be clearly identiﬁed. In d) and e), the SA -like structure is found to form in
low-density regions within a HBA domain, or in between two inequivalent HBA
domains (indicated by the staggered line), respectively. In f), a stacking defect
(adjacent enantiopure rows consisting of the same enantiomer) is observed for
the lower 3/4 of the image (marked with an arrow). [Imaging parameters: a):
-1.5 V, 1.4 nA, b): -1.5 V, 0.9 nA, c) and f): -1.0 V, 0.8 nA, d): 1.8 V, 0.7 nA, e):
1.9 V, 0.7 nA]
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Figure 7.13: a): XPS results of an ID28/Au(111) ﬁlm slightly beyond MLcoverage after annealing at the indicated temperatures (20 ◦ C = as deposited).
b): UPS results for the same ﬁlms. From left to right the SECO, the valence
band region, and zooms into the region close to EF are shown. The presented
valence band spectra were acquired with a take-oﬀ angle of 45◦ . For the zooms
also normal-emission spectra are shown as thin lines.
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but the distance between the two molecules in the enantiopure pairs is smaller
for HBA . Notably, as can be seen when comparing Figs. 7.8 a) and e), the tertoctylphenyl groups now accommodate a much smaller footprint, and instead of
four corresponding features for a molecular pair, as in HB, only two are observed
for one given tip condition for HBA . A corresponding decrease from two bright
features per molecule to only one is also found when comparing SA [Fig. 7.8 f)]
and S [Fig. 7.8 b)]. These observations evidence an annealing-induced change
of the tert-octylphenyl groups. Another signiﬁcant diﬀerence between SA and S,
is that the squares of four hydrogen-bonded perylene-derived cores are racemic
in the case of S, while they are enantiopure for SA . Notably, while one enantiopure SA quartet is stabilized by hydrogen bonds, such a quartet is not linked
to another quartet of either enantiomer-type by either the hydrogen bonds or
enantiopure pairs which are the dominating patterns in all other arrangements.
The distance between adjacent quartets of the same enantiomer-type is very
low, which supports a changed conformation of annealed ID28. The distance
between rows of diﬀerent kinds of enantiomers, on the other hand, is comparably large. The unit cell per molecule of SA is slightly larger than that of HBA as
illustrated in Fig. 7.12 c). Fig. 7.12 f) presents a SA -like structure that formed
in an area of lower areal density, thereby linking the two incompatible, because
laterally oﬀset, HBA grains. HBA and SA resemble the herringbone and square
phases that were observed for PTCDA on Au(111) [61, 194, 176, 209, 202].
There, too, the square phase (rather than the herringbone one) is found if space
permits [61] and in between two herringbone structures to link shifted grains
[61, 194, 202].
The XPS data shown in Fig. 7.13 shows that the oxygen and nitrogen
atoms react diﬀerently to the annealing. While the oxygen O1s core level shifts
to lower binding energy and therefore follows the trend of the HOMO shown
in Fig. 7.13 b) and discussed below, the N1s peak shifts to higher binding
energy. This corroborates the above reasoning that the amino-bound part of
the molecules changes during the annealing process. Consistently, the shift of
the C1s, which originates from all parts of the molecules, is in between those
for O1s and N1s. No change of the atomic ratios could be observed within
the experimental resolution, which is evidence for no detachment of, say, all
tert-octyl groups. However, the measurements are not sensitive to more subtle
changes in the atomic ratio.
Electronic structure of annealed-ID28
Fig. 7.13 b) presents the UPS results for the annealing series. Notably, the
annealing at 300 ◦ C does not change the width of the peak that correspond to
electrons originating from the HOMO of ID28. It does however cause a shift
of this HOMO-derived peak by 0.2 eV to lower binding energy, while the work
function φ stays constant, as evident by the unchanged SECO, resulting in an
ionization energy decrease from 5.3 eV to 5.1 eV. This can be explained by the
conformation change, which was estimated by DFT to result in a binding energy
decrease of ID28’s HOMO8 , and might also inﬂuence the ionization energy of
8 To simulate the altered conformation, the structure of ID28 was recalculated after placing
two gold atoms underneath the nitrogen atom. The thus-found conformation was ﬁxed, the
gold atoms removed, and all energy levels recalculated. The calculated increase in total
energy for such a change is low enough to be compensated by increased intermolecular and/or

