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Zusammenfassung

Die elektronische Struktur spielt eine wichtige Rolle fiir viele Materialeigenschaften,
z. B. bei Katalysatoren und elektronischen Bauteilen. Die Forschung an organischen
Materialien hat in den letzten Jahrzehnten stark zugenommen. Dies liegt daran,
dass es organische Materialien ermdglichen, effiziente und flexible Bauelemente
recht kostengiinstig in grofseren Massen herzustellen. Besonderes Interesse gilt hi-
erbei den optischen und elektronischen Eigenschaften. Weil elektronische Bauteile
in der Regel aus verschiedenen Schichten aus unterschiedlichen Materialien aufge-
baut sind, wird ihre Leistungsfiahigkeit stark von den elektronischen Eigenschaften
an den unterschiedlichen Grenzflichen beeinflusst. Daher ist es fiir eine gezielte
Entwicklung solcher Bauteile wichtig, dass man die fundamentalen elektronischen
Eigenschaften im Volumen und an den unterschiedlichen Grenzflichen gut versteht,
z. B. an Grenzflichen zwischen Organik und Metall, Organik und Organik sowie
zwischen organischen und anorganischen Halbleitern.

Die Ergebnisse dieser Arbeit tragen zu all diesen Aspekten etwas bei. Aufer-
dem wird gezeigt, dass im Allgemeinen Elektronenspektroskopien sehr hilfreich
sind, um Oberflichen und Grenzflichen zu untersuchen. Die Daten in dieser Ar-
beit weisen darauf hin, dass Vielteilchen-Effekte in den untersuchten organischen
Diinnschichten eine wichtige Rolle spielen, besonders an Grenzflichen mit starker
Wechselwirkung. Diese Effekte kénnen fiir die Eigenschaften von Materialien dur-
chaus von Bedeutung sein.

Im ersten Teil dieser Dissertation wird eine systematische Serie von Polyacen Mole-
kiilen mit NEXAFS Spektroskopie untersucht. Der Vergleich mit Rumpfniveau und
IPES Daten zeigt, dass Rumpfanregungen und Rumpfexzitonen als Vielteilchenan-
regungen verstanden werden miissen. Dieser Befund impliziert zum Beispiel, dass
eine grofe Exzitonenbindungsenergie nicht automatisch bedeutet, dass das an-
geregte Elektron nahe am Rumpfloch lokalisiert sein muss. Da diese Effekte auch fiir
Valenzexzitonen auftreten, spielen sie auch bei der Separation von Ladungstrigern
oder Rekombination von Elektronen und Lochern eine Rolle.

Im néchsten Kapitel werden fundamentale Effekte in organischen Multilagenfilmen
und Metall-Organik Grenzflichen mit Rumpfniveau- und NEXAFS Spektroskopie
untersucht. Dies wird anhand der systematisch ausgewéhlten Molekiilserie BTCDA,
BTCDI, PTCDA, PTCDI durchgefiihrt. Es wird gezeigt, dass sich im Falle von



Contents

starker Wechselwirkung an den Grenzflichen eine Substrat—Adsorbat—Zustands-
dichte bildet, die zu starken Ladungstransfersatelliten fiihren kann, dhnlich wie sie
fir Ubergangsmetallkomplexe bekannt sind. Die experimentellen Daten kénnen
mit einem Model verstanden werden, das das Single Impurity Anderson Modell
mit dem Ansatz von Sawatzky et al. zur Beschreibung von Ladungstransfersatel-
liten in Ubergangsmetallkomplexen vereint. Diese Herangehensweise ist equivalent
zum Ansatz von Gunnarsson und Schonhammer fiir Adsorbate. Sie erlaubt jedoch
eine relativ einfache semiquantitative Auswertung der experimentellen Daten. Ein
Vergleich der Spektren fiir verschiedene Adsorbatschichten weist darauf hin, dass
Vielteilcheneffekte besonders dann stark sind, wenn die vom LUMO abgeleitete
Zustandsdichte teilweise gefiillt ist.

Im dritten Teil dieser Arbeit wird exemplarisch jeweils ein organischer Multilagen-
film (SnPc), eine Organik-Metall Grenzfliche mit starker Wechselwirkung (SnPc/Ag)
sowie eine Organik—Organik Grenzfliche (SnPc/PTCDA/Ag) mit resonanter Auger
Spektroskopie untersucht. Durch den Vergleich der Daten wird der Beitrag der Viel-
teilcheneffekte zu den Autoionisationsspektren klar. Demnach laufen die Elektron—
Vibrations-Kopplung und der Adsorbat—Substrat Ladungstransfer auf der Zeitskala
der Rumpflochlebensdauer ab. Auferdem ist die Wechselwirkung an der Organik—
Organik Grenzflache zwischen SnPc und PTCDA sehr schwach, vergleichbar mit der
intermolekularen Wechselwirkung in Multilagenschichten trotz einer parallelen Ver-
schiebung aller elektronischen Niveaus in der SnPc Schicht.

Desweiteren wird eine relativ schwache aber dennoch signifikante Elektron—Elektron
Korrelation in den oberen Valenzorbitalen gefunden, die eine wichtige Rolle fiir
den Ladungstransfer zwischen Adsorbat und Substrat spielt. Daher werden im
letzten Teil dieser Dissertation die stark gekoppelten Adsorbat Filme kurz im Kon-
text des Hubbard Modells diskutiert. Mit den Daten aus dieser Arbeit kénnen
solche Monolagenfilme in den Bereich fiir mittlere Korrelationsstirke eingeord-
net werden. Folglich kann man fiir solche Adsorbatfilme Eigenschaften erwarten,
die dem aufsergewohnlichen Verhalten stark korrelierter Systeme dhneln, fiir die
z. B. Mott Metall-Isolator Uberginge, interessante magnetische Eigenschaften und
Supraleitung beobachtet wurden.

Zusétzlich werden im Anhang kurz einige Ergebnisse aus den Untersuchungen an
einem Schichtsystem diskutiert, das aus einer Monolage Alkylketten auf dem anor-
ganischen Halbleiter Silizium besteht und auch als self-assembled monolayer (SAM)
bekannt ist. An den Alkylketten wird exemplarisch gezeigt, dass die elektron-
ische Bandstruktur von kurzen, sich endlich wiederholenden Einheiten sehr gut
durch einen relativ einfachen (Quantentrog-Ansatz wiedergegeben werden kann.
Im Prinzip kann dieser Ansatz auch auf mehrdimensionale Systeme angewendet
werden. Daher ist er fiir die Beschreibung von E(k) Relationen in intermedifren
Systemen mit endlichen Wiederholeinheiten sehr niitzlich. Desweiteren wird in
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den Photoelektronen- und NEXAFS Spektren eine starke Wechselwirkung an der
alkyl/Si Grenzfliche beobachtet. Es wird gezeigt, dass die Grenzflichenzustéinde
durch moderate Rontgenstrahlung modifiziert werden kénnen, was wiederum die
Eigenschaften fiir Ladungstransport durch die Alkylschicht beeinflusst.



Abstract

The electronic structure plays an important role for many material properties, e.g.
for catalysts or electronic devices. Research on organic materials has strongly
increased during recent decades. This is predominantly due to the prospect of
cheap, efficient and flexible devices. Therefore the optical and electronic proper-
ties of organic materials are of particular interest. As electronic devices usually
consist of several layers of different materials their performance is very sensitive
to the electronic properties at the various interfaces. Therefore a detailed un-
derstanding of the fundamental electronic properties in the bulk and at differ-
ent interfaces, e.g. organic-metal, organic-organic and organic-inorganic semi-
conductor interfaces, is important for a systematic and specific development of
devices.

The results of this thesis contribute to the understanding of all these aspects. Fur-
thermore, it is demonstrated that electron spectroscopies are very useful for study-
ing surfaces and interfaces. Additionally it is shown, that many—body effects are
observed for organic thin films, in particular at interfaces with strong interaction.
It is discussed that these effects can have implications for the general material
properties.

In the first part of this thesis a systematic series of polyacene molecules is investi-
gated with NEXAFS spectroscopy. The comparison of the data with core level and
IPES data indicates that core excitations and core excitons need to be understood
as many-body excitations. This finding implies for example that a high exciton
binding energy is not necessarily associated with strong localization of the excited
electron at the hole. As these effects apply also for valence excitons they can be
relevant for the separation of charges and for the electron—hole recombination at
interfaces.

In the next chapter some fundamental effects in organic multilayer films and at
organic—metal interfaces are studied with core level and NEXAFS spectroscopy. In
this context a series of selected molecules is investigated, namely BTCDA, BTCDI,
PTCDA and PTCDI. It is shown that in case of strong interface interaction a den-
sity of adsorbate—substrate states is formed which can lead to significant charge
transfer satellites in the PES and NEXAFS spectra, similar to what is known for
transition metal compounds. Moreover, it is demonstrated that the data can be
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modeled qualitatively by a basic approach which fuses the single impurity An-
derson model with the description of charge transfer satellites by Sawatzky et al.
This approach, which is equivalent to that of Gunnarsson and Schénhammer, al-
lows even a relatively simple semi—quantitative analysis of the experimental data.
The comparison of different adsorbate layers indicates that these many—body ef-
fects are particularly strong in case of partial occupation of the LUMO derived
DOS.

In the third part an organic multilayer film (SnPc), an organic-metal interface with
strong coupling (SnPc/Ag) and an organic—organic interface (SnPc/PTCDA/Ag)
are studied exemplarily with resonant Auger spectroscopy. The comparison of the
data gives evidence for the contribution of many—body effects to the autoioniza-
tion spectra. Furthermore, it is found that the electron—vibration coupling and the
substrate-adsorbate charge transfer occurs on the time scale of the core hole life
time. Moreover, the interaction at the organic-organic interface is weak, compara-
ble to the intermolecular interaction in the multilayer films, despite a considerable
rigid level shift for the SnPc layer.

Furthermore, weak but significant electron—electron correlation is found for the
molecular frontier orbitals, which are important for the substrate-adsorbate charge
transfer. Therefore, these strongly coupled adsorbate films are briefly discussed
within the context of the Hubbard model in the last part of this thesis. From the
data derived in this work it can be estimated that such monolayer films are in the
regime of medium correlations. Consequently one can expect for these adsorbate
films properties which are related to the extraordinary behavior of strongly corre-
lated materials, for which Mott metal-insulator transitions, sophisticated magnetic
properties and superconductivity can be observed.

Additionally some results from the investigation of alkyl/Si self-assembled mono-
layers are briefly discussed in the appendix. It is demonstrated exemplarily for the
alkyl chains that the electronic band structure of short, finitely repeating units can
be well modeled by a comparatively simple quantum well approach. In principle
this approach can also be applied to higher dimensional systems, which makes it
very useful for the description of E(k) relations in the regime of repeating units
of intermediate length. Furthermore, the photoelectron and NEXAFS spectra in-
dicate strong interaction at the alkyl/Si interface. It was found that the interface
states can be modified by moderate x-ray irradiation, which changes the properties
for charge transport through the SAM.
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Introduction

During the recent decades physics at the nano scale has become more and more
important. Chemical reactions and material properties are often related to effects
on the molecular scale. The interest in catalytic reactions, downsizing of devices,
the use of self-organization effects for tailoring new materials and the prospect of
comparatively cheap and simple production of intelligent devices have been driving
this field of research. In the meantime a certain level of knowledge and know how
has been reached, and nowadays it is already taken advantage of so called nano
physics for designing and controlling material properties. However, many aspects
are still not understood, and the field is open for exciting discoveries. Therefore,
further detailed and fundamental studies on the atomic and molecular scale are
essential.

Research on semiconductors made from organic molecules has been growing tremen-
dously during the recent decades. These materials are interesting for a wide range
of applications because of their promising, new properties. Organic light emitting
diodes (OLEDS) for example are already used in applications where high efficiency,
flexible devices and low cost fabrication play a role. However, this is only the begin-
ning of a development which will bring OLEDS, organic solar cells and other organic
semiconductor devices in every days life. Moreover, a detailed understanding of the
fundamental physics of (well ordered) organic thin films allows to tailor materials
and completely new devices, which will improve quality of life significantly while
being eco—friendly. [1-3|

In general such semiconductor devices are comparatively complex. Organic so-
lar cells for example usually consist of a blend of different materials or of several
thin film layers, so that the device contains many interfaces, e.g. organic—organic
interfaces, organic—metal interfaces or organic—inorganic semiconductor interfaces.
Hence, the electrical and optical properties of such devices depend not only on
the bulk properties of the different layers, but also interfaces play a dominant role.
Therefore, they are of particular interest with respect to organics.

This work contributes to all these aspects, to the electronic properties in the bulk
of organic thin films (chapters 3 — 5) as well as to the properties of different inter-
faces, in particular organic—metal (chapters / and 5), organic—organic (chapter )



and organic—inorganic semiconductor interfaces (appendiz E). Several methods are
established for such investigations which probe the upper valence regime, e.g. scan-
ning tunneling spectroscopy, photoluminescence, UV /VIS and Raman spectroscopy.
However, for studying the complete electronic structure, in particular in the case of
organics, photoelectron spectroscopy (PES) is the method of choice. Since Hertz’s,
Planck’s and Einstein’s investigations of the photo—effect it is known that the ab-
sorption of a photon leads to the emission of one or more electrons, which provides
information about the electronic structure. PES is very powerful for studying the
electronic structure of thin films and interfaces with high surface sensitivity [4| due
to the relatively short electron mean free path and the high photoemission cross
section.

This thesis aims primarily at two general aspects: Firstly, it is intended to demon-
strate how PES can help to study organic thin films in general and interfaces in
particular. Many different samples were investigated with several spectroscopy
techniques like core level spectroscopy, near edge x-ray absorption fine structure
measurements (NEXAFS), resonant Auger spectroscopy and photon—energy de-
pendent ultra-violet photoelectron spectroscopy (UPS) in order to study various
aspects of the electronic structure. Some results appeared already in the literature
or are close to publication. [A1-A7| These unpublished results which are considered
to be helpful for a detailed understanding of the fundamental electronic properties
in organic materials are discussed in detail here. Secondly, some insight should be
provided into some effects which have been kind of exotic for organics [5-7| as they
are common for inorganic (strongly correlated) materials. In particular many—
body effects have been well studied for transition metal compounds, metals and
alloys of heavy elements and very recently even for atomic adsorbates. [8-15] They
can influence the material properties considerably, which can lead to phenomena
like Mott metal-insulator transitions, magnetism, Kondo effect or superconductiv-
ity. |13, 16, 17| These many-body effects can be related to characteristic features
of the electronic structure which can be well observed in PES experiments, e.g.
charge transfer satellites and a very narrow fine structure at the Fermi level. It has
not been expected to observe similar material properties for organics. However, it
will be shown in the following that one can observe spectral features for organic
thin films which seem to be similar to what is known for correlated materials, in
particular at organic-metal interfaces. Note that such effects have only been ob-
served for fullerenes and the quasi-one-dimensional organic conductor TTF-TCNQ
yet. [5,18-27]

At first a careful comparison of the C K-NEXAF'S spectra with C 1s core level and
IPES data of different polyacene multilayer films from benzene to pentacene illus-
trates the influence of many—body excitations in NEXAFS for weakly interaction
adsorbates. Secondly, a core level and NEXAFS investigation of different adsorbate
multilayer and monolayer films on a Ag(111) substrate suggests that many—body ex-
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citations play a significant role in case of comparatively strong adsorbate—substrate
interaction. Moreover, adsorbate—substrate charge transfer is discussed in analogy
to the charge transfer satellites for transition metal compounds. Furthermore, it
is demonstrated that the core level and NEXAFS spectra can provide qualitative
and, to some extent, even quantitative information about the interface interaction
when combining the single impurity Anderson model with an approach for charge
transfer satellites developed by Sawatzky et al. |8, 28]

In the third step a multilayer film, a strongly interacting organic-metal inter-
face and an organic—organic interface are investigated by resonant Auger spec-
troscopy and compared to each other. Again significant indications to many—
body excitations at the organic—metal interface are observed. The interference
effects in the resonant Auger spectra show that they occur on the time scale of
the core hole life time. Finally, the implications of these many—body effects are
briefly discussed taking recent findings from other (former) group members into
account.
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Experimental and technical aspects

The photo—effect was discovered in 1887 by H. Hertz and his assistant W. Hallwachs.
Hertz found out that a sparkover was induced easier when the spark coil was illumi-
nated by ultraviolet light. [29] In more detailed studies Hallwachs observed that irra-
diation of a zinc plate with UV light induces an electrical current. Later, in 1900 P.
Lenard discovered that the energy of the emitted electrons does not change but only
the number of emitted electrons when tuning the intensity of the incident light. [30]
These observations were not in agreement with J. C. Mazwell’s theory of light. Only
in 1905 A. Finstein could explain the photo—effect by the wave—particle dualism of
light [31] which led to the fundamental relation

Epin = hv — Ep — ®. (2.1)

Later R. A. Millikan could determine Planck’s constant in a series of experi-
ments from 1912 to 1915 by tuning the frequency of the UV light and adjust-
ing a retarding voltage to the maximum kinetic energy of the photoemitted elec-
trons. [32]

The principle of photoelectron spectroscopy as it is carried out today is still the
same. The light source is either a gas discharge lamp, an x—ray tube or a synchrotron
source and the electrons are detected by sophisticated analyzers with high energy
resolution and the possibility to map the spatial and angular distribution of the
photoelectrons. Depending on the excitation energy these experiments are called
ultra—violet photoelectron spectroscopy (UPS) for photon energies below 100 eV and
z-ray photoelectron spectroscopy (XPS) for photon energies above 100 V. The high
brilliance of modern synchrotron radiation sources allows experiments which need
high photon flux, high energy resolution, a small spot size of the source and a small
divergence of the photon beam. Another advantage of a synchrotron source is that
in general the photon energy can be tuned continuously, which allows absorption
measurements in the x-ray regime. It is common to refer to those measurements
close to the absorption edge as near edge z-ray absorption fine structure (NEX-
AFS) spectroscopy. Furthermore, (core) excited states where a hole was created in
a lower lying shell can either decay by emission of a photon (fluorescence decay)
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or by emission of an electron (Auger decay), which results in a characteristic en-
ergy distribution for the emitted photons or electrons, respectively. These energy
distribution curves are measured by z-ray emission spectroscopy (XES) and Auger
electron spectroscopy (AES), respectively. Moreover, resonant Auger spectroscopy
and resonant PES are experiments in which the photon energy is tuned through a
NEXAFS regime and for each photon energy the energy distribution of the emitted
electrons is recorded which has, to first approximation, contributions from Auger
electrons and direct photoelectrons. — See chapter 5 for a more detailed discussion
of autoionization. — The analog experiment for x-ray emission is known as res-
onant inelastic z—ray scattering (RIXS). As all these spectroscopy techniques are
well established they are not discussed here any further but it is referred to [33-36]
for more details.

2.1 Experimental conditions

High-resolution core and valence level PES data were recorded at BESSY II at the
UE52-PGM undulator beamline (E/AE > 14000 at 400 eV photon energy, with
cff — 10 and 20 pm exit slit). This beamline is described in detail in [37]. For the
PES experiments the setup was adjusted to normal emission geometry with 60° an-
gle of incidence with respect to the surface normal and p—polarized light if not stated
differently. A SCIENTA R4000 electron analyzer was operated with a constant pass
energy of 50 eV and 300 pum entrance slit, which results in an energy resolution of
AE — 35 meV. As the energy scale was carefully calibrated to the Ag 3ds/» and
3dsz/, photoemission lines or the Fermi edge after each measurement the absolute
accuracy of the energy scale is better than 30 meV. |38|

During the experiments all samples were carefully checked for radiation damage
and spurious adsorbates. In order to minimize any effects from irradiation, the
light spot was scanned over the sample so that no significant degradation could be
observed. Finally, it was averaged over several spectra in order to obtain better
statistics.

10



2.2 Data processing

2.2 Data processing

This work concentrates on PES, NEXAFS spectroscopy and resonant Auger spec-
troscopy. The respective data needs to be normalized and calibrated carefully in
order to obtain detailed and reliable information, in particular the NEXAFS and
resonant Auger data. Hence, the normalization of the data is briefly described in
the following.

2.2.1 Photoelectron spectra

All core level photoelectron spectra are normalized by the standard procedure. First
they are divided by the hight of the secondary electron back ground 3 eV below
the peak maximum towards lower binding energy. Then the secondary electron
background was approximated by a power law so that the curvature of the back-
ground at energies above and below the core level signal was well reproduced. This
curve was then subtracted. In case of the monolayer films a Shirley background
was subtracted additionally. [33|

2.2.2 NEXAFS spectra

The NEXAFS spectra were carefully normalized as described in [38]. Accordingly
the curve for the partial yield signal and the sample current were divided by the ring
current and the Iy flux curve of the beamline. The latter was obtained by recording
the respective partial yield signal and the sample current for a clean Ag(111) sample
under exactly the same conditions as for the measurements of the organic thin
films. Moreover, energy calibration is very important for proper normalization of
the NEXAFS spectra. Consequently, the photon energy was calibrated right before
or after the NEXAFS scans by recording the Ag 3d lines or the Fermi edge of the
Ag(111) substrate, or by recording the Au 4f lines of a gold foil in case of several
monolayer thick adsorbate films. The wave length A of the incident x—ray light was
corrected for the respective offset A\.

11
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2.2.3 2D autoionization spectra

The 2D autoionization spectra were obtained by tuning the photon energy through
the respective NEXAFS regime and recording an angle integrated energy distri-
bution curve (EDC) for each photon energy with the photoelectron analyzer. In
principle the normalization of these maps is analogous to what has been discussed
for the NEXAFS spectra, except that the Iy curve was not recorded with a par-
tial electron yield detector but also with the electron analyzer. This was done by
running the analyzer in fixed mode and constant initial state (CIS) mode so that a
few eV wide range of the upper valence regime of the clean substrate was directly
imaged onto the channel plate of the detector. Then the photon energy was tuned
through the NEXAFS regime while always the same range of binding energy was
recorded, which resulted in a typical 2D spectrum as it is shown in Fig. 2.1. The
Iy flux curve was then obtained by integrating this spectrum in the kinetic energy
direction. Consequently, the 2D autoionization spectra from organic thin films were
first carefully calibrated in energy and then divided by the ring current and this I
curve.

2.2.4 EDCS in fixed mode

The sensitivity of the detector varies with the position on the channel plate. This
inhomogeneity is averaged out when recording a regular angle integrated spectrum
in swept mode as it is done for the PES data and the 2D autoionization maps.
However, when recording a narrow energy window of the upper valence band in
fixed mode this detector response function needs to be taken into account. There-
fore a featureless and flat part of the valence regime is recorded in both, fixed
mode and swept mode. Consequently, the detector response function can be ob-
tained by dividing the angle integrated fixed mode spectrum by the respective swept
mode spectrum as it is illustrated in Fig. 2.2. As a result all fixed mode spectra
can be corrected for the inhomogeneous detector response by dividing them by
the curve in Fig. 2.2 (b). For the sake of a small signal-to—noise ratio the detec-
tor response was approximated by the parabolic curve which is plotted as solid
line.
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Figure 2.1: Typical Iy spectra for normalization of 2D autoionization maps. Middle:
The 2D spectrum was recorded at 70° angle of incidence and p—polarized light
by monitoring the Ag 4d signal of a clean Ag(111) crystal for different photon
energies. Left: The 1D spectrum was obtained by integrating the 2D spectrum
in the dimension of the kinetic energy or binding energy, respectively. Right:
The EDC for hv = 285.0 €V is plotted.
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2.3 Sample preparation

2.3 Sample preparation

As many properties of organic semiconductors are influenced by intermolecular,
surface and interface interaction, aspects like growth mode, doping and impurities
play an important role. Hence, well defined model systems are very important
when studying fundamental physical interrelations. Therefore, all samples were
prepared under ultra—high vacuum. For the in—situ film preparation the Ag(111)
substrate was cleaned by several sputter and annealing cycles, which resulted in
a well ordered, clean substrate as derived from LEED and PES. In general the
organic thin films were prepared from sublimated powder (if not stated differ-
ently) by organic molecular beam deposition from a Knudsen cell at a pressure
better than 1-10~® mbar. The thickness of the multilayer films was determined by
the attenuation of the Ag 3d photoemission lines assuming a homogeneous layer
growth.

2.3.1 Polyacenes

Commercially available materials of high purity were purchased from Aldrich and
were directly used without further purification. The sample was kept at —120° C
during the preparation of the organic multilayer films. Benzene and naphthalene
were let into the preparation chamber via a leak valve. Antracene, tetracene and
pentacene were deposited from a Knudsen cell with 84° C, 147° C and 260° C
evaporation temperature, respectively.

2.3.2 SuPc/Ag(111)

The SnPc/Ag(111) thin films were prepared at —50° C sample temperature so that
in case of the multilayer films the roughness of the film was reduced compared to
preparations at room temperature. Two times sublimated powder was evaporated
from a Knudsen cell at 367° C. For the preparation of a monolayer film the sample
was annealed afterwards for 5 min at 290° C. The evaporation rate was calibrated
by the attenuation of the Ag 3d substrate signal for film thicknesses of ca. 5 ML,
for which the film roughness is still relatively small so that layer—by-layer growth
can be assumed. This leads to an accuracy in coverage of better than £1 ML for
the SnPc multilayer films discussed in chapter 5.
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Chapter 2 Experimental and technical aspects

2.3.3 SuPc/PTCDA/Ag(111)

The SnPc/PTCDA/Ag(111) heteromolecular thin films were prepared at room
temperature from PTCDA and SnPc¢ powder. First, a 1 ML PTCDA/Ag(111)
film was prepared by depositing a thick film of PTCDA followed by annealing at
295° C for 5 min. Afterwards, SnPc¢ was evaporated on top of the PTCDA mono-
layer film. For the monolayer regime the SnPc evaporation rate was calibrated
to the intensity of the N 1s signal and double checked by the attenuation of the
Ag 3d photoemission lines. Accordingly the accuracy in coverage was better than
+0.15 ML.

2.3.4 Tetracarboxylic acid di-anhydrides and
tetracarboxylic acid di-imides

The molecular thin films from 3,3’,4,4’-benzophenone tetracarboxylic dianhydride
(BTCDA), 3,3",4,4~benzophenone tetracarboxylic diimide (BTCDI), 3,4,9,10-pe-
rylene tetracarboxylic dianhydride (PTCDA) and 3,4,9,10-perylene tetracarboxylic
diimide (PTCDI) were evaporated from a Knudsen cell onto the clean Ag(111) sur-
face, analogously to what was described for the SnPc/Ag(111) films. In order to
get smoother multilayer films the different samples were cooled to temperatures
between —100° C and —70° C. The PTCDA and PTCDI monolayer films were ob-
tained by annealing a multilayer film for 5 min at 295° C. The BTCDA monolayer
films were prepared by annealing a multilayer sample for 5 min at 60° C. For the
BTCDI monolayer films several few minutes long annealing cycles were necessary
with temperatures around 110° C as it is described in more detail in section 4.2.3
and appendiz B.

2.3.5 Alkyl/Si(111) SAMs

Densely packed self-assembled monolayer films (SAM) of alkyl molecules on n-
Si(111) substrates (1-—15 §2 cm) were prepared by thermally induced hydrosilation
of alkanes on H-terminated Si(111) substrates at the Weizmann Institute (Israel)
and at the University of New South Wales (Australia). [39-42] Various samples were
produced with different alkyl chain lengths between C12 and C18, and were char-
acterized by water contact angle, ellipsometry measurements, and Fourier trans-
form infrared spectroscopy. Only samples with evidence for a dense molecular
layer were chosen for further experiments and shipped to BESSY under nitrogen
atmosphere. The samples were then checked with PES for contaminations and
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possible oxidation of the interface by monitoring the O 1s and Si 2p signals of
SizO,.
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3

Core excitation and electronic relaxation in
molecular multilayer films

Core level photoelectron spectroscopy and NEXAFS can be considered as element
and site specific probes of the electronic structure with high sensitivity to the chemi-
cal environment. [4,33,35] Each chemical element has a specific electronic structure,
which leads to a unique fingerprint in the photoelectron and x—ray absorption spec-
tra. Furthermore, the electronic structure of a certain element is also influenced
by its chemical environment, in particular the number and the type of atoms in
its environment. Such modifications lead to energy shifts in the photoelectron and
in the NEXAFS spectra and to variations of the cross section. [43,44] Such an
energy shift, which is also known as chemical shift, can be of the order of up to
several eV. The ionization potential and the binding energy of the C 1s electrons,
for example, can differ by up to 10 eV between saturated hydrocarbons and fluoro-
carbons. [33,35] The modification of the electronic structure is often (methodically)
classified by two aspects, namely the change of the electronic ground state and the
change of the reaction on the creation of a hole, which is also known as initial and
final state effects or electronic relaxation, respectively. Both aspects are of interest
when studying the electronic structure. Unfortunately, the relative contribution of
each effect to certain spectral modifications can only be estimated by systematic
studies and a comprehensive comparison of various spectra, assisted by theoretical
considerations.

As the main part of this work deals with m—conjugated molecules, it is useful to
demonstrate the implications of these two aspects for this class of materials. There-
fore the chemical surrounding of a certain atomic site or molecular fragment is mod-
ified systematically and the influence on the electronic structure is monitored. A
series of planar molecules of different size with an extended m—system can be a good
model system for such an investigation. Hence, the series of polycyclic aromatic
hydrocarbons made up of linearly fused benzene rings was chosen for this inves-
tigation. Starting from benzene one can monitor the effect of adding more and
more benzene-like building blocks. Note that this series of molecules is referred
to as polyacenes in this work — benzene included. Furthermore, the electronic
properties of these molecules are of general interest because several m—conjugated
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molecules, e.g. BTCDA, BTCDI or NTCDA, consist of a polyacene-like aromatic
core.

The electronic structure of the polyacene series from benzene to pentacene was
studied recently by PES. This investigation is described in detail in [A3], and thus
only the general findings will be summarized briefly in the following. The PES
data of the valence regime of the various polyacenes indicate — not unexpectedly
— that the electronic structure becomes more and more complex with increasing
molecular size. Moreover, it was shown that the line shape of the C 1s spectrum
of condensed benzene matches that of the gas phase after correcting for inhomo-
geneous broadening. Consequently, the influence of the intermolecular coupling
is comparatively weak and the intramolecular effects are dominant for core level
PES of theses molecules. Therefore it is sufficient, to first order, to consider only
single molecules for the description of the core level excitations in these multilayer
films.