131

Figure 7.14: a): Energy eigenvalues for ID28 without tert-octyl groups as calculated by DFT, shifted by 0.3 eV to higher binding energies to better match
the UPS data. b): The most relevant corresponding molecular orbitals. c):
HeI-UPS spectrum (upper curve) and dn spectrum from STS (lower curve) for
the same sample. d): dn-images at selected bias values (derived from the spacially resolved I-V data). The pattern at 1 V did not show sudden changes of
contrast or intensity for diﬀerent V . e): Constant current images of HBA and
SA at indicated sample biases. The insets show close-ups of the molecular arrangement and (if appropriate) the corresponding calculated molecular orbitals.
For the constant current images shown in between 0 and +1.8 V, the polarity
was switched during the scans at the indicated positions. The orientation of the
HBA grain in the image for ± 0.6 V diﬀers by that in the other ones by 60◦ .
[Imaging parameters 0.7-0.8 nA].
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the molecular layer via an altered molecular orientation [244, 125], or a better
photo-hole screening facilitated by a closer contact between perylene core and
metal surface [289]. A better screening is additionally expected due to the denser
molecular packing [248, 96].
As mentioned above, frequent interactions between the tip and the molecular
ﬁlm of as deposited-ID28/Au(111), resulting in drastic changes of the tunneling conditions, prevented a systematic bias-dependent analysis of pre-annealing
system. Still, the data allow deriving a trend as function of bias voltage: the
core-only appearance is predominantly observed at low bias, while the sidegroups-only images are observed for high bias, with a transition region around
1.4 V< |V |< 1.8 V, for which, depending on the tip conditions, all appearances are observed. The tunneling junction was signiﬁcantly more stable for
annealed-ID28. This allowed studying the eﬀect of varying the tunneling bias
on the constant current images, as presented in Fig. 7.14 e). In addition,
meaningful I-V -data could be obtained, which helps identifying electronic effects in the STM images. dn maps at diﬀerent V, presented in Fig. 7.14 d) (for
SA only), were determined numerically from the acquired I-V data according
to dn = (dI/dV )/(I/V ), which gives the approximate local density of states
(lDOS) (Sect. 3.2 [332]. Since no signiﬁcant shape variations for dn spectra
obtained at diﬀerent locations were observed, a dn spectrum integrated over
the whole area is shown in 8 c). Two clear maxima are seen at negative sample
bias (= probing of occupied states), which go along with sudden changes of the
dn maps and agree well with corresponding peaks in UPS and also the energies
theoretically expected for HOMO and HOMO-1, respectively. In contrast, the
minor peak at positive bias is not accompanied by a change in contrast or intensity in the dn maps. Let us now look at the constant current images for HBA ,
which allow identifying the individual molecules better than those for SA . For
low bias, the perylene-derived core can clearly be identiﬁed. Additional features
show up in the images, one in close proximity of the core, which stems from
one of the phenyl rings, and one well separated from the core, which cannot be
clearly identiﬁed and could stem from a side group of either of the two molecules
in the enantiopure pair. While at positive bias the molecules do not appear with
signiﬁcant intensity variations, for negative polarity signiﬁcant intramolecular
contrast is found. This is clearly seen for the constant current images shown
in between 0 and +1.8 V in Fig. 7.14 e), for which the polarity was switched
during the scans at the indicated positions. The contrast for low negative bias
closely resembles the HOMO lDOS expected from DFT. When approaching the
bias corresponding to HOMO-1, the appearance changes markedly. Notably,
the oﬀset between the two molecules now seems to have increased, which agrees
with the theoretical data that ﬁnds HOMO and HOMO-1 with higher lDOS
at diﬀerent sides of the perylene-core. For positive bias, sub-molecular features
observed at 1.85 V can be attributed to the LUMO.
For negative bias exceeding -1.75 V, a feature becomes most prominent at
a location in the STM images where there was no signal at low and medium
bias. The most probable explanation for this observation is that this feature
stems from the second tert-octylphenyl group, which, after the annealing, is now
located at signiﬁcantly larger height than the rest of the molecule. A position
in the tunnel gap closer to the tip corresponds to a lower potential diﬀerence
molecule-surface interactions.
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Figure 7.15: a): Central and upper part: Enantiopure pair as observed for
as deposited-ID28/Au(111). Shown are the electrostatic potential for electrons
(in eV) created by the left molecule, the Mulliken charges (in e) of the right
molecule, and both built-in dipoles. Note that the tert-octyl groups are neglected. In the bottom part, the side-by-side antiparallel arrangement expected
when taking into account only the dipole moment of ID28 is shown for comparison. b): The dipoles of an enantiopure pair seen from the side with the
electric ﬁeld created by a monoatomic STM tip for positive bias between tip
and sample (= negatively biased sample). Horizontal dipoles are used in view
of the unknown inclination of the molecules. c): The same as b), but with the
orientation of the molecules rotated by 180◦ .
with respect to it, causing the resonant tunneling to contribute signiﬁcantly only
at higher bias [199, 260]. The observed change in contrast might be enhanced
by the fact that at higher bias the tunneling process includes also HOMO2 and HOMO-3, which are almost exclusively located on the phenyl-groups,
and, in addition, states of the tert-octyl-groups. Notably, the emergence of a
new feature at the same position was also observed for positive sample bias
when approaching ca. +1.9 V. The molecular energy levels, on the other hand,
are signiﬁcantly asymmetric with respect to the Fermi level (EF ), as shown in
Fig. 7.14 a). The observed symmetric behavior is expected in cases of absent
interaction between adsorbate and substrate [62, 85], which is indeed to be
expected for an assumed elevated position of this molecular feature.

7.2.3

Discussion of a possible inﬂuence of the intramolecular dipole on the molecular arrangement and rearrangement

Let us start with an energetic consideration. The ripening process leads to the
formation of more complex phases, and thus decreases the system’s entropy.
This has to be driven by an energy gain for the observed arrangements. A small
contribution might come from an increase in the strength of the hydrogen bonds
when going from HB to the other phases [176, 311, 202]. Another reason could be
a better match of the larger unit cells (and, in case of an enantioenriched phases,
also the enriched enantiopure pair) on the one side, and the Au(111) surface and
its herringbone reconstruction on the other side. Furthermore, the formation
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of the racemic S phase is favored by the molecules’ interaction with the STM
tip, which is discussed in more detail below. That said, the complexity of the
structures gives a ﬁrst strong hint that the long-range dipole-dipole interaction
has a signiﬁcant inﬂuence in the formation process.
All observed arrangements result in in-plane anti-ferroelectric phases. While
for simple systems (e.g. polar spheres) it is relatively straightforward to predict
whether the ground state for a particular 2D lattice is ferroelectric or antiferroelectric [241, 86, 31, 88], for the current system this is prevented by the
inﬂuence of higher-order multipole moments [158, 296], hydrogen bonds [182],
the complex shape of the molecules, and large unit cells. What remains is to
employ our experimental observations as reference for a theoretical assessment
to come.
Next, outstanding characteristics of the arrangements will be discussed in
detail. All ordered as deposited-phases consist exclusively of the enantiopure
pairs presented in detail in Fig. 7.15 a), with the exception of the unpaired
molecules in sP, which will be discussed in the next paragraph. The importance
of a pair-wise arrangement with opposing side-groups is nicely illustrated by the
side-groups-only appearance: The abundance of the pattern consisting of four
bright spots arranged in a diamond-like shape [e.g. in Fig. 7.9 a)] evidences
that the vast majority of molecules indeed arrange in this particular pair-wise
fashion. Further support for its dominance in the molecular arrangements can
be seen when comparing S and sP phases. The two additional molecules in
sP leave all of the enantiopure pairs untouched and instead split the hydrogen bond-stabilized parallelogram [see Figs. 7.8 i) and j) and Fig. 7.11 d)].
This particular arrangement might be favored by (at least) three possible contributions: Firstly, intermolecular attraction mediated by tert-butyl-groups, as
was recently shown for di(tert-butyl)terphenyl/Au(111) [264], secondly, a dense
packing facilitated by the interdigitation of the tert-butyl-groups, similar to
what was observed for hexa-tert-butylhexabenzocoronene/Cu(110) [251], and
thirdly, the formation of an anti-ferroelectric phase, resulting from the antiparallel arrangement. Notably, an enantiopure pair deviates signiﬁcantly from
the side-by-side antiparallel arrangement that would be expected when simply
assuming two ideal dipoles with the electrostatic potential of ID28, which is
also shown in Fig. 7.15 a) for comparison. The dipole-dipole interaction of
the observed tail-to-tail arrangement will rather destabilize isolated dimers arranged in this fashion. Therefore, an additional stabilizing eﬀect of an assumed
anti-ferroelectric ground state on the particular pair-wise arrangement will arise
only for an extended 2D structure.
The unpaired molecules in the sP phase are the only ones in all observed
ordered as deposited-phases whose orientation is not ﬁxed by the enantiopure
pair-wise arrangement, and they do indeed adopt diﬀerent orientations in sPI
and sPII . Thus, they could, in principle, have an antiparallel mutual orientation
in a hypothetical sPIII unit cell. However, all observed unit cells [some encircled
in Fig. 7.11 e)] have exclusively antiparallel oriented molecules, notably with
an arrangement that, compared to the enantiopure pairs, more matches the
expected side-by-side arrangement of two dipoles. This gives a strong hint
that their mutual orientation is indeed driven by a long-range dipole-dipole
interaction.
Let us move on to the structures that emerged after annealing the ID28
ﬁlm at 300 ◦ C. As can be seen in Fig. 7.8, HBA is essentially a more densely
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packed HB-arrangement, with the long molecular axes of the two antiparallel
molecules almost without lateral oﬀset. Qualitatively, this structure equals the
herringbone structure found for PTCDA if one treats one enantiopure pair of
annealed-ID28 as one quasi-PTCDA molecule9 . In contrast, the SA structure
does not contain any enantiopure pairs. Instead single molecules orient in a
square-like fashion similar to what was observed for PTCDA. Notable, such
a PTCDA-like square structure of unpaired annealed-ID28 molecules is antiferroelectric, in contrast to a hypothetical PTCDA-like herringbone structure
of unpaired annealed-ID28 molecules, which would have all molecules of one
particular orientation pointing in the same direction, and thus would be ferroelectric.
Lastly, it will be discussed how the large dipole moments of the ID28 molecules
might inﬂuence their response to the STM measurement. Figs. 7.15 b) and c)
show the electric ﬁeld of a positively charged mono-atomic STM tip (= negative
sample bias) together with two diﬀerent dipole arrangements. The electric ﬁeld
has a ﬁnite anti-parallel (parallel) component in the direction of the molecular
dipole p1 (p2 ). Therefore, when the tip is placed in between an enantiopure-pair
[corresponding to Fig. 7.15 b)] it would be favorable for the pair to split, e.g.,
by rotating away from each other. The energy diﬀerence per molecule between
the two situations shown in Figs. 7.17 c) and d) can be estimated10 as
E = − p2 · E − p1 · E = 2 p1 · E = −2μ|E| cos δ