Furthermore, the energy position of the C 1s main line increases from benzene to
naphthalene and decreases with further of benzene rings. The lower limit of the
C 1s binding energy is reached after four benzene rings and the difference between
the highest and the lowest C 1s binding energy of this series is 0.9 eV — naphthalene
versus pentacene. A comparison of the intensity and the energy position of the first
C 1s satellite, which is attributed to a HOMO-LUMO shake-up ! with respect to
the main line, gives insight into the charge redistribution upon photoexcitation.
With increasing molecular size the HOMO-LUMO shake-up decreases in intensity
and shifts towards the C 1s main line. The shake-up energy decreases even more
than the excitation energy for an optical HOMO-LUMO excitation in the absence
of a core hole. Again, the difference between the energy of the optical gap and the
shake—up energy stabilizes at 0.9 eV for large molecules consisting of four benzene
rings and more. In the discussion of the data it was argued that these effects indicate
an improvement of the charge reorganization upon core ionization with increasing
molecular size, which leads to a lowering of the respective photoexcitation energy
in the order of 1 eV.

The influence of the presence of an additional electron on the molecule is an in-
teresting aspect in this context. In particular the reorganization of the electronic
structure upon photoexcitation may be different for an electronic transition of a
core electron into a bound unoccupied state than for core ionization. This effect is
studied in detail for the polyacene series with NEXAFS spectroscopy with particu-
lar focus on the energy position and intensity of the electronic transition with the
lowest excitation energy, which can be distinguished from other NEXAFS features.

LA shake—up from the highest occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO).
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Chapter 3 Core excitation and electronic relaxation in molecular multilayer films

Furthermore, some information about the electronic reorganization upon photoex-
ciation can be deduced from a comparison of the trends in the NEXAFS to those
in the PES study in [A3].

3.1 A brief review of photoexcitation

Before discussing the polyacene NEXAFS data in detail a brief review of some
basic concepts for the description of photoexcitation is necessary with respect to
similarities and differences between core ionization and electronic transitions into
unoccupied bound electronic states.

3.1.1 Basic matrix element for photoabsorption

The Hamiltonian for a molecule with N electrons and P nuclei consists of a ki-
netic term and three coulomb terms, which describe the electron—electron repulsion,
the electron—nuclear attraction and the nuclear—nuclear repulsion. Relativistic and
spin-orbit effects are ignored in the following.

N p; N P P P lee

75 31 ) 3) PP 3) PSS 3) DCER)
T 1 n— |] |] | L=
j=1 7j=1 n=1 =1 k>1 =1 n>1

In the Born—Oppenheimer approximation the total wave function of the molecule

can be separated into a product of an electronic part W, and a nuclear part
v,.

\Iltot - \I/e\Iln (32)

Consequently, the electronic part can be considered separately in the following. The
interaction Hamiltonian between the electrons and a radiation field can be obtained
by the transformation p — p —eA /¢, where the vector potential A = ATk xFiwt
represents the radiation field within the framework of the semiclassical theory of
radiation. The kinetic term in (3.1) then changes to

20



3.1 A brief review of photoexcitation

(p; — eA(x;,t)/c)’

Z o (3.3)
-3 o, A<xj,t>+A<xj,t>-pj>+%2A<xj,t>21 (3.0
~ (3.5)

J

The operator p; = AV is a differential operator that acts on everything on its right.
Within the transversality condition V- A = 0 it is possible to replace p; - A(x;,t)
by A(x;,t)-p;. The quadratic term A - A can be neglected when computing the
absorption process to lowest order, and the interaction of the electrons with the
radiation field is described by Hj.

If H; is sufficiently small compared to H, the probability for a certain electronic
transition can be calculated by the time-dependent perturbation theory developed
by Dirac. The electronic wave function ¥, can be expanded as

U =) cpl(thuy(a)e (3.7)

where wug(x) is the energy eigenfunction of the molecule with energy Ej satisfy-
ing

H up(x) = Ex ug(x) (3.8)

in the absence of a time-dependent perturbation. Note that wug(x) is a multi-
electron wave function. The time-dependent Schrédinger equation in the presence
of the time-dependent potential H; is

(H + H;)V, = ih(0V,/ot) (3.9)
=1ih Z(ékuke_iEkt/h - i(Ek/h)Ckuke_iEkt/h) (310)
k

using (3.8) the relation for Hj is
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Chapter 3 Core excitation and electronic relaxation in molecular multilayer films

Z Hicpupe Bt/ = ip Z Cpupe tERt/h (3.11)
k k

Multiplying u}eiEft/h and integrating over the space coordinate leads to the follow-

ing differential equation for the transition into the state (f|

1 )
.o 4 i(Bp—E)t/h
= n Zk FIH () [Rye Fr= B0 (t). (3.12)
Consequently, if only the eigenstate |i) is populated at time ¢t = 0, then

c(0) = s, (3.13)

and with this ¢y can be derived by time integration of (3.12)

1 [t DY
er(t) = o /0 dt'(f|Hy(t)]i)e!Fr =Bt /n (3.14)

As the vector potential is A = Aye’™® X~ for absorption and A = Age K Tt for
emission, the time—-dependent potential H; can be written as

H(t) = Hje™", (3.15)

with H} being the time—independent operator. This leads to

1 b :
er(t) = —{ fIH} ) / dt' ! Br= Bt /i (3.16)
0
After the time integration one obtains

s (O = 24 F V) P48 (B — B == ). (3.17)

Note that the transition probability per unit time is |c(t)|?/t|, which is independent
of t. In the photoemission and NEXAFS experiments in this work the radiation
field is weak enough, so that the A-A term in (3.3) is negligible. Therefore the
probability for absorption or emission of a photon with the energy Aw can be simpli-
fied using (3.6). Within the dipole approximation (kx << 1), which is satisfied well
in the soft x-ray regime, the absorption probability is
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3.1 A brief review of photoexcitation

2T
Pri = -

(fle-plD)I*o(Ef — E; + hw), (3.18)

with p = ) p; being the sum of the linear momentum operators of all electrons and
€ is the unit vector of the vector potential A. Consequently, the photoexcitation
cross section in the following PES and NEXAFS spectroscopy experiment can be
well described within the dipole approximation.

3.1.2 Transition probability and intensity

Up to this point the electron—vibration coupling has been neglected and the ab-
sorption probability has been calculated by considering only the purely electronic
part. However, if this is taken into account, equation (3.18) changes to the follow-
ing

_27T

Py; 3

[(Fle-p|I)[*6(Er — Er + hw), (3.19)

with |7) and (F'| being the combined electronic—vibronic initial state and final state
of the molecule and E; and Er the respective energy eigenvalues including the vi-
bronic energy. This can be simplified within the Born-Oppenheimer approximation
in (3.2) to

Pr = —=[{fulin)|*(fel€- plic) ?6(Ep — Er & hw), (3.20)

27
7
where (f,| and [i,) correspond to the vibronic states and (f.| and |i.) to the
electronic states, respectively. The pre—factor |(f,|i,)|* is also known as Franck—
Condon factor. Particularly in PES and NEXAFS spectroscopy it plays an impor-
tant role. It was shown that the vibronic fine structure can broaden the NEXAFS
transitions by more than 1 eV. If only few vibronic modes are dominant, the vi-
bronic eigenstates of the molecules can be determined from the NEXAFS. [45,46]
Consequently, it is necessary to not only take the dipole matrix element into ac-
count when considering the probability for a certain NEXAFS transition, but also
the Franck—Condon factors.

In summary, the following aspects need to be considered when evaluating the in-
tensity in the polyacene PES and NEXAFS data:
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1. Equation (3.18) indicates that the symmetry of the initial sate |i) and the
final state (f| wave function is important with respect to the dipole operator
eV. The probability for a transition of a 1s electron into a unoccupied p, or
7 orbital, for example, is high if the polarization vector is perpendicular to its
mirror plain. Therefore one needs to take the different molecular orientations
into account.

2. Furthermore, it can be understood with respect to (3.18) that the photoemis-
sion cross section is high, when the length of the photoelectron plain wave
is of the order of the orbital size from which the photoelectron was excited.
The photoemission cross section of the comparatively delocalized sp—bands,
for example, is significantly higher for Hel excitation than for Hell excitation
and vice versa for the strongly localized d-states. Under certain conditions a
similar effect can be expected for a NEXAFS transition of a 1s electron into
a m—orbital, for example. If the excited molecular orbital is strongly localized
at the core hole site, the matrix element is significantly higher than for a
strongly delocalized excited molecular orbital of similar symmetry. This is
also known as the core hole localization effect. [35,47]

3. Particularly in NEXAFS spectroscopy the Franck-Condon factors need to be
taken into account when comparing the intensity of certain electronic transi-
tions.

3.1.3 Multi—electron versus one—electron view

In a simple approximation of photoexcitation one can take a one-electron view
of the initial and final state wave function in which the electron correlation is
ignored. The multi-electron wave functions in equation (3.18) are separated into
an "active" one—electron and a "passive" multi-electron part. Accordingly, the
transition matrix element becomes

My = (Ug(N)le- > pil Wi(N)) (3.21)
= (xsle-pal@n) (U (N = DTN = 1)) + ... (3.22)

Here ¢, corresponds to the orbital from which an electron is excited, x ¢ to the wave
function of the excited electron, and W¥;(N —1) and W ;(N —1) are the passive N —1
electron remainders. With a further simplification one can assume that the passive
orbitals are the same in the initial and in the final state (¥ (N —1) = ¥;(N — 1)),
which is known as the frozen orbital approximation. Accordingly, the energy which
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3.2 C K-NEXAFS of polyacenes

is necessary for emitting a photoelectron is known as Koopmans’ binding energy. In
this picture the energy, which is necessary for an electronic transition into a bound
final state x; corresponds to the difference of the Koopmans’ energies between states
¢1 and x . Of course, this is a strong simplification because one realizes intuitively
that the electrons are interrelated and therefore the remaining N — 1 electrons
are also affected by the electronic transition. Consequently, there is finite overlap
between W,(N — 1) and various W¢(N — 1), which leads to additional satellites
at higher energies and to a lower energy for the main line. The centroid of the
different, intensity—weighted final state energies corresponds to Koopmans’ binding
energy. [48,49] Hence, the U;(N —1) in (3.21) accounts for the electronic relaxation
and consequently for the many—body character of the excitation. Note that it is
referred to the lowering of the main line with respect to Koopmans’ energy as
relazation energy in the following.

It is straightforward that for different molecules the electron—electron interrelation
and consequently the relaxation can be different, as it was observed for the poly-
acene core level photoelectron spectra. [A3| Furthermore, it is expected that the
electronic reorganization is different for core ionization, the excitation of core elec-
trons into bound unoccupied states (NEXAFS) and for valence ionization (UPS
and IPES). However, Koopmans’ energy and consequently the relaxation ener-
gies cannot be measured directly. Nevertheless, at least an estimate of the dif-
ferent relaxation energies can be obtained for a systematic series of molecules from
a comparison of the trend in the measured excitation and binding energies, re-
spectively. It is shown in the following that for the polyacene series, for exam-
ple, a comparison between core level PES, NEXAFS and IPES data can be help-
ful.

3.2 C K-NEXAFS of polyacenes

Fig. 3.1 shows the C K-NEXAFS spectra for a series of polyacene molecules, namely
benzene, naphthalene, anthracene, tetracene and pentacene. These molecules have
distinct features below the absorption edge, which correspond to electronic transi-
tions into 7* orbitals. The larger the molecules are, the more complex the pre—edge
structure is. In order to be able to compare the respective spectra between the
different molecules, it is necessary to identify and assign the electronic transitions,
which is done briefly in the following with respect to Hartree—Fock calculations of
the C K-NEXAFS spectra of polyacenes. [50]
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70° C K-NEXAFS
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Figure 3.1: C K-NEXAFS of benzene, naphthalene, anthracene, tetracene and pen-
tacene with 70° angle of incidence from the surface normal. For benzene the total
electron yield signal is shown and for the other molecules the partial electron
yield signal with 150 V retarding field. The average inclination angle ®,, be-
tween the molecular plain and the surface normal is obtained from the dichroism
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3.2 C K-NEXAFS of polyacenes

3.2.1 Benzene

The C K-NEXAFS of benzene in Fig. 3.1 consists of six significant features (A - F)
at 285.0 eV, 287.8 eV, 288.9 eV, 290.2 eV, 293.4 eV and 299.6 eV. This contradicts
the building block picture, which predicts only one 7* and one ¢* resonance in
the NEXAFS because of the equivalence of all carbon atoms. Therefore several
experimental and theoretical studies have been carried out which corroborate the
calculations in ref. |[50]. Accordingly, peak A corresponds to electronic transitions
into the lowest excited molecular orbital (LEMO), namely C 1s — LEMO(7*eq,).
Note that in Fig. 3.2 it can be seen that feature A has a vibronic fine structure.
According to the assignment in [51,52] the 0-0 peak refers to the adiabatic tran-
sition, the shoulders o and ~ correspond to a C-H bending and stretching mode,
respectively, and peak [ can be attributed to a C-C stretching mode. Features B,
C and D at 287.8 eV, 298.9 eV and 290.2 eV have mixed occ, 0f¢, 05y and Ryd-
berg character. [53-56]. Peak D has additional contributions from a C 1s — 7*by,
excitation, which can be considered as a shake transition with respect to the 7*e,,
resonance. [50] The features E and F, which are located above the absorption edge
have mainly o7, character. |56|

3.2.2 Naphthalene

The C K-NEXAFS spectrum of naphthalene in Fig. 3.1 is similar to that of ben-
zene but more complex. Two peaks, A and B, can be resolved in the 7* region at
284.7 eV and 285.6 eV, respectively, in contrast to [54,57]. Accordingly more than
one resonance contribute to the signal in contrast to benzene. Additionally the
trailing edge of feature F at 293.4 eV contains a broad shoulder at 295.0 eV, which
indicates additional contributions compared to peak E of the benzene NEXAFS.
This can be explained by the presence of three chemically different carbon sites
in the naphthalene molecule — mid—top, mid—bottom and end—bottom, which are
labeled 1, 2, 3 in the structural formula in Fig. 3.1. With respect to previous theo-
retical and experimental investigations NEXAFS of naphthalene can be understood
to first order as the sum of three benzene-like contributions which are related to the
different atomic sites. |50,52,54,57| Accordingly, peak A has contributions from two
electronic transitions, namely Cy 1s — LEMO(7*) and C3 1s — LEMO(7*) at atom
2 and 3, respectively. [50,52,54,57|. Furthermore, GSCF3 calculations indicate that
the C; 1s — LEMO(7*) transition is symmetry forbidden, and that peak B can be
assigned to transitions from the C; 1s and the Cs 1s level into the LEMO+1. |52]
Peak C can be attributed to four electronic transitions, namely to excitations from
Cs 1s and C3 1s into the LEMO-+2, which is confirmed by the dichroism, and two
transitions with o—symmetry, C; 1s — LEMO-+4 and C; 1s— LEMO-5. [52,57,58|
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Note that the dichroism of peak D is opposite to that of peak A, B, C and E. There-
fore the dominant contribution to D can be associated with o/, excitations. The
signature of the C K-NEXAFS above 288 eV is similar to that of benzene. Hence,
a predominant o/ character can be assigned to the features F — H above the
absorption step. [57]

3.2.3 Anthracene, Tetracene and Pentacene

The general signature of the NEXAFS spectra of larger polyacene molecules is sim-
ilar to the naphthalene spectrum. They can also be understood as a sum of benzene
like contributions from different atomic sites. The distinct feature A at low energy
can be attributed to C 1s — LEMO excitations at different carbon sites. Note
that for all molecules the excitation with the lowest energy is related to the mid—
top atom. For anthracene and pentacene this corresponds to a C; 1s — LEMO
transition at carbon atom 1, and for tetracene to a Cy 1s — LEMO transition at
atom 2. [50] As for the larger molecules more transitions from chemically differ-
ent carbon sites contribute to the signal compared to naphthalene, the respective
features above 287 eV are less distinct, but it can be assumed that their char-
acter is similar to that of the corresponding features in the naphthalene NEX-
AFS.