(7.1)

With a sample bias of V = −1.5 V, a tip-sample spacing of d = 7 Å [135], α =
99◦ [see deﬁnition in Fig. 7.15 b)], a dipole moment of |p1 | = μ = 12 debye, and if
we assume |E| = V /d and thus neglect a small geometry-induced eﬀect [112], we
ﬁnd ΔE = −167 meV. This energy is suﬃcient to trigger structural transitions
for weakly interacting systems [112]. Therefore, the HB-to-S* rearrangement
shown in Fig. 7.9 e) could indeed be induced by a splitting of enantiopure pairs,
which, together with a ﬁeld induced torque, would allow the molecules to link
to new partners. Analogously, a coalescence of the perylene cores under the tip
apex with the side-groups facing outwards will be favorable for the same bias
polarity, which could explain why the S and S-like phases, which realize this
situation nicely, are created during the scan. As discussed above and shown in
Fig. 7.9 f), a transfer from HB to S-like was also observed for positive sample
bias. However, in this case no stable and long-range-ordered structures were
observed. Instead, the HB phase was found to reassemble. At this point it is
not clear if this latter process is a thermodynamic eﬀect or induced by the tip.

7.2.4

Multilayer ﬁlms (on top of as deposited-ID28)

Preferential out-of-plane alignment of multilayer molecules
Fig. 7.10 shows the STM images with the best resolution within this study that
evidence the formation of a second molecular layer on top of as deposited-ID28.
9 Consequently, the same reasoning as for PTCDA concerning the (net) quadrupole moment
and hydrogen bonds apply to the super-structure.
10 In view of the unknown adsorption geometry, a simple formula based on classical electrostatics and geometric considerations is used. This “back of the envelope” calculation should
suﬃce to appraise the relevance of the energy contribution due to the intramolecular dipole.
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Figure 7.16: From left to right: SECO, valence band region for normal emission,
and zooms into the region close to EF for 45◦ take-oﬀ angle and normal emission
for ID28 ﬁlms of increasing thicknesses (in Å), all measured with HeI. Inset:
Valence band of thick ﬁlms measured with HeII. The Eigenvalues for the free
molecule (without tert-octyl groups) are shown for comparison as lines and as
broadened spectrum (Gaussian broadening with FWHM = 0.7 eV).
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The core-only appearance of the molecules in this layer is very similar to what
is observed for the molecules in the ﬁrst layer, and the apparent height of the
second layer of 2.5 Å [found from the line scan in Fig. 7.10 c)] points to ca.
lying molecules.
Fig. 7.16 presents the UPS results for a deposition series of ID28/Au(111).
A sudden change of the φ vs. thickness slope in Fig. 7.17 clearly shows the
completion of the ﬁrst monolayer at 3 – 4 Å. Until this coverage φ decreases by
0.9 eV, which mostly stems from the push-back eﬀect [320]. Fig. 7.16 shows
that for a nominal coverage of 3 Å, the Au surface state is almost, and for
4 Å it is completely quenched (while it was still observed for 1.5 monolayers
of PTCDA/Au(111) [209]). Much less HOMO-derived intensity is observed at
normal emission than for an emission angle of 45◦ , while comparable intensity
was observed for these two measurement geometries for standing ID28 molecules
[316]. Such a diﬀerence stems from the selection rules in the photoelectronic process and, in turn, conﬁrms the lying orientation of the molecules for monolayer
ﬁlms found from STM.
When increasing the coverage, φ continues to decrease linearly by roughly
0.1 eV per 3 Å (ca. 1 ﬂat-lying ML) for the ﬁrst 30 Å (and by another 0.2 eV
until 300 Å). This eﬀect can be attributed to a preferential vertical alignment
of the multilayer molecules, as was observed before for vacuum-deposited Alq3
and other polar molecules [144, 143, 293, 204, 315] (and for even more when
deposited at low sample temperatures [13, 228, 229, 53]). To quantify the average inclination angle θ of the molecular dipoles, the areal density N of the
multilayers are assumed to equal that of the ﬁrst ML, i.e. N = (2.5 nm2 )−1 .
The Helmholtz equation (6.1) can be adjusted to give the work function change
Δφ as function of θ as
qN μ cos θ
Δφ(θ) =
,
(7.2)
0 r
with the elementary charge q and the vacuum permittivity 0 . For a relative
permittivity of r = 3, we ﬁnd θ to be ca. -10◦ (i.e. with the molecules having
their dicarboxy anhydride side on average closer to the sample than the amino
side). The increasingly similar shape of the HOMO-derived peaks in UPS for
45◦ take-oﬀ angle and normal emission for coverages beyond 3 Å (Fig. 7.16)
indicates that the orientation of multilayer molecules deviates from that of the
ﬁrst layer. The continuous φ shift levels oﬀ beyond 30 Å and φ saturates at ca.
3.3 eV.
Reversible partly removal of surface potential by visible light irradiation
Beyond 30 Å, a shift of the energy levels measured by UPS could be induced by
external visible light irradiation. As shown in Fig. 7.18 b) for a ﬁlm thickness of
100 Å, the SECO shifts towards higher kinetic energies when the ﬁlm is irradiated with visible light, with a magnitude that is a function of the light intensity.
Figs. 7.18 a) and c) present the maximal obtained shifts of 0.3 and 0.4 eV for 100
and 300 Å, respectively. As can be seen in Fig. 7.18 d), corresponding shifts to
lower binding energy are observed for the valence region. By placing diﬀerent
ﬁlters in the UV light beam, the SECO could be measured for the dark and
illuminated situation with very diﬀerent photon ﬂuxes (ca. 100x), which did
not result in notable changes of the SECO positions [shown by overlaid spectra
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Figure 7.18: a): SECOs with and without external visible light for a ﬁlm of 100 Å
ID28/Au(111). Spectra for diﬀerent UV-light ﬁlter thicknesses are overlaid to
show that the SECO positions do not change as function of UV-light intensity.
b): SECOs at various external light intensities for the same ﬁlm. c): The same
as a) but for a coverage of 300 Å. d): Valence region for two diﬀerent nominal
coverages with (thin line) and without (thick line) external light.
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in Figs. 7.18 a) and c)]. This and the absence of peak broadening in the valence band spectra indicate that sample charging [159, 126] is not the reason for
the observed phenomenon. An alternative explanation is that free electrons are
generated by the visible light irradiation, which are then transported towards
the sample surface by the potential gradient, where they partly compensate
the ﬁeld created by the permanent dipoles, similar to what is discussed for
Alq3 [221, 220, 219] and 5,7-dihydro-5,7-dioxo-6H-cyclopenta[b]pyridin-6-ylide
(4N-PI) [294]. Diﬀerent from these (Kelvin probe-based) results, the present
measurements did not ﬁnd a permanent removal of the giant surface potential.
This might result from the (PES-inherent) photoelectric process that provides
holes for the electrons to recombine with, or alternative might be due to the
fact that the electrons are not immobilized in traps as discussed for those other
cases. To decide between these two options, the present results should be compared with a technique that does not itself rely on charge ﬂow such as the Kelvin
probe method.
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7.3