3.2.4 General trends from small to large molecules

Apart from the increasing complexity with increasing molecular size, several other
trends can be observed in the polyacene C K-NEXAFS. The dichroism in the C K-
NEXAFS increases with increasing molecule size, in particular in the 7* region.
The intensity of the features A and B in the tetracene spectrum decrease strongly
when the polarization of the x-rays is changed from p to s, whereas the benzene
NEXAFS does not depend significantly on polarization. Considering the dipole
selection rule for an optical transition from a radial symmetric orbital into a 7*
orbital, this observation indicates that the tetracene molecules are lying nearly
flat on the surface with an average angle of ®,, = 68° between the molecular
plane and the surface normal. The trend in the dichroism in Fig. 3.1 suggests
that the benzene molecules are randomly oriented, and that the molecules are
preferentially lying flat with increasing size. In particular the average inclination
angle is ®,, = 54°, 57°, 70° and 68° for benzene, naphthalene, anthracene and
tetracene, respectively.
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Figure 3.2: Blow—up of the pre-edge region of the C K-NEXAFS of benzene, naph-
thalene, anthracene, tetracene and pentacene from Fig. 3.1. The grey lines mark

the NEXAFS onset —

see also Tab. 3.1.
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Chapter 3 Core excitation and electronic relaxation in molecular multilayer films

Furthermore, the prominent 7* signatures become spread out for larger molecules
because of an increasing number of valence levels and inequivalent core hole sites
with increasing molecular size. Additionally, the height of peak A with respect
to the height of the absorption edge decreases for increasing molecular size, and
the energy position of the onset of the resonance A decreases from 284.86 eV for
benzene to 283.26 eV for pentacene, which is indicated in Fig. 3.2 and Tab. 3.1.
As described above, the prominent feature A in the NEXAFS can be attributed to
transitions into the LEMO and the resonance with the lowest energy corresponds to
excitations at equivalent mid-top carbon sites for all investigated polyacenes — C;
for an odd and Cs for an even number of carbon rings, respectively. Consequently,
a decrease in the matrix element and the excitation energy for the C,,; 1s — LEMO
transition is observed with increasing molecular size.

3.2.5 Comparison between the energy of the NEXAFS onset and the
C 1s and LUMO binding energy

In Fig. 3.3 the energy position of the NEXAFS onset, which was determined from
Fig. 3.2, is plotted versus the size of the polyacene molecules. Additionally, the C 1s
and the LUMO binding energies are indicated, which were measured by core level
PES and IPES, respectively. [59, A3] Note that the authors mentioned explicitly
that the IPES measurements were done at very thin molecular films (2 - 3 ML) in
order to avoid charging and radiation damage. Therefore it can be assumed that
these films are of high quality and that the measured LUMO binding energies are
not biased by any defects.

The similarity between the trend in energy of the C K-NEXAFS onset and the
LUMO binding energy is striking, while the trend in the C 1s binding energy
differs significantly. Consequently, the excitation energy for the C,,; 1s — LEMO
excitation decreases with increasing polyacene size by the same value as the LUMO
binding energy. This suggests intuitively that the trend in the NEXAFS onset and
the LUMO binding energy is dominated by effects in the ground state, namely the
decrease of Koopmans’ binding energy of the LUMO, and that in both cases the
relaxation energy is only little affected by the polyacene size in contrast to core
ionization, where the polyacene size influences the relaxation energy significantly
[A3] as it is summarized at the beginning of chapter 3. Therefore it can be helpful
to calculate the ground state energies of the respective orbitals and compare the
trend in the orbital energies with increasing polyacene size to the experimental
data.
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Chapter 3 Core excitation and electronic relaxation in molecular multilayer films

3.3 The influence of the polyacene size

In the following the orbital energies of the LUMO and the C,,,; 1s orbital at the mud-
top carbon site are calculated for the different polyacene molecules. For the sake of
computation time the calculations are carried out using density functional theory
(DFT) with the B3LYP functional [60] and the 6-311G basis set. It is known
that the DFT calculations do not provide Koopmans’ binding energies and the
"real" orbitals, but Kohn—Sham functions and energies instead, which in principle
are only mathematical operants. However, it is demonstrated in Appendiz A that
it is sufficient for the polyacene series to consider the Kohn-Sham energies for
the following discussion, because they follow the same trend as the Koopmans
energies.

At first, the trend in the Kohn—-Sham energy of the LUMO with increasing molecular
size is compared to the trend in the LUMO binding energy, which was determined by
IPES. [59] Secondly, the change in the Kohn—Sham energy of the C,,; 1s electrons at
the mid—top carbon site with increasing polyacene size is compared to the change in
the LUMO energy. This shows that the C,,; 1s energy decreases much less than the
LUMO energy. Thirdly, the trend in the difference between the Kohn-Sham energy
of the C,,; 1s level and the LUMO is compared to the trend in the C,,,; 1s — LEMO
excitation energy from the NEXAFS data.

3.3.1 The LUMO energy in IPES and DF'T

The quality of the DFT calculations can be verified in Fig. 3.4 by the comparison
of the calculated LUMO energies with the respective LUMO binding energies from
the IPES experiments in [59]. Fig. 3.4 shows the energy position of the LUMO
maximum in the IPES data of benzene, naphthalene, anthracene and tetracene [59]
together with the calculated LUMO energies. For a better comparison the energy
scale of all DFT calculations is compressed by 0.7025 and shifted by +3.79 eV
in order to fit the experimental data. This established procedure accounts for
inherent limitations of state—of-the-art DFT computations, e.g. underestimation
of the electronic gap, better approximation of orbitals and energies for valence
electrons than for core electrons, and shortcomings of the exchange—correlation
Kohn—Sham potential. [61-68] The graph indicates that the trend in the calculated
LUMO energies agrees well with the trend for the experimental data. Therefore the
decrease in the LUMO binding energy in the IPES data with increasing polyacene
size can be mainly attributed to the decrease in the ground state energy of the
LUMO with increasing molecular size. Consequently, it is not surprising that the
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Figure 3.4: Comparison between the binding energy of the LUMO in the IPES data
of [59] and the respective Kohn—Sham energy from DFT calculations for different
polyacenes. These calculations were carried out with the B3LYP functional and
the 6-311G basis set. The energy scale of the DFT calculations is compressed

by 0.7025 and shifted by +3.79 eV.
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Figure 3.5: Comparison between the trend in the Kohn-Sham energy of the LUMO
and the energy difference AEryaro-c,,,1s between the LUMO and the C,,; 1s
level. The C,,; 1s energy corresponds to the orbital which is located at the mid—
top atom according to section 3.2 and Fig. 3.1. The plotted energies are directly
taken from DFT computations based on the B3LYP functional and the 6-311G
basis set.

optical gap of the polyacene molecules decreases more than 2 €V from benzene to
pentacene. [59,69-72] Furthermore, this implies that the relaxation energy for the
Cv=0 1s — LEMO”'=° transition in the C K-NEXAFS does not change significantly
from benzene to tetracene because the energy of the C K-NEXAFS onset follows
the same trend as the measured LUMO energy, which is due to an initial state
effect.

3.3.2 Trend in the C,,; 1s and the LUMO energy

In the following the difference AE;yy0-c,,,1s between the Kohn—Sham energies of
the C,,; 1s level at the mud top carbon atom and the LUMO is studied as a function
of polyacene size. In Fig. 3.5 AE ynmo-c,,1s (left scale) and the LUMO energy
(right energy scale) is plotted over the molecular size. Both curves are very similar.
The minor difference, namely the slightly larger curvature of the AErymo-c,,1s
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3.3 The influence of the polyacene size

curve indicates that the C,,; 1s level decreases slightly less with increasing polyacene
size — ca. 0.2 eV from benzene to pentacene. However, this effect is one order of
magnitude smaller than the decrease in LUMO energy (-2.6 €V). As a consequence
the trend in the energy difference A Erynmo-c,,1s 1S mainly determined by the
LUMO energy.

3.3.3 Trend in the LEMO energy versus trend in the ground state

As discussed above the absolute value of the relaxation energy for the C,,,; 1s — LEMO
excitation cannot be determined because AEryyo0—c,,1s cannot be calculated ac-
curately enough. However, it is possible to find out wether the relaxation energy
depends on the molecular size by comparing the dependence of the C,,; 1s — LEMO
excitation energy with the trend in AEyao0-c,,15-

Due to electron—vibration coupling the electronic transitions are broadened by a
vibronic fine structure, which is individual for the different polyacene molecules.
Usually the energy spacing between the different vibronic levels is of the order of
100 meV for organic molecules [46], and several modes couple to a certain electronic
transition, which leads to a rich vibronic fine structure. Therefore, it is necessary to
consider only electronic transitions into the vibronic ground state (v = 0 — v/ = 0),
when comparing the C,,; 1s — LEMO transition energies between the various
polyacene molecules. If this transition is allowed it contributes to the leading edge
of peak A. A detail Franck—Condon analysis of benzene, [51,53,73| and naphthalene
[52] indicated that this is exactly the case for these molecules. As this is also the case
for the C K-NEXAFS spectra of many other m7—conjugated molecules [45,46] it can
be assumed that for the larger polyacenes the leading edge of the C,,; 1s — LEMO
excitation is also determined by the v = 0 — 1/ = 0 transition. Therefore it is
reasonable to compare the energy position of the onset of the first NEXAFS feature,
which is marked in Fig. 3.2 and listed in Tab. 3.1.

Another approach is to determine the excitation energy of the C¥5° 1s — LEMO”'=°
transition for larger polyacene molecules by fitting a benzene spectrum to the first
NEXAFS feature. For the larger polyacenes the character of the core excitation at
the mid—top carbon is supposed to be benzene-like to first order. [50, 52| Conse-
quently, when fitting a benzene spectrum to the first NEXAFS feature the max-
imum of the benzene signal indicates the CZ° 1s — LEMOY=° transition. Of
course the vibronic fine structure changes for the different polyacenes, in par-
ticular the vibronic modes which are related to the C-C vibrations like peak
G in the benzene spectrum in 3.6. However, it was shown, that these differ-
ences are comparatively small between benzene and naphthalene. [52] Consequently,
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Figure 3.6: The first peak in the polyacene NEXAFS, which corresponds to
Cimt 1s — LEMO transitions at the mid—top carbon site, can be reproduced
by adding benzene and naphthalene signals (dashed lines). Each sum curve
(solid line) was obtained by adding the respective two dashed curves and a lin-
ear background in the case of anthracene, tetracene and pentacene (not shown).
The energy position of the maximum of the benzene component is indicated and
additionally listed in Tab. 3.1.
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Figure 3.7: Comparison between the trend in the low—energy onset Ergaroonset 1
the C K-NEXAFS of benzene, naphthalene, anthracene, tetracene and pentacene
with the trend in the excitation energy Ergao for the C75°0 1s — LEMOY' =0
transition and the difference in the Kohn—-Sham energy AEryao—c,,,1s between
the C,,;1s orbital and the LUMO. The NEXAFS onset is determined according
to Fig. 3.2 and the energy for the C%5° 1s — LEMO" =0 excitations is obtained
from the fit in Fig. 3.6. The DFT calculations were carried out as described
before.

it can be assumed that these effects are also sufficiently small for larger poly-
acenes.

The signature of the first resonance in the NEXAF'S of the polyacenes in Fig. 3.6 can
be reproduced sufficiently well by superposing two benzene spectra or one benzene
and one naphthalene spectrum in case of anthracene and tetracene, respectively.
The good agreement between the sum curve and the measured data gives confidence
in this approach. Hence, for the polyacene molecules the excitation energy for the
Cv=% 1s — LEMOY'=" transition can be determined from the energy position of
the maximum of the benzene spectrum. The corresponding excitation energies are
shown in Fig. 3.8 and Tab. 3.1.

In Fig. 3.7 the energy position of the NEXAFS onset and the LEMO is plotted
over the polyacene size. Additionally, the difference in the Kohn—Sham energies
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Molecule C s (PES) LEMO onset LEMO max. ELUI\VIO (IPES) ELUI\'{O (DFT) AELUA’{O*CWM‘IS (DFT)
Benzene 285.45 284.86 284.99 3.60 3.66 284.99
Naphthalene 286.15 284.36 284.53 2.94 2.95 284.34
Anthracene 285.61 283.83 283.97 2.42 2.49 283.92
Tetracene 285.27 283.54 283.67 2.26 2.18 283.63
Pentacene 285.27 283.26 283.38 - 1.95 283.42
Hexacene - - 1.80 283.27
Heptacene - - 1.69 283.17

Table 3.1: Comparison between the C 1s binding energy of different polyacenes in
core level PES from [A3], the energy position of the C 1s — LEMO transition, the
LUMO binding energy in the IPES data in [59], the trend in the LUMO ground
state energy (DFT) and the trend in the energy difference AE yamo0—c,,,15 be-
tween the LUMO and the C 1s level in the ground state (DFT). Note that the
calculations are carried out with the B3LYP functional and a 6-311G basis set.
The Kohn-Sham energies are rescaled according to section 3.3.1.

AEruno-c,,1s between the C,,;1s orbital and the LUMO is indicated (dashed line).
The energy scale of the DEF'T calculations is compressed by 0.7025 and shifted in
energy for better comparison, as it was described in section 3.3.1. The trend in the
LEMO energy Erpyo agrees well with that in AErya0-c,,1s- Consequently, the
decrease in the LEMO energy can be mainly attributed to an effect in the ground
state, namely the decrease in the energy of the LUMO with increasing molecular
size. This implies that the relaxation energy for the C¥-° 1s — LEMO”'=* transition
does not change significantly with increasing polyacene size. Only for naphthalene
the excitation energy is slightly higher (150 meV) than what is expected from the
trend in the ground state. This may be a hint for a slightly smaller relaxation en-
ergy for naphthalene with respect to benzene, anthracene, tetracene and pentacene
in analogy to the findings for core level PES, |A3| where the binding energy of
the C 1s mainline increases by 0.7 eV from benzene to naphthalene and decreases
by 0.9 eV from naphthalene to pentacene. This effect was mainly attributed to
a significantly smaller relaxation energy for naphthalene due to the reduction of
the molecular symmetry from Dg, for benzene to Dy, for naphthalene. For the
Cv=0 1s — LEMOY= transition this effect seems to be one order of magnitude
smaller.

3.3.4 The cross section for C,,; 1s — LEMO transitions

Furthermore, a significant decrease in intensity of the of the C 1s"=0 — LEMO”'=°
excitation can be observed in Fig. 3.1 and 3.2 in addition to the shift to lower
energy of the respective feature. From the fit of the x—ray absorption data with
benzene and naphthalene spectra in Fig. 3.6 the intensity can be estimated for the
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Intensity of the first NEXAFS resonance
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Figure 3.8: Comparison of the height of the first feature in the polyacene NEXAFS,
which corresponds to C,,; 1s — LEMO transitions at the mid—top carbon site.
The respective intensities are derived from the PEY and the TEY signal by
fitting a Benzene spectrum to the respective NEXAFS signal as it is described
in subsection 3.3.3. The respective intensities are corrected for the different
molecular orientation of the polyacene moecules and normalized to the value of
benzene. Furthermore, the expected tendency is indicated for two scenarios: the
LEMO is not affected by an increase in polyacene size (¢) and delocalization of
the LEMO over the entire molecule (o). — See the text for more details.
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Cpu 1s — LEMO transition at the mid—top carbon site. The respective trend in
the peak height can be compared to the expected trend for two extreme scenar-
ios, namely to the case where the LEMO is completely delocalized over the entire
molecule and to the case where the size of the LEMO is the same for the different
polyacenes.

The transition intensity is influenced by the degeneracy of the excited state and
the respective dipole matrix element, as it has been described in subsection 3.1.2.
Taking both both aspects into account the trend with increasing polyacene size can
be estimated in a rudimentary approximation:

Model 1: Same LEMO size for different polyacenes:

Assuming that the shape of the LEMO is the same for all polyacene molecules,
the matrix element My; is also the same according to (3.21) in the one—electron
view. Consequently, the intensity of the respective transition depends only
on the degeneracy of the final state (f|, which corresponds to the number
of equivalent C,,; core hole sites, namely 6 for benzene, 4 for naphthalene,
2 for anthracene, 4 for tetracene and 2 for pentacene. As the polyacene
NEXAFS spectra are normalized to the height of the adsorption edge, which
is proportional to the total number of C atoms in the probed volume, the
LEMO intensity in the spectra should scale with the number of equivalent
core hole sites over the total number of C atoms per molecule.

t of C,,,; atoms

]LEMO ~ (323)

total ff of C atoms per molecule’

Model 2: LEMO equally delocalized over the whole molecule:

40

If the LEMO is equally delocalized over the whole molecule, one can assume
to first order that its density at each carbon site is equal. Consequently,
its density at one carbon site is inversely proportional to the total number
of C atoms per molecule. If the m—symmetry of the LEMO is conserved
for all molecules without any additional nodal plane at the C,,; site which
is perpendicular to the molecular plane the transition probability P, is also
inversely proportional to the total number of C atoms per molecule. Therefore
the intensity of the C,,; 1s — LEMO transition should scale with

1 of C,,; atoms

Inenvo ~ ( (3.24)

total f of C atoms per molecule)?’
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Figure 3.9: (Color online) The LEMO of different polyacenes for C,,; 1s — LEMO
transitions at the mid—top carbon site — marked with an *. The orbitals are
obtained from Z+1 DFT calcualtions with the B3LYP density functional and a
6-311G basis set. The graph shows the iso—density surface (0.02 e/bohr?) with
the phase of the wave function being indicated by red and green color. The
number of core hole sites which contribute to the C,,; 1s — LEMO transition is
given at the bottom together with the total number of carbon atoms.
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The intensity of the C,; 1s — LEMO(7*) transition is plotted in Fig. 3.8 over
the polyacene size for better comparison after correcting for the different aver-
age molecular orientations in the polyacene films and normalizing to the LEMO
intensity in the benzene NEXAFS. Additionally, the expected values are indi-
cated for two extreme scenarios, namely the same LEMO size for all polyacene
molecules (model 1) and an equally distributed LEMO over the entire molecule

(model 2).

The LEMO intensities in the NEXAFS spectra agree well with the expected values
for model 2, where the LEMO is assumed to be delocalized over the entire molecule.
This is corroborated by a comparison of the different polyacene LEMOs in Fig. 3.9
which are obtained from Z-+1 calculations of the respective core excited states.
Accordingly, the LEMO is completely delocalized over the entire molecule for all
investigated polyacenes. Consequently, the results of the calculations are close to
the assumptions for relation (3.24). Note that a strongly excitonic core excited
state is often assumed to be closer to the assumptions for model I than to those
for model 2. This is discussed below in more detail.

3.4 Summary & Discussion

The C K NEXAFS investigation of polyacene thin films has demonstrated that
the trend in the excitation energy for the C,,; 1ls — LEMO(7*) transition as a
function of the polyacene size is very similar to the trend in the LUMO binding
energy from IPES, while the trend in the C 1s binding energy in the core level PES
data is different. The similar trends in NEXAFS and IPES data suggest that the
decrease in the LEMO and the LUMO excitation energy with increasing polyacene
size can mainly be attributed to an effect in the ground state. This has been further
supported by DFT calculations. Consequently, the relaxation energy, which can be
considered as a measure for the reorganization of the electronic structure in the
excited state, is similar for the different polyacenes.

In contrast, for core ionization the relaxation energy differs strongly between the
various polyacene molecules. This has been illustrated by the core level PES data
of polyacene series. In particular the relaxation energy decreases by 0.7 eV from
benzene to naphthalene and increases by 0.9 eV from naphthalene to pentacene.
The decrease has been attributed to the reduction of the molecular symmetry, which
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hinders the relaxation in the core ionized final state of naphthalene.? Moreover, the
increase in the relaxation energy from naphthalene to larger polyacenes has been
related to the increasing size of the m-system. [A3]

This effect is significantly weakened when the core electron is not emitted but still
present in the LEMO. Consequently, the additional electron on the core excited
molecule improves the relaxation of the electronic structure significantly, so that
the change of the molecular symmetry between benzene and naphthalene as well
as the increasing size of the m—system have only minor influence on the electronic
relaxation. This effect is often considered as screening of the core hole by the
excited electron. Consequently, in case of NEXAFS transitions the wave function
U ;(N — 1) of the remaining electrons is less modified with respect to the ground
state (U;(N — 1)) than in case of core ionization.

This finding has further consequences concerning the dipole matrix element and
the transition probability for the respective core excitations. It has been discussed
in section 3.1.3 with respect to Koopmans’ theorem that in PES the electronic
relaxation leads to additional satellites above the main line. Analogously, satellite
excitations contribute also to the NEXAFS spectra, but their overall cross section
is smaller than in PES. Note that satellite excitations were studied extensively
in the NEXAFS of argon and neon. [74-79| It is difficult to identify such multi-
electron excitations in the NEXAFS of organic molecules because in general many
transitions contribute to the overall signal, which overlap in energy. Nevertheless,
one needs to keep in mind that satellite excitations also contribute to NEXAFS
spectra.

Furthermore, a general statement about the core hole localization effect can be
made. It is known that for core excitations into bound final states the relaxation
energy depends strongly on the localization of the core hole with respect to the ex-
cited molecular orbital (EMO). As a rule of thumb, it is assumed that the transition
probability is high and the electronic relaxation is large when the excited molecular
orbital has a high density at the core hole (and appropriate symmetry). |35,47,55]
The different relaxation energies between different core excited states of a certain
molecule are often explained by this scenario. However, the NEXAFS investigation
of the polyacene series has shown that the relaxation energy for C 1s — LEMO
transitions at chemically similar carbon sites is the same, regardless of the delocal-
ization of the LEMO, while the intensity decreases as expected. This demonstrates
the many—body character of the NEXAFS transition. Apparently, the delocaliza-
tion of the LEMO with increasing molecular size is compensated by the occupied
valence states.

2Note that charging could be ruled out. Furthermore, it can be assumed that the interaction
between neighboring molecules is similar for the benzene and the naphthalene film because of
similar growth modes.
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Considering all these aspects, the concept of a core exciton, which is often used
in relation to NEXAFS spectroscopy, needs to be discussed briefly. In the clas-
sical sense an exciton is considered as an electron—hole pair due to Coulomb in-
teraction. In general the exciton binding energy is defined as the energy, which
is necessary to separate the electron from the hole or the energy for transferring
the excited electron onto another molecule, respectively. Typically, it is small for
delocalized excitons (Mott—Wannier type) and large for localized ones (Frenkel

type).

For core excitations, the exciton binding energy is the energy difference between the
C 1s — LEMO transition energy and the sum of the C 1s and the LUMO binding
energy. With the values in Tab. 3.1 one finds that the exciton binding energy basi-
cally reflects the trend in the C 1s binding energy because of the different electronic
relaxation. In particular it increases from benzene to naphthalene and decreases
from naphthalene to pentacene. Consequently, a high exciton binding energy does
not necessarily imply a high localization of the LEMO at the hole and a high tran-
sition probability. As this interrelation applies analogously for valence excitons
it can be important for the electron-hole separation at interfaces as well as for
electron—hole recombination, e.g. fluorescence decay.
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Charge transfer satellites at metal-organic
interfaces — PTCDI, PTCDA, BTCDI and
BTCDA on Ag(111)

Charge transfer satellites have been intensively studied for various transition metal
compounds, |80-89| e.g. for the divalent dihalides (CuFjy, CuCly, CuBry) and
NiO. [8-12| In these materials transition metal atoms with a partially filled d or f
shell, respectively, are embedded in a matrix of ligands. Due to the quite localized
character of the d/f states many of the observed effects can be explained in a simple
molecular orbital frame work, with only one metal atom and the surrounding lig-
ands being considered. When a core hole is created at the metal atom, the energy
of the initially unoccupied localized d/f states is lowered, so that it is similar to
the energy of the occupied ligand valence levels, which can induce electron transfer
from the ligands to the metal atom. Depending on the energy of the d/f levels in
the core excited state with respect to that of the occupied ligand levels, the electron
transfer can lower or raise the energy of the core excited state compared to core
excitation without charge transfer, similar to shake—up or and shake-down tran-
sitions. Hence, a rich satellite structure can be observed in the core level spectra
of these materials. As for transition metal compounds the intensity of the various
spectroscopic features is often of the same order it is convenient to refer to the
contribution with the lowest binding energy as the main line and the contributions
at higher binding energy as the satellites. Moreover, it was found that charge trans-
fer satellites can also be relevant for pure metals and alloys with localized d or f
electrons. [90-95]

Furthermore, charge transfer satellites have also been observed for interfaces be-
tween adsorbate films of small molecules, e.g. CO and Ns on various metal sub-
strates [96-105] and carbonyl-transition—metal complexes. [106] Several core level
PES studies and quantum chemical calculations of such interfaces indicate that the
rich charge transfer contributions are very sensitive to the adsorbate—substrate cou-
pling. [107] They particularly appear in case of covalent interface interaction. More-
over, it is suspected that charge transfer satellites also play an important role for
adsorbate—substrate interfaces of large organic molecules. [108-111] The core level
spectra of CO and Ny monolayer films could be understood by comparing several
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Chapter 4 Charge transfer satellites at metal-organic interfaces

monolayer films on different substrates and by a theoretical approach developed by
Gunnarsson and Schinhammer, which allows calculations of the core level spectra
within the framework of the Anderson impurity model. [97,103,104,112,113| In this
chapter an alternative and comparatively simple approach to the many—body effects
in the core level spectra of adsorbates will be offered. It allows to model and under-
stand the core level data qualitatively, and it improves the understanding of the fun-
damental physics at the adsorbate—substrate interface.

It will be shown that the concepts developed by Sawatzky et al. and Kotani et al.
for charge transfer compounds [8,9,12,114-116| can be transferred to the situation
for weakly chemisorbed molecules at the molecule—metal interface. The simplicity
of the approach discussed in the following allows to model the PES data. Con-
sequently, important parameters for the adsorbate—substrate interaction, e.g. the
coupling strength, can be deduced from the PES data. It will be shown that these
parameters are even quantitatively in a reasonable range, despite several approxi-
mations. In this scenario the molecule takes the role of the transition metal atom
and the (metal) substrate surface can be considered as ligand with an infinite Fermi
sea.

Several organic-metal interfaces are studied comprehensively and systematically
in the following. The investigation of different molecular monolayers on the same
metal surface gives information on the influence of the molecular properties on the
interface interaction. For this study the Ag(111) surface was chosen because of
its intermediate reactivity, which is in between that of Au and Cu. Furthermore,
the (111) surface is a standard surface for many surface and interface investiga-
tions. Moreover, four different molecules are chosen, which are shown in Fig. 4.1
— 3,3’,4,4'-benzophenone tetracarboxylic dianhydride (BTCDA), 3,3’,4,4~benzo-
phenone tetracarboxylic diimide (BTCDI), 3,4,9,10—perylene tetracarboxylic dian-
hydride (PTCDA) and 3,4,9,10-perylene tetracarboxylic diimide (PTCDI). Con-
sequently, the influence of the size of the m—system and the influence of the elec-
tronegativity of the functional group can be studied, which is lower for the diimide
group than for the dianhydride group. As the energy of the valence levels is of
interest for the charge transfer satellites, one should note that the HOMO-LUMO
gap decreases from BTCDA to PTCDI. Moreover, PTCDA has become a standard
molecule for studying organic thin films and interfaces, [117,118| and therefore the
electronic thin film and interface properties can be discussed with respect to the
PTCDA bench mark in the following.
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Figure 4.1: Structural formula of the aromatic molecules BTCDA, BTCDI,
PTCDA, PTCDI.

47



Chapter 4 Charge transfer satellites at metal-organic interfaces

4.1 General considerations for a two—level atom

Before dealing with the experimental data it is helpful to gain some insight into the
interface properties by discussing the interaction of a single atomic adsorbate with
a metal substrate. The effect of the interface interaction on the PES and NEXAFS
signal is demonstrated by considering a free two—level atom at first, followed by
switching on the coupling to the free electron gas of the metal substrate in the
second step. It will be shown in section 4.3 that the resulting effects are also
relevant for molecular adsorbates on metal surfaces.

4.1.1 Valence configurations and core excited states without interface
interaction

In a multilayer film of very weakly interacting atomic adsorbates, e.g. inert gas
atoms, it is to first order sufficient to neglect the interatomic interaction when
discussing the core excitation and to consider only the properties of the single
atom instead. Two electronic levels are of interest in the following, one core level
|c) with energy €. < 0 and one valence level |a) with energy €, > 0, which is initially
unoccupied. The energies are given with respect to the chemical potential © and the
spin degeneracy is neglected for simplicity. Accordingly, the model Hamiltonian H
which describes the creation of a core hole is given by

H=H,+ H,
= €N+ [€a — Uge(1 — ne)|ng (4.1)

where the valence level is pulled down an energy U,. due to the Coulomb interaction
with the core hole, and electronic relaxation is neglected. [97,112,114-116, 119|
Consequently, if the valence orbital is occupied (n, > 0) and U,. > ¢,, the total
energy of the core excited state is lower than for n, = 0 and vice versa for U,. < ¢, as
indicated in Fig. 4.2. In analogy to the nomenclature for charge transfer compounds
the core hole is described by ¢! and the occupation of the valence level is expressed
by at'. On the left hand side in Fig. 4.2 the total energy of the ground state (a%)
and the first excited state a™' are indicated. The creation of a core hole lowers
the total energy of the configuration with an additional valence electron (¢~'a™)
by U,. with respect to the ¢c7!a’ configuration. Assuming that the ground state
corresponds to a pure a’ configuration, the ¢ 'a™' configuration can be obtained
by a direct electronic transition, as e.g. in NEXAFS spectroscopy, for appropriate
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Valence configuations and core excitation for an isolated atom

+1
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Figure 4.2: Comparison between different valence configurations in an isolated atom
with core hole (¢7!) and without (c). For the case that no core hole is created the
configuration where |a) is unoccupied corresponds to the ground state and the
first excited state corresponds to |a) being occupied by an additional electron.
Creation of a core hole lowers the total energy of the configuration with an addi-
tional valence electron (c~ta*!) by U,. with respect to the c~!a® configuration.
Depending on the magnitude of U, with respect to ¢, the total energy of the
clat! configuration is lower or higher than that for the ¢~'a’ configuration.
Additionally, the contributions to the PES and NEXAFS signal is indicated for
Uace > €, under the assumption that |¢) and |a) satisty the dipole selection rule.
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Figure 4.3: Schematic comparison between different valence configurations of core
excited states for a two—level atom chemisorbed at a metal surface. Due to
the coupling of the atomic valence level with the substrate states a density of
adsorbate states p,(€) is formed. In the ground state (left) this DOS is centered
at €, and unoccupied. In the core excited state adsorbate states can be pulled
below the Fermi level and can now, in principle, accommodate an additional
electron. Core excited (2) depicts the configurations for the core excited state of
lowest energy, where all states below the Fermi level are occupied and all above
are unoccupied. Either core ionization and electron transfer from the substrate
into adsorbate valence states or a direct electronic transition can lead to the core
excited state (2).

orbital symmetries. The ¢~ta’ configuration corresponds to a core ionized state
after photoemission of the core electron. Fig. 4.2 illustrates that it depends on U,
whether the total energy of the final state after core ionization is higher or lower
than the energy in the NEXAFS final state.