Conclusions

The two ﬂuorine atoms in the partly ﬂuorinated 6P derivatives form hydrogen
bonds with adjacent molecules. This results in ribbon formation for both derivatives, consisting of side-by-side stacked molecules. Notably, the derivative with
the larger dipole moment (meta-2F-6P) evidences a pronounced vertical oﬀset
for adjacent molecules along the ribbons, which is not observed for the other
type (ortho-2F-6P). This clearly shows the inﬂuence of the built-in dipole μ on
the molecular assembly and therefore reveals that μ is not fully screened by the
metal for typical intermolecular distances of small molecules.
No asymmetry in the appearance of the 2F-6P molecules could be resolved
by STM. This prevented the determination of the molecular orientation, and
thus the dipole orientation in 2D dipolar networks that formed at higher local
coverage. To prevent ambiguities, another polar molecule, namely the perylenederivative ID28 was employed for studying the inﬂuence of the build-in dipole
moment on the molecular assembly at higher coverage. By room temperature
STM, as deposited-ID28 is found to adopt a ﬂat-lying, probably slightly tilted
orientation in the monolayer regime. Four ordered phases were identiﬁed, HB, P,
sP, and S. The phases P, sP, and S are too much under kinetic control to emerge
for a single deposition of several minutes, which can be rationalized by the larger
number of molecules in their unit cells (6 for P and 8 for sP and S, compared
to only 4 for HB). The molecules are found to form identical enantiopure pairs
with opposing side-groups, with the exception of 25 % of the molecules in the
low-density phase sP, which, nevertheless, also form anti-parallel pairs with
each other. The STM tip can induce the rearrangement of the HB phase into
the S and its mirror-symmetric S* phase, which, for the latter case, invokes a
rotation of the molecules, and therefore also changes the preferred orientation
of the whole ensemble. The re-formation of the HB phase is also demonstrated.
Thus, this process, in principle, allows reversibly changing the anisotropy of a
molecular ﬁlm by the application of an electric ﬁeld, and therefore has great
technologic potential, e.g., in displays and data storage.
Upon annealing, a change of the ID28 adsorption geometry occurs, which allows the molecules to obtain a denser packing, and is accompanied by electronic
changes. The thereby-formed HBA and SA phases exhibit apparent similarities
to PTCDA’s herringbone and square phase, respectively, the striking diﬀerence
being the formation of a super-arrangement for HBA , in which two annealedID28 molecules correspond to one PTCDA molecule. Notably, the SA phase
facilitates a microscopic separation of the two annealed-ID28 enantiomers into
densely packed enantiopure rows with a comparably large inter-row spacing.
Strikingly, all observed monolayer phases give in-plane anti-ferroelectric arrangements of the molecules’ permanent dipole moments. This is realized by
enantiopure pairs for HBA and the pre-annealing structures (except for the unpaired molecules in sP which form long-distance antiparallel pairs), while it is
facilitated by enantiopure quartets in SA . In contrast, a preferred out-of-plane
orientation of the dipoles is clearly observed by ultraviolet photoelectron spectroscopy for multilayer ﬁlms. A continuous work function decrease by more
than 1 eV beyond the full monolayer is observed, which resembles the GSP observed for other dipolar molecules. The potential is partly removed only while
the sample is illuminated with visible light. This reversible process demands
further attention.
141

Our results form a solid foundation for further studies on the presented
systems, for instance by DFT calculations, molecular dynamics simulations,
and vacuum-Kelvin probe measurements.
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Chapter 8

Conclusions and Outlook
The ﬁrst part of this work was devoted to the mitigation of push-back related
interface dipoles at organic/metal interfaces. This eﬀect notoriously increases
hole injection barriers for physisorbed molecules with respect to the expected
energy-level alignment in the case of simple vacuum alignment. My project
started oﬀ with a double-tracked approach that made use of two strategies that
were already known from literature.
First, the fact that COMs with peripheral selenium groups chemisorb on
coinage metals via selenium-metal bonds could be shown to counterbalance the
push-back eﬀect for the small molecule TSeT. Notably, TSeT is a donor molecule
with IE < 5 eV, for which typically electron transfer from the COM to the metal
is found [186, 39, 42], resulting in signiﬁcant φ decreases [39, 42] and large HIBs
[42]. The absence of this eﬀect in the case of TSeT yields extremely small
HIBs. Comparing the results for TSeT with those of chalcogenate SAMs on the
same surfaces allows concluding that the presented observations are related to
the fact that the TSeT-metal bonds via selenium are largely independent from
TSeT’s conjugated core. This is an important ﬁnding that can be exploited for
the design of COMs acting as hole transport materials in organic electronics.
TSeT itself, however, is found to exhibit pronounced 3D island growth at room
temperature, which is unfavorable for the fabrication of devices with well-deﬁned
layer morphologies, as is often demanded in organic electronics.
Second, the strong acceptor molecule HATCN was employed to modify the
Ag(111) surface acting as electrode to contact the prototypical charge transport
materials α-NPD and Alq3 . Flat-lying HATCN molecules (found at very low
HATCN coverages) counterbalance the push-back eﬀect at the HATCN/Ag(111)
interface. The remaining push-back eﬀect observed upon overlayer formation is
ascribed to Ag patches that are left uncovered by the porous molecular network
of ﬂat-lying HATCN molecules. For higher HATCN coverage, the HATCN
molecules reorient into an edge-on orientation, which results in a φ increase
by ca. 1 eV as compared to the unmodiﬁed silver. For the thus-created high
φ electrode edge-on HATCN/Ag(111), both organic overlayers were found to
exhibit HOMO-pinning, demonstrating that the respective ultimate lowest HIBs
can be achieved by HATCN modiﬁcation of Ag electrodes.
The above results identify Fermi-level pinning at organic/organic interfaces
as crucial process in controlling the ELA in related devices. This raises the
question of the underlying mechanisms. PES is not sensitive to unoccupied
143