4.1.2 Chemisorption on a metal surface in the single impurity Anderson
model for U = 0

Anderson 28] developed a description of the interaction between localized magnetic
impurities with correlated d electrons, such as Fe, Co or Ni atoms, and a nearly
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4.1 General considerations for a two-level atom

free electron gas. Accordingly, the coupling between the d state with energy E, of
the impurity and the states of the free electron gas leads to a density distribution
of atom—substrate valence states. The density distribution of the impurity states
can be described by

G E—
Palc (e — E,)? + A2

(4.2)

with the width in energy A depending on the coupling parameter V' and the electron
density distribution of the free electron gas p(e).

A = (V) aup(€) (4.3)

Furthermore, the eigenstates of the coupled two—level system can be described by
linear combinations of the one—electron states. The mixing of these states is small
if the correlation energy U is significantly larger than the width A and the mixing
is large if both energies are of the same order.

The charge transfer at the interface upon core ionization can be treated in the same
frame work. Considering weakly covalent interaction between the single atom from
section 4.1.1, with negligible correlation energy U,, between the two electrons in
|a), and a metal substrate, the Anderson Hamiltonian [28,120] for the interface
problem has the form [97,115,116,121]

H =¢ene+ e — Upe(1 —ne)|ng + Z €xNg + Z(Vakcj{ck + ViaCil €a), (4.4)
% %

with €, corresponding to the energy of the states |k) of the free electron gas, V.
being the coupling parameter between |k) and the adsorbate level |a), and ¢/ and
¢ being the respective creator operators. Consequently, the coupling between the
adsorbate level |a) and the substrate induces a density distribution of adsorbate—
substrate states, analogous to the findings for the coupling of magnetic impurity
levels with the DOS of the free electron gas. Hence, the density distribution of
adsorbate states p,(€) satisfies the relations (4.2) and (4.3). Note that it can be
assumed that E, = ¢, to first order, which implies that chemical shifts are ne-
glected.

Consequently, the density distribution of adsorbate states p,(€) is centered at €,
in the ground state and unoccupied as illustrated in Fig. 4.3. Hence, the charge
transfer energy for full occupation of p,(€) is Acr = €,. The interaction with
the core hole lowers the energy of the adsorbate valence states by U,., so that
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previously unoccupied states can be pulled below the Fermi level if U,. is large
enough. Consequently, the energy of the core excited state can be raised or lowered
by occupying adsorbate valence states. If U, is so that p,(e+ U,.) is centered close
to the Fermi level as shown in Fig. 4.3, the core excited state which is lowest in
energy corresponds to the configuration "core excited (2)" where all states below the
Fermi level are occupied and all above are unoccupied. Inversion of the occupation
of pa(€ + U,e) leads to the highest core excited state.

The eigenfunctions of the Hamiltonian H can be expressed to first approximation in
a two—fold basis containing the wave functions for two configurations in the uncou-
pled case, ¥(c™'a®), where a core hole is created, and ¥(c~'a*!), where additionally
an electron is transferred to the atom. Then the wave function for the core excited
state can be written as

Uipw = (1— < ng >)V(c ") F < ng > ¥(ca™h) (4.5)

For the core excited state of lowest energy, which corresponds to "core excited (2)"
in Fig. 4.3, the coefficient < n(a) > can be determined by integrating the den-
sity of adsorbate—substrate states p, from relation (4.2) up to the Fermi level
€r.

€F

<ng> = / pal€+ Uy de

[e.e]

_ 1 arctan (%) +0.5 (4.6)

™

In the following it is referred to Ay = €, — Uy as charge transfer energy because
it corresponds to the energy for transferring one electron from the substrate to
the core excited adsorbate. As for the highest core excited state the occupation of
pa(€ + Uye) is just inverted, it follows immediately that

Whigh =< ng > V(e ") £ (1— < ny >)¥(c'a™t) (4.7)

Consequently the configuration mixing depends on the parameter U,. and the width
A of the density distribution of adsorbate states. In particular for U,. = ¢, the con-
figuration mixing is 1:1 and it decreases with increasing or decreasing U, respec-
tively. Moreover, this decrease is steeper for smaller A.

Therefore, the charge transfer energy Al plays a similar role as the correlation
energy in the Anderson Impurity model in [28]. The mixing of the two con-
figurations is very small if the charge transfer energy is much larger than the
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4.1 General considerations for a two-level atom

width A of the density distribution of adsorbate states (ApLp/A >> 1). How-
ever, the two configurations are strongly mixed if it is of the same order (Ap, /A ~

1).

4.1.3 Satellite intensities and energies

As in core level PES the satellite transitions can be treated in the monopole approx-
imation, [48, 49| strong mixing of the two configurations in the core excited state
leads to a strong satellite intensity. In particular the intensity of the respective
core excited states depends on the contribution of the ground state configuration
to the wave function of the respective core excited state. Based on this interrelation
the charge transfer satellites at the substrate-adsorbate interface can be modeled
by the following formalism, which was developed by Sawatzky et al. |8] for the de-
scription of charge transfer satellites in core level photoelectron spectra of copper
dihalides. It models the energy separation between the main and the satellite peak
in the PES spectra and their relative intensity. This formalism can also be applied
to the interface problem with minor modifications.

Assuming that the eigenstates for the Hamiltonian H without the core hole (n. =1
in (4.4)) are linear combinations of state |m) and |n) it is

U = ¢1|m) + co|n) (4.8)

The eigenvalues for H can be obtained from

det (gl B o= S ) (19)

where the overlap integral S,,,, = (m|n). For small overlap integrals (S,,, — 0) the
quadratic equation for the eigenvalues can be solved:

1 1
By = 5( Hypn + H) £ 5\/ (Hpp — Hyp )2 + 4H 0 Hyoo (4.10)

1 1
= E0+§A0Ti§,/A2CT+4T2 (4.11)

where Aot = Hyp— Hyp = (n|H|n)—(m|H|m) and T' = H,,,, = (m|H|n). The cor-
responding eigenfunctions can be written for a positive value of T" as
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Chapter 4 Charge transfer satellites at metal-organic interfaces

U, = sinf ¥(a®) +cosd W(a™) (4.12)
Uy, = cosf U(a®) —sinfd U(a™). (4.13)

Moreover, from (V| H|U1)—(Wy|H|Ws) = /A2, + 4T? one obtains

2T

tan 2 = ——
Acr

(4.14)

where the value of 0 is restricted to 0 < 0 < 45° for Acr > 0. For the core excited
state the interaction of the core hole with the valence state |a) has to be taken
into account additionally. Consequently, the energy difference between the ¢~'a’
and the ¢ 'a™ configuration is Al = Acr — U,e. Accordingly, the eigenvalues

are

1 1 7

with the corresponding eigenfunctions

U, = sin® U(c'a’) +cosd U(cta™t) (4.16)
U,, = cosl U(cta®) —sing ¥(c'a™) (4.17)
with
2T
tan 20’ = — (4.18)
Ay

and with 0’ restricted to 0 < 6’ < 45° for A, > 0. Hence, the core level spectrum
consists of a main peak with intensity 7,, which corresponds to the core excited
state of lowest energy F,, and a satellite with intensity I, which corresponds to
the core excited state of energy E;. With respect to (4.15) the energy separation
between the main and the satellite peak is

W =E,—E,=+(Acr — Uy )? + 472 (4.19)

In the sudden approximation the intensity ratio of the satellite and the main peak
can be determined by the overlap of the wave functions in the ground state and in
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4.1 General considerations for a two-level atom

the excited state. Assuming that |a) is unoccupied in the ground state (Acr = €, >
0) and 0 < 6 < 45°, the ground state corresponds to WUy. According to the monopole
selection rule for the satellite transitions [48,49| the intensity ration follows from
the direct overlap of the respective wave functions.

L (WP

[(Win| W2) |2
[ sin@' cosf — cos 0 sin @
B (COS ¢ cos @ + sin ¢ sin ¢

=

)2 = tan®(0' — 0) (4.20)

From the choice of the wave functions it follows that 0° < 6 < 45° for Acr > 0
and 45° < 6 < 90° for Acr < 0 and 0° < @ < 45° for Agr — Uye > 0 and
45° < 0 < 90° for Acr — U, < 0. Consequently, the satellite intensity depends
only on the difference in the configuration mixing between the ground state and
the core excited state.

The effect of the configuration mixing is also depicted schematically in Fig. 4.4. The
validity of this formalism can be checked by considering three extreme scenarios,
where it is assumed that Aoy = ¢, > 0and AL = (6,—U,.) < 0.

e No coupling

For a free atom the coupling parameter Vj, vanishes and therefore A —
0 according to (4.3). Hence, it is Acr/A = €, /A — oo and Ay /A =
(€ — Use)/A — —o00, which implies no mixing of the configurations a°, a™!
and c~'a’, ctat!, respectively. Thus, # = 0° and ¢ = 90°, and therefore
no charge transfer satellites are observed according to (4.20). Furthermore,
as for this scenario ¥(c™'a’) and ¥U(cta™) are the eigenstates of H it is
T? = (U(cta™)|H|¥(c'a))|> = 0 in agreement with (4.18). Then the
difference between the eigenvalues of H in (4.19) becomes W = Acp — U,
which corresponds to the energy difference of the one—electron states as it is
indicated in Fig. 4.2.

e Electronic coupling and ¢, >> 0

In the case that ¢, >> A there is no significant configuration mixing in the
ground state and consequently § = 0°. If the coupling parameter Vj, is suf-
ficiently large so that (AfL;/A ~ 1), there is significant configuration mixing
in the core excited state (#" < 90°), which leads to considerable satellite in-
tensity according to (4.20). Additionally, ¥(c*a®) and ¥(c'a™) are not the
eigenstates, which leads to 7% > 0, and consequently according to (4.19) the
difference of the eigenvalues of H is larger than for the non—interacting case.
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Valence configuations and core excitation for interface interaction
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Figure 4.4: Configuration mixing in the core excited state for electronic coupling
between unoccupied adsorbate valence states and the electronic states of a free
electron gas. On the left hand side the energy diagram for two different electronic
configurations is indicated for the ground state (c) and the core excited state
(c™1) without electronic adsorbate-substrate coupling. On the right hand side
the influence of the coupling on the energy diagram for the core excited state
is depicted together with the corresponding contributions in the respective core
level photoelectron and NEXAFS spectrum. See also section 4.1./ for more
details.
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4.1 General considerations for a two-level atom

e Electronic coupling and ¢, — 0

If €, is of the same order as A, there is significant configuration mixing in the
ground state (0 > 0°). If additionally U,. >> A, one can assume that the
mixing in the core excited state is weak (6' = 90°). This would again lead to
a significant satellite intensity with respect to (4.20).

Consequently, the adsorbate-substrate coupling can lead to significant satellite con-
tributions in the core level photoelectron spectrum, which are related to substrate—
adsorbate charge transfer. If the charge transfer energy is significantly larger than
A, the configuration mixing is small, which results in a very large intensity ratio
I : I, with the parameters assumed above, and the satellite and the main peak can
be assigned to the scenario where charge transfer occurred or not. However, the
configurations are strongly mixed if the correlation energy is of the same order as
A. Therefore, the intensity ratio I : I,,, can be of the order of one, and each peak
has significant contributions from both configurations.

4.1.4 The influence of the adsorbate—substrate coupling on NEXAFS
spectroscopy

The aspect that the electronic coupling between the unoccupied adsorbate valence
level with the substrate states leads to a density distribution of adsorbate valence
states has significant influence on the NEXAFS. Consequently, a significant broad-
ening of the electronic transitions can be expected with respect to the uncoupled
case. Furthermore, relations (3.18), (4.12) and (4.16) suggest that many-body ex-
citations play a significant role in the NEXAFS as well. Let’s assume that for the
free atom (Vi = 0 — 6 = 0° and ¢ = 90°) the electronic transition from the
core level to the unoccupied valence level contributes significantly to the NEXAFS
signal. Then the following holds for the transition matrix element in the dipole
approximation and the transition probability:

0 = |(Wile- PV PO~ By )
— [ W(e @) e Pl (@) PS(Ee a0 — Eoo % ) (4.21)
0 < [(Wale-plWa)3(Ep — Es + hw)
— (e a) e plU(@))PI(Erran — Euo £ ) (4.22)

Consequently, only one single resonance contributes to the NEXAFS signal from the
free atom. Moreover, the coupling between the adatom and the substrate (|Viq|* >
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0) leads to configuration mixing (0° < 6 < 45° and 45° < ¢’ < 90°) as it has been
discussed above. Therefore the transition probability changes to

0 < |[(Ule-p|Wy)|? §(E; — By £ hw)
= (sin® @' sin? O|(¥(ca®)|e- p|T(a™))|?
+cos® ' cos® 0| (U (c ta™)|e- p|W(a®))|* +...) 6(E; — Ey & hw) (4.23)
0 < (e DIUP (B — B» + ho)
= (cos® @' sin? O|(¥(ca)|e-p|¥(ath))|?
+sin? @ cos 0| (U (c ta™™)|e- p|W(a®))|* +...) 6(Ey, — Eo & Aw) (4.24)

This indicates that a second resonance appears in the NEXAFS when the electronic
coupling is switched on. One is located at F,, — F5 and the other one at E; — Fs as
depicted in Fig. 4.4. For the limit |Vj,|?> — 0 the electronic transition ¥, — ¥,
becomes W, 0o — W.-1,+1, the single resonance for the free atom, and the signal
which corresponds to ¥, — W, vanishes, analogous to the findings for the core
level photoelectron spectrum where the signal related to the core excited state ¥,,
disappears.

4.1.5 Additional effects for covalent molecule—metal interaction

In general, the adsorption of atoms and molecules leads to a rearrangement of the
electronic structure beyond what is taken into account by the simple Anderson
Hamiltonian in section 4.1.2. These effects can be comparatively small for phy-
sisorption with weak, non—covalent interface interaction, e.g. for inert gases on
noble metals surfaces, [122-124] and comparatively strong for covalent interface
interaction. [125-127,A4] It has been observed that PES core level spectra of ideally
physisorbed atoms and molecules on noble metal surfaces resemble the multilayer
spectra, except for an overall energy shift which is attributed to the formation of an
image potential in the metal as a reaction on the core hole. [128,129] However, for
chemisorbed atoms and molecules with covalent interface interaction considerable
(differential) chemical shifts are observed, which indicate a reorganization of the
electronic structure between the adsorbate and the metal substrate in both, the
ground state and the core excited state. [119] Particularly, adsorbate—substrate
hybrid orbitals, which have been neglected so far in the present discussion, play a
significant role. In addition to the rearrangement of the electronic structure in the
ground state, the adsorbate—substrate hybrid orbitals can contribute significantly
to the electronic relaxation in the core excited state, which can lead to differential
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chemical shifts between satellites and the main line as well as to changes in the
relative intensities due to substrate—adsorbate charge transfer. This is corroborated
by the findings in chapter 3 where it was demonstrated that the electronic relaxation
can be significantly different for core ionized states and core excited states with an
additional electron in a previously unoccupied level.

In the formalism described in section 4.1.3 a two—fold basis set was assumed
for relation (4.12) and (4.16) consisting of the wave functions for two configura-
tions without adsorbate—substrate coupling. Therefore, the influence of covalent
adsorbate—substrate interaction is neglected. However, Bagus et al. have recently
shown for the CeQOs transition metal compound that the covalent interaction be-
tween the metal and the ligand atoms contributes significantly to the relaxation
energy. |130, 131] Moreover, calculations for CO/Cu(001) and PES investigations
of the core levels of Ny and CO on various metal substrates indicate that the rel-
ative energy position of the charge transfer satellites is similar for different metal
substrates and different coupling parameter V., respectively, but their relative
intensities vary significantly. [96-100, 132] (and references in [98]) Consequently,
the contribution of the adsorbate—substrate hybrid orbitals seems to be similar
for these different interfaces and dominated by the same m—orbitals. It can as-
sumed that the simplified model which has been introduced in this section can be
well applied to such interfaces. It is particularly suited in case of weakly covalent
interface interaction, where the redistribution of the adsorbate-substrate hybrid
orbitals contributes comparatively little to the electronic relaxation in the core
excited state.

Furthermore, in case of molecules there can be various electronic states near the
Fermi level, and consequently several different electronic configurations can mix
instead of two. This can lead to broad multi-peak signatures in core level PES and
NEXAFS spectroscopy. Then the eigenstates in 4.1.3 can be expressed as a linear
combination of several electronic configurations, and the eigenvalue problem has to
be solved for a larger basis set. Additionally, the electron—vibration coupling plays
a significant role for molecules. In particular the NEXAFS and high-resolution
electron energy loss (HREELS) spectra can contain a rich vibronic fine structure,
as shown in chapter 3 and [133-136]. Because the vibronic fine structure is sensitive
to the charge distribution in the molecule, it is different for different electronic
configurations. When considering the total wave function for the electronic and
vibronic states in relation (4.8) and (4.16) it becomes evident that the mixing
of various electronic configurations leads also to a mixing of vibronic states. As
a consequence the configuration interaction between various electronic transitions
and vibronic progressions can lead to significant broadening of the fine structure in
the respective NEXAFS spectrum. [133,134]
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Consequently, in case of covalent adsorbate—substrate interaction (differential) chem-
ical shifts can be expected, which can however be neglected to first order. Fur-
thermore, for molecules the mixing of several molecular configurations might be
relevant, including the electronic and the vibronic wave functions. Accordingly, the
number of electronic and vibronic transitions in a certain energy interval can in-
crease with increasing coupling strength, which can lead to a significant broadening
of the spectral fine structure, particularly in the NEXAF'S signal.

4.2 Characterization using PES and NEXAF'S spectroscopy

PTCDA multi- and monolayer films have been studied in detail with various tech-
niques so that PTCDA films have been established as a standard for studying
surface and interface properties of organic semiconductors. [117,118,124,137-150]
As the investigated molecules have a similar structure, the multi- and monolayer
spectra of the PTCDI, BTCDI and BTCDA thin films can be understood by com-
parison to the PTCDA bench mark. Therefore, the current state of knowledge with
respect to the interpretation of the PES and NEXAFS data of the PTCDA /Ag(111)
films is reviewed at first according to [126,134,151-153] including hints to aspects
which still need to be investigated further. Afterwards, the PTCDI, BTCDI and
BTCDA data are discussed.

4.2.1 PTCDA/Ag(111)

In Fig. 4.5 the core level and valence PES data for the multilayer and 1 ML film are
plotted in black and grey, respectively. In the valence spectrum of the multilayer
film in Fig. 4.5 (a) the HOMO at Ep = 2.49 eV can be distinguished well from the
lower lying molecular levels. In the spectrum of the 1 ML PTCDA /Ag(111) film the
adsorbate signal contributes considerably at the Fermi level. As this signal is absent
in the multilayer spectrum, it can be attributed to charge transfer into the lowest
unoccupied molecular orbital (LUMO). With respect to section 4.1.2 its metallic
character can be attributed to electronic coupling between the LUMO and the DOS
distribution of the metal substrate and partial occupation, which is interpreted as
significant indication for a covalent molecule-substrate interaction. [117,126, 155,
156] Recent k-space tomography PES investigations of this signal indicate a high
molecular orbital character with substantial substrate admixture. [150] This is in
agreement with recent investigations of a Shockley-type metal-organic interface
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Figure 4.5: Valence and core level photoelectron spectra of a multilayer (black) and
a1l ML PTCDA/Ag(111) film (grey). The angle integrated valence spectrum of
a clean Ag(111) substrate (dotted line) is indicated additionally to the valence
spectrum of the 1 ML PTCDA /Ag(111) film. For better comparison the satellite
structure in the core level spectra is additionally plotted on an expanded scale.
Note that the VB and C 1s spectrum for the multilayer film was recorded by S.
Krause, Y. Zou and A. Scholl, respectively, and published in [126,154].
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Chapter 4 Charge transfer satellites at metal-organic interfaces

state in the unoccupied valence regime, which have provided additional indications
for a covalent molecule-substrate interaction. [157-159] Furthermore, the highest
occupied molecular orbital (HOMO) at Eg = 1.54 €V is shifted by 0.95 eV to lower
binding energy and the signal of the contribution from lower lying MOs is also
significantly altered, which indicates differential shifts in the respective electronic
levels. For the sake of simplicity the terms LUMO and HOMO are also used for
the respective orbitals of the adsorbed molecule in the following, even though the
LUMO is not unoccupied anymore.

The C 1s multilayer spectrum in Fig. 4.5 (b) consists of two main peaks. The one
which is located at Ep = 285.00 eV can be assigned to the various perylene carbon
species, which explains its asymmetric shape, and the other one, which is located
at Ep = 288.52 €V originates from the carboxylic carbon species in the anhydride
group. Additionally, small shake-up satellites are observed at Eg = 286.94 ¢V and
289.96 eV, which belong to the perylene main peak and to the carboxylic main
peak, respectively.

The C 1s spectrum of the 1 ML PTCDA/Ag(111) film is significantly modified by
the interface interaction with respect to the multilayer spectrum. The fact that
all features are shifted to lower binding energy and the appearance of a double
peak structure in the perylene contribution at Eg = 283.97 ¢V and 284.54 eV, re-
spectively, which is accompanied by a strong change in signature are the most
prominent differences. Particularly the trailing edge of the high—energy pery-
lene peak is extremely broadened, which suggests a drastic change in the satel-
lite structure and metallic character. This is in agreement with the observation
of further modifications in the satellite structure corresponding to the asymmet-
ric carboxylic main peak at Eg = 286.94 eV, namely two well separated satel-
lite peaks at Eg = 288.16 eV and 289.59 eV, respectively, with a broad trailing
edge.

In the O 1s spectrum of the multilayer film two main peaks can be distinguished,
which correspond to the terminal oxygen (Ep = 531.81 eV) and the bridging oxy-
gen species (Ep = 533.73 €V), and at least three satellites at Eg = 535.9 €V,
537.9 eV and 540.6 eV are observed. From a fit taking the stoichiometric ratio 2:1
into account according to [151,152] one finds that a relatively intense shake-up
is located at Ep = 533.8 eV which corresponds to the terminal oxygen peak. In
the O 1s spectrum for 1 ML PTCDA/Ag(111) both main peaks are located at
lower binding energy. The terminal oxygen peak at Ep = 530.62 eV is shifted
even more than the contribution from the bridging oxygen at Egz = 533.12 eV.
Furthermore, the peak shape and the satellite structure are modified significantly,
in particular the trailing edge of the bridging oxygen peak is broadened and goes
over into a broad, featureless satellite contribution, similar to the findings for the
C 1s signal.
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Figure 4.6: C K-NEXAFS (a, b) and O K-NEXAFS (e) of the multilayer (left)
and the 1 ML PTCDA/Ag(111) film (c, d, f) at 70° angle of incidence from
the surface normal. The partial electron yield signal was recorded with 150 V
retarding field at the C K—edge and 300 V retarding field at O K-edge. All
spectra are normalized to the height of the absorption edge. The multilayer
data were measured by A. Scholl and F. Holch.
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Chapter 4 Charge transfer satellites at metal-organic interfaces

In Fig. 4.6 the C and O K-NEXAFS data of the multilayer and the monolayer
film are shown. It is known that PTCDA forms well ordered monolayer and mul-
tilayer films of perfectly flat lying molecules for up to 1000 ML. [126, 160, 161| so
that the C 1s — 7* transitions can be best excited with p-polarized x-ray light.
The C K-NEXAFS of the multilayer film has four prominent peaks in the en-
ergy region below the absorption edge, A, B, C, and D in Fig. 4.6 (a) with a rich
fine structure, which is mainly due to contributions from various C 1s — 7* ex-
citations and electron—vibration coupling. 46,133,134, 152| The signature of the
resonance A and B at 284 eV and 285.5 €V, respectively, suggests that several
electronic transitions at the perylene carbon sites into 7m* states contribute to the
signal. Particularly the signal in the foot of the first NEXAFS feature at 283.6 eV
corresponds to excitations into the lowest excited molecular orbital (LEMO) at
the perylene ring. The signal at 288 eV can be mainly attributed to excita-
tions at the carboxylic carbon site at the functional group into the LEMO+1 and
LEMO+2. [46,126,134]

The C K-NEXAFS of the 1 ML PTCDA/Ag(111) film is very different from the
multilayer NEXAFS. Only three prominent peaks AB, C' and D are observed at
285.1 eV, 288.3 ¢V and 292.1 eV, which are very broad and lack a sharp fine struc-
ture as it has been observed for the multilayer film. This suggests a strong influence
of the adsorbate—substrate interaction with significant differential chemical shifts.
Accordingly, peak AB corresponds to excitations at the perylene carbon sites into
the LEMO(7*) and higher excited states. The foot at 283.6 eV which is due to
C 1s — LEMO(7*) transitions, is significantly broadened with respect to the multi-
layer spectrum, but its onset is located at 283.3 eV for both, the monolayer and mul-
tilayer spectrum. An interesting aspect is the finding that the C K-NEXAFS spec-
trum is comparatively similar for the PTCDA /Ag(111) and PTCDA /Ag(110) 1 ML
film, respectively, [126] which will be commented in section 4.4. Note that for the
sake of simplicity the term LEMO is also used in case of the ML films although it was
discussed in section 4.1.4 that the electronic adsorbate—substrate coupling can lead
to a density distribution of adsorbate—substrate states.

The O K-NEXAFS of the multilayer film consists of three dominant peaks in the
pre—edge region at 530.9 eV, 531.8 ¢V and 534.2 eV, denominated A, B and C in
Fig. 4.6. Signals A and B originate from transitions at the terminal oxygen site into
the LEMO and LEMO+1, respectively. [46] The main contribution to peak C can
be assigned to the O 1s — LEMO-1 transition at the bridging oxygen. Note that
transitions from the bridging oxygen into the LEMO are symmetry forbidden and
consequently not observed in the NEXAFS spectra.

The dichroism in the O K-NEXAFS of the 1 ML PTCDA /Ag(111) film confirms
that the molecules are perfectly flat lying at the Ag surface and that all excitations
below the absorption edge correspond to electronic transitions into 7* states. The
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4.2 Characterization using PES and NEXAFS spectroscopy

observed differences between the mono- and the multilayer spectrum are in principle
the same as for the C K-edge. The number of spectral features below the absorption
edge is reduced by one, namely to peak AB at 531.5 eV and peak C at 533.7 eV.
Because peak AB is located at an energy which is in between the energy position of
peak A and B in the multilayer spectrum and its leading edge is significantly broader
than that of peak A, it can be assigned to excitations at the terminal oxygen atom
into the LEMO and higher excited states. Accordingly, peak C originates from
excitations at the bridging oxygen species. It is shifted by 0.5 eV to lower energy
and lies on top of the signal from the terminal oxygen.

Summarizing the most prominent aspects, striking differences are observed in the
PES and NEXAFS spectra between the multilayer and the monolayer data due
to the covalent molecule-substrate interaction. Particularly the PES spectra show
(differential) chemical shifts to lower binding energy, e.g. the C 1s signal of the pery-
lene contribution splits into two peaks. Furthermore, the features in the NEXAFS
data and the core level spectra of the monolayer films are significantly broadened or
smeared out, and featureless, continuous satellite contributions are observed above
the core level peaks. Both aspects can be explained by the metallic character of
the film.

4.2.2 PTCDI/Ag(111)

In Fig. 4.7 the valence and the C 1s, N 1s and O 1s core level photoelectron spectra
of a PTCDI/Ag(111) multilayer film are shown together with the respective data
for a 1 ML film. As the PES and the NEXAFS data of the PTCDI thin films in
Fig. 4.8 is very similar to the corresponding PTCDA data, which is also evident
from the direct comparison in Fig. 4.14, only the differences to the PTCDA data
are emphasized in the following.

In the valence spectrum of the PTCDI multilayer film the contribution from the
HOMO at Eg = 2.16 eV with FWHM= 0.62 eV is well separated from the lower
lying valence orbitals. Consequently, the HOMO is located at ca. 0.4 eV lower bind-
ing energy than for the PTCDA film, as it is expected from the finding that for the
PTCDI multilayer film the HOMO-LUMO gap is smaller than for PTCDA. [153]
Note that no signal from the Fermi edge of the Ag sp valence band is observed,
which indicates that a closed PTCDI multilayer film is grown. For the 1 ML
PTCDI/Ag(111) film the valence spectrum is significantly altered. A new density
distribution of adsorbate-substrate states is observed, which is cut by the Fermi
level, equivalent to the finding for the PTCDA monolayer film. Hence this fea-
ture can be attributed analoguously to electronic coupling between the LUMO and
substrate states, which implies covalent molecule—substrate interaction. Moreover,
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Figure 4.7: Core level and valence photoelectron spectra of a multilayer (black) and

a 1 ML PTCDI/Ag(111) film (grey). The angle integrated valence spectrum of

a clean Ag(111) substrate (dotted line) is indicated additionally to the valence

spectrum of the 1 ML PTCDA /Ag(111) film. For better comparison the satellite
structure in the core level spectra is additionally plotted on an expanded scale.
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the HOMO maximum is located at Eg = 1.51 eV, which is close to the energy
position of the HOMO in the PTCDA monolayer film (1.54 ¢V). Consequently, the
chemical shift of the HOMO is 0.3 eV smaller for the PTCDI (0.64 eV) than for
the PTCDA monolayer (0.95 eV). The similarity between the valence spectra of
the PTCDI and the PTCDA thin films suggests a good quality of the PTCDI thin
films.

In the PTCDI C 1s multilayer spectrum in Fig. 4.7 (b) the prominent perylene
peak is located at Eg = 285.0 €V, similar to its position in the PTCDA spectrum,
and the contribution from the imide carbon is located at Eg = 288.03 eV, which is
0.5 eV lower than the contribution of the anhydride carbon in the PTCDA spec-
trum. While the perylene peak is comparatively asymmetric in the PTCDA data
it is nearly symmetric for PTCDI. This can be explained by the smaller electroneg-
ativity of the imide groups compared to the anhydride groups, which can lead to
chemical shifts and to a difference in electron—vibration coupling. Furthermore,
the first shake—up satellite which is related to the perylence peak is located at
Ep = 286.82 eV and consequently located 0.1 eV closer to the main line than for
PTCDA. The same applies for the shake-up satellites related to the main peak of
the imide carbon at Eg = 289.39 eV. The lower satellite energies might be related
to the smaller HOMO-LUMO gap in the PTCDI film compared to the PTCDA
film.