molecular orbitals. Thus, in the above data, pinning-induced emptying of the
HOMO could be inferred only by the φ decrease upon overlayer formation and
small shifts of the α-NPD and Alq3 HOMO-related features as function of overlayer coverage, while their unoccupied former-HOMO level remained invisible.
Therefore, organic heterostructures exhibiting LUMO-pinning were selected for
the fundamental study presented in the second part of my work.
For the ﬁrst experiments to elucidate LUMO-pinning, simply the architecture of the aforementioned organic heterostructures were reversed. α-NPD
proved unsuitable as interlayer due to inter-diﬀusion upon HATCN deposition
[5]. In contrast, the system HATCN/Alq3 /Ag(111) was found to have the expected structure. For this system, equilibrium is found to be established via
electron transfer to the HATCN LUMO. Notably, the metal substrate, and not
the interlayer, is pinpointed as origin of the transferred electrons. Thus, metal to
overlayer charge transfer (MOCT) is identiﬁed as the microscopic process that
controls Fermi-level pinning in the case of organic/organic heterostructures on
metal substrates. Furthermore, the φ change of 0.75 eV observed upon HATCN
adsorption is attributed to the combination of two eﬀects, the MOCT-dipoles
and a reorientation of the polar Alq3 molecules by the concomitant electric ﬁeld.
To investigate further details of the MOCT-model, the C60 /6T/Ag(111)
model system was selected. The rod-shaped and non-polar 6T grows layerby-layer up to bilayer coverage on Ag(111) and, thus, provided an ultra-thin
and tunable interlayer. C60 ’s asymmetric shape allowed excluding orientationinduced changes of the energy levels. In addition, C60 exhibits pronounced
HOMO-related features in the valence band region already for sub-monolayer
coverages. From these it was possible to identify a one-to-one correlation between the φ increase and the C60 molecules that undergo a MOCT and become
negatively charged. Notably, a signiﬁcant fraction of the molecules in the ﬁrst
C60 overlayer remain neutral. With increasing coverage, this fraction increases,
leading to a sub-linear increase of φ as a function of coverage. In addition, also
an increase of the 6T interlayer thickness from monolayer to bilayer gives rise
to an increased fraction of neutral C60 molecules. These results are in good
agreement with theoretical predictions by other groups. Further tests of the
MOCT-model, for both interlayer thicknesses, were possible by comparing the
experimental MOCT-induced energy level shifts (derived from XPS for the 6T
interlayer and UPS for the C60 overlayer) with the predictions of a simple electrostatic model that was developed by P. Amsalem in my group. Since C60
can be readily identiﬁed by STM measurements, it was also possible to investigate the eﬀect of the MOCT-induced dipole-dipole repulsion on the molecular assembly in the ﬁrst C60 overlayer. Lastly, the MOCT model was applied
successfully to apprehend the energy level alignment recently reported for another organic heterostructure grown on a conductive polymer substrate. The
comprehensive results presented in the current work strongly suggest that the
microscopic details of charge transfer and concomitant electric ﬁeld proposed
by the MOCT-model are key prerequisites for understanding the energy level
alignment at molecular and organic heterojunctions in contact with metals or
conductive electrodes.
The MOCT-induced reorientation of Alq3 mentioned above illustrates the
importance of polar COMs for the ELA at related interfaces. The third part
of this work was part of a multi-technique research eﬀort on the eﬀect of such
polar COMs at COM/metal [174] and COM/oxide [317] interfaces undertaken
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by my group. Details of the theoretical treatment of dipole-dipole interactions
at such interfaces are still discussed controversial [90, 99], while predicting the
inﬂuence of intramolecular dipoles on bulk phases is hampered by the complexity
of intermolecular interactions. With LT-STM of low and medium coverage submonolayer ﬁlms and RT-STM of ﬁlms with thicknesses slightly below and above
full monolayer coverage, contributions for both problem areas were obtained.
By employing two diﬀerent 6P derivatives, which both have two hydrogen
atoms of one terminal ring substituted by ﬂuorine, the eﬀect of hydrogen bonding and substrate-adsorbate interactions could be investigated independent of
the dipole-dipole interaction. Both derivatives form hydrogen bond-mediated
ribbons when adsorbed on Ag(111), which is an important ﬁnding in itself, since
organic ﬂuorine’s potential to form hydrogen bonds had been challenged [81].
A preferred epitaxial registry can be found from the stacking along the ribbons.
While the preceding characteristics are found for both derivatives, a signiﬁcant
vertical oﬀset between adjacent molecules along the ribbons is found preferably
for one derivative, and can consistently be ascribed to its larger dipole moment.
More precisely, the vertical oﬀset constitutes an observable that allows accessing
the delicate balance of the various forces in this system, which should make the
presented data suitable for testing theoretical models.
ID28, a perylene-derivative with highly asymmetric chemical structure, was
employed for studying the inﬂuence of the intramolecular dipole moment on
the molecular assembly at higher coverage. Four ordered phases, consisting of
ﬂat-lying molecules, were identiﬁed for ID28/Au(111). A clear trend towards
an increase of unit cell complexity with ripening time was observed. The mostcomplex unit cells can be achieved by manipulation with the STM tip, as can
a change of the averaged molecular orientation. Upon annealing at 300 ◦ C,
signiﬁcant changes of the ID28 adsorption geometry and the molecular arrangements occur, which also aﬀects the ELA at the ID28/Au(111) interface. All
observed monolayer phases exhibit in-plane anti-ferroelectric arrangements of
the intramolecular dipoles μ. For ﬁlms up to 300 Å, however, the out-of plane
component of μ does not follow this seemingly preferred anti-ferroelectric arrangements. Instead, the molecules are (on average) oriented with their amino
side pointing upward. The potential induced by this preferential alignment is
partly removed when the sample is illuminated with visible light and completely
recovers afterward. The implications of these observations have yet to be explored in forthcoming studies.
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Abbreviations
Abbreviation
6P
6T
Alq3
α-NPD
BE
BESSY
C60
CL
Chiba
CNL
COM
DFT
DOS
EA
EF
EIB
φ
FWHM
HATCN
HIB
HOMO
HU
ID28
ICT
IE
lDOS
LUMO
ML
MOCT
MBE
OLED
OU
PES
PTCDA
QCM

Description
Para-Sexiphenyl
α-SexiThiophene
Aluminium-tris(8-hydroxychinolin)
N,N’-diphenyl-N,N’-bis(1-naphthyl)-1,1’-biphenyl-4,4’-diamine
Binding Energy
Endstation SurICat at the synchrotron BESSY II
buckminsterfullerene
Core Level
Chiba University
Charge Neutrality Level
Conjugated Organic Molecule
Density Functional Theory
Density Of States
Electron Aﬃnity
Fermi Energy
Electron Injection Barrier
Work function
Full Width at Half Maximum
1,4,5,8,9,12-HexaAzaTriphenylenehexaCarboNitrile
Hole Injection Barrier
Highest Occupied Molecular Orbital
Humboldt University
9-(bis-p-tert-octylphenyl)-amino-perylene-3,4-dicarboxy anhydride
Integer Charge Transfer
Ionization Energy
local Density Of States
Lowest Unoccupied Molecular Orbital
MonoLayer
Metal-to-Overlayer Charge Transfer
Molecular Beam Epitaxy
Organic Light Emitting Diode
Ohio University
PhotoElectron Spectroscopy
3,4,9,10-Perylene-TetraCarboxylic-DiAnhydride
Quartz Crystal Microbalance
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RT
LT
S
SECO
STM
STS
TSeT
TTT
UHV
UPS
VB
VL
XPS

Room Temperature
Low Temperature
Screening parameter in the CNL model
Secondary Electron Cut-Oﬀ
Scanning Tunneling Microscopy/Microscope
Scanning Tunneling Spectroscopy
TetraSeleno-Tetracene
tetrathio-tetracene
Ultra High Vacuum
Ultraviolet Photoelectron Spectroscopy
Valence Band
Vacuum Level
X-ray Photoelectron Spectroscopy
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