The C 1s spectrum of the 1 ML PTCDI/Ag(111) film is also very similar to that of
the PTCDA monolayer film. Particularly the contribution of the perylene carbon
forms a double peak structure and is shifted to the same binding energy position
as for the PTCDA monolayer, namely Eg = 283.97 eV and 284.53 eV, respectively.
This is also accompanied by a broad foot at the trailing edge, which extends several
eV and suggests various satellite excitations and metallic character. Moreover, the
main peak of the imide carbon is shifted by 1.6 eV with respect to the multilayer
film to Eg = 286.43 eV. Additionally, two satellites with respect to the main line
of the imide carbon are observed at Eg = 287.6 ¢V and 288.9 eV, respectively,
equivalent to the satellites related to the main line of the anhydride group in the
PTCDA monolayer spectrum.

The N 1s signal of PTCDI multilayer film in Fig. 4.7 (¢) originates from only one
single nitrogen species. The contributions of the main line at 400.05 eV (FWHM=
1.05 eV) and the small shake—up satellite at 402.35 eV can be distinguished well. In
the monolayer spectrum the main peak is located at Eg = 399.46 eV with similar
width compared to the multilayer data (FWHM=1.07 eV). Furthermore, additional
signals are observed at the leading and and the trailing edge of the main peak at
Ep = 397.91 eV and at 401.01 eV. Moreover, the trailing edge is relatively broad
with significant intensity at up to 4 eV above the main peak, similar to what has
been observed for the perylene peaks in the C 1s monolayer spectrum. All these

67



Chapter 4 Charge transfer satellites at metal-organic interfaces

indications of a strong change of the satellite structure need to be discussed in
detail in section 4.4.

The PTCDI O 1s multilayer spectrum in Fig. 4.7 (d) originates from only one
single oxygen species as well. The O 1s main line is located at Eg = 531.36 eV
with FWHM= 1.05 eV. Additionally, shake—up satellite contributions are observed
at Eg = 533.09 eV and 537.84 eV, which confirms the assumption of a satellite
contribution at 533 eV in the O 1s spectrum of the PTCDA monolayer. In the
PTCDI monolayer spectrum the main peak is located at Eg = 530.44 ¢V with an
asymmetric signature. The trailing edge is considerably broadened and the satel-
lite structure is smeared out, which is consistent with all other core level data of the
PTCDI/Ag(111) and PTCDA/Ag(111) monolayer films.*

In Fig. 4.8 the O, N and C K-NEXAFS data of the PTCDI/Ag(111) multilayer
and the monolayer film are shown. In the O K-NEXAFS of the PTCDI multilayer
film in Fig. 4.8 (a) two peaks can be observed at 530.9 eV and 532.1 eV with a
broad trailing edge. As their energy position is similar to that of peak A and B in
the O K-NEXAFS of the PTCDA multilayer film in Fig. 4.6, this finding supports
their assignment in the PTCDA data to transitions at the terminal oxygen into the
LEMO, LEMO+1 and higher excited states.

The N K-NEXAFS spectrum of the PTCDI multilayer film in Fig. 4.8 (b) contains
a large peak at 401.1 eV, a smaller peak at 402.5 eV and a broad structure above
404 eV. Taking into account that for PTCDA electronic transitions from the bridg-
ing oxygen into the LEMO are symmetry forbidden, the 402.5 eV can be assigned
to transitions into the LEMO-+1 accordingly and the remaining features are due to
transitions into higher excited states.

It has been described in detail in chapter 3, that the dichroism for linear polarized
x-rtay light gives information on the molecular orientation. As the excitations below
the absorption edge correspond to transitions into m—symmetric states, the C K-
NEXAFS in Fig. 4.8 (c) indicates that for the multilayer film the PTCDI molecules
are lying perfectly flat on the substrate, similar to what has been found for PTCDA.
Furthermore, the pre—edge region of the C K-NEXAFS in Fig. 4.8 (d) is very
similar to that of the PTCDA multilayer film, particularly the energy position and
the signature of features A and B. Therefore, it is referred to the discussion of the
PTCDA data in section 4.2.1 for a detailed assignment of peak A — D. Minor
differences are: The low energy foot in the PTCDI spectrum which is located
at the leading edge of peak A between 283.3 eV and 283.7 eV and attributed to

!The integration of the spectra as well as a peak fit analysis (not shown here) indicate a slight
increase of the overall satellite intensity for the O 1s spectra of the PTCDI and the PTCDA
ML film. Note that for an accurate analysis of the satellite intensities the back ground needs
to be subtracted from the raw data very carefully, which has been done here to the best of
knowledge.
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PTCDI/Ag(111) multilayer film as well as (e, f) C K-NEXAFS of a 1 ML
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edges.

292

69
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the signal from C 1s — LEMO transition is less distinct than for the PTCDA
monolayer. Furthermore, for the PTCDI film the signal C from the functional
group is shifted by 0.4 €V to lower energy with respect to the PTCDA film, the
peak at 288.0 eV has a different fine structure and the 289.2 eV peak is more
intense.

In the PTCDI/Ag(111) monolayer film the molecules are lying perfectly flat ac-
cording to the C K-NEXAFS in Fig. 4.8 (e) and (f), similar to what is observed for
the PTCDA monolayer film. Furthermore, the C K-NEXAF'S spectrum is changed
drastically with respect to the multilayer spectrum from four main peaks to only
three, and the distinct fine structure which is observed for the multilayer film is
washed out, similar to the observations for the PTCDA monolayer. The signature
of the feature AB is nearly identical to that for the PTCDA monolayer film, ex-
cept that the low—energy foot between 283 eV and 284 eV is more intense for the
PTCDI film than for the PTCDA film. Moreover, the contribution C| which origi-
nates mainly from the functional group, differs from that for the PTCDA film. In
particular for the PTCDI monolayer film the signal is again shifted by ca. 0.4 eV
to lower energy and its signature is modified.

Summing up, the PES and NEXAFS data of the PTCDI multilayer film show
that well defined PTCDI/Ag(111) films can be prepared, with flat lying molecules
forming a closed molecular layer. The spectral features of the PTCDI/Ag(111)
multilayer and monolayer film agree very well with the findings for the correspond-
ing PTCDA film, which supports the given interpretation of the data. For both
molecules the interface interaction changes the electronic structure drastically with
respect to the multilayer film. The LUMO-derived DOS becomes partially oc-
cupied which indicates metallic character. Furthermore, the interface interaction
leads to chemical shifts and multi—peak structures in the core level PES data, even
for the single nitrogen species, and to a drastic change in the satellite structure
towards metallic character. Moreover, the chemical shifts are also evident in the
NEXAFS spectra. This is accompanied by a loss of the distinct fine structure which
is observed for the multilayer NEXAFS. The following BTCDI and BTCDA inves-
tigation can illuminate, whether these effects are particular PTCDA and PTCDI
interface properties or whether they are generally relevant for covalent molecule—
metal interaction.

4.2.3 BTCDI/Ag(111)

In Fig. 4.9 (a) the PES valence data of a BTCDI/Ag(111) multilayer film is shown.
The HOMO signal is not separated from that of the lower lying electronic states in
contrast to the findings for the PTCDA and PTCDI multilayer films. Therefore its
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Figure 4.9: Core level and valence photoelectron spectra of a multilayer (black) and
a sub-ML BTCDI/Ag(111) film (grey). During the preparation of the multilayer
film and the acquisition of the multilayer data the sample temperature was kept
at —70° C. For better comparison the satellite structure in the core level spectra
is additionally plotted on an expanded scale. (b, c) The hatched areas indicate
the surface areas of the monolayer spectra. The exact ratio is indicated on top
of each spectrum. See the text for more details.
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energy position can only be estimated to be between Ep = 3.5 eV and 4 eV in the
leading edge of the broad peak which is centered at Eg = 5.1 eV. Consequently, the
BTCDI HOMO is located at ca. 1.3 eV lower binding energy than that of PTCDA.
Note that a tiny signal of the substrate Fermi edge might contribute to the valence
spectrum, which could be a hint to an enhanced roughness of the film, compared
to that of PTCDA and PTCDI multilayer films.

The C 1s signal of the BTCDI multilayer film in Fig. 4.9 (b) consists of two promi-
nent peaks at Ep = 285.91 eV (FWHM= 0.83 eV) and 289.17 ¢V (FWHM=
0.88 €V), and two small satellites, probably shake—ups, at Ep = 291.4 eV and
293.7 eV. The main peak at high energy can be assigned to the carbon species in
the imide group and the low energy peak to the carbon species in the benzene ring.
The intensity ratio of the two peaks is close to the stoichiometric ratio of 2:3. The
small signal at Eg = 284.9 ¢V may originate from the first monolayer, which cor-
roborates the assumption that the multilayer film has a comparatively large surface
roughness.

For a sub-ML coverage of ca. 0.2 ML BTCDI/Ag(111) the C 1s signal is strongly
modified with respect to that of the multilayer film. The two main peaks at
Ep = 284.82 ¢V and 287.48 eV, which are related to the benzene and the imide
carbon species, are shifted by 1.09 eV and 1.69 eV to lower binding energy, re-
spectively. Note that the width of the benzene peak is increased significantly to
FWHM= 1.10 €V and the tail of the leading edge is considerably broader than in
the multilayer spectrum. Moreover, the peak which is related to the imide carbon
has a distinct shoulder at Egx = 288.60 eV and is also broader than in the mul-
tilayer film. Additionally, the satellite structure above 290 eV is modified so that
there is one broad signal at Eg = 291.5 eV. These differences with respect to the
multilayer spectrum are significant for a covalent molecule substrate interaction
with differential chemical shifts, similar to the findings for PTCDA and PTCDI.
Moreover, the spectral signature was observed to be sensitive to the conditions
during sample preparation, in particular to the annealing temperature. It is shown
in appendiz B that different preparations can alter the relative intensity of the
shoulder at Ep = 288.60 ¢V and change the signature of the peak related to the
benzene carbon so that spectral weight is shifted to higher or lower binding energy,
which can lead to a variation in the energy position of the peak maximum by up to
0.3 eV. This observation suggests different adsorption phases for a sub-ML coverage
of BTCDI, which should be studied in detail elsewhere. Nevertheless, the general
effect of the interface interaction can be studied by considering the data set for
one particular sub—ML film, because the spectral differences between the various
sub—ML films are significantly smaller than the differences between the monolayer
and the multilayer films.
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The N 1s signal in Fig. 4.9 (c) originates from one single nitrogen species. The multi-
layer spectrum contains a single main peak which is located at Eg = 400.55 eV with
FWHM= 1.26 ¢V and a weak satellite at Eg = 406.0 eV. In the sub-ML spectrum
a broad double peak structure is observed with the respective peak maxima being
located at Eg = 398.37 eV and 399.93 eV. Moreover, with FWHM= 1.2 ¢V the low
energy peak is considerably narrower than the high energy peak (FWHM= 1.8 eV).
It will be shown during the discussion of the NEXAFS data that for a sub-ML
coverage of BTCDI the molecules are not standing upright but are oriented flat on
the surface. Furthermore, it was particularly checked that the data is not disturbed
by effects from radiation damage and impurities.

At first glance, the peak at Eg = 398.37 eV might be interpreted as indication of
atomically bound nitrogen species and dissociation of the BTCDI molecules, similar
to what has been previously discussed for CO and NO monolayer films on different
metal surfaces. [100,113,162| Such a scenario would also be reflected in the C 1s
spectrum. In particular, the ratio between the signal from the carbon species in
the functional group to that of the carbon species in the molecular core would not
meet the stoichiometric ration 2:3. However, the hatched areas in Fig. 4.9 (b),
which are adjusted to meet this stoichiometric ratio, agree well with the given
interpretation of the C 1s spectrum of the monolayer film. This shows that the
ratio between the signal from the carbon species in the functional group and that of
the carbon species in the benzene-like ring meets the stoichiometric ratio very well.
Consequently, it is unlikely that the relatively large N 1s peak at Eg = 398.37 €V is
due to dissociation of the BTCDI molecules. This is further supported by the fact
that in case of the PTCDI monolayer film the low—energy peak (Ep = 397.91 V) is
located at 0.46 eV lower binding energy than in BTCDI. If both signals were due to
atomically bound nitrogen species they should appear at the same binding energy.
Note that the N 1s signal of atomic nitrogen adsorbed on W(110), Ru(0001) and
Ni(001) contributes between Ep = 396.5 ¢V and 397.1 ¢V [100,163-165|, which is
more than 1 eV below the low—energy peak in the N 1s spectrum of the BTCDI
monolayer film.

Moreover, if the double peak structure in the N 1s spectrum was due to the coex-
istence of different nitrogen species in case of intact molecules, e.g. from different
adsorption phases, the shoulder and the main peak of the Cy 1s signal would meet
the same intensity ratio as the two N 1s peaks in Fig. 4.9 (¢), namely 2:1. This is
obviously not the case. Therefore it is unlikely that this N 1s double peak signa-
ture is due to the presence of chemically different nitrogen species. Additionally,
the energy splitting of 1.56 eV between the two peaks is nearly identical to the
energy splitting between the two low—energy signals in the N 1s spectrum of the
PTCDI monolayer spectrum in Fig. 4.7 (¢). These findings rather suggest that
the double peak signature in N 1s and Cy 1s signal from the BTCDI monolayer
film is due to satellite excitations. This could also explain the different intensity
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ratios between the BTCDI and the PTCDI monolayer film as it is discussed in
section 4.4.

The O 1s signal of the BTCDI multilayer film in Fig. 4.9 (d) originates from the ter-
minal oxygen species. Therefore, only one main peak is observed at Ep = 532.38 eV
with FWHM= 1.17 eV and a satellite at Eg = 538.20 eV. The small signal at 531 eV
in the low energy tail of the main peak probably originates from the first monolayer.
Its relative intensity is slightly higher than in the C 1s multilayer spectrum because
of the higher kinetic energy of the photoelectrons in case of the O 1s spectrum,
which leads to a larger electron mean free path. For a sub-ML coverage the main
peak is shifted to Eg = 531.2 eV and considerably broadened (FWHM= 1.50 eV).
Additionally, the satellite is significantly broadened as well in agreement with the
findings for the C 1s data. Moreover, for the BTCDI monolayer the O 1s peak
is comparatively symmetric, and no significant intensity contribution to a broad
featureless tail at the high—energy edge is observed in contrast to the findings for
the PTCDA and PTCDI monolayer films. Consequently, the satellite excitations
have less metallic character for the BTCDI monolayer film. Note that the O 1s
signal of atomic oxygen on W(110), Ru(0001) and Ni(001) after dissociation con-
tributes between Eg = 529.0 eV and 530.3 eV [100,113,163-167|, and in particular
on Ag(111) it contributes at Eg = 530.3 eV. [168, 169] The O 1s peak in the
spectrum of the BTCDI monolayer film is located at 0.9 eV higher binding en-
ergy, which indicates the absence of dissociated molecules in the BTCDI sub-ML
film.

In Fig. 4.10 the N, O and C K-NEXAFS of the BTCDI/Ag(111) multilayer and
the monolayer film are shown. The dichroism in the N K-NEXAFS in Fig. 4.10 (a)
indicates that in the multilayer film the molecules are lying nearly perfectly flat on
the substrate. For p—polarized light two prominent peaks are observed at 401.0 eV
and 403.5 eV, which correspond to electronic transitions into 7—symmetric states.
The excitations above 405 eV are predominantly due to transition into c—symmetric
states according to the linear dichroism. The peak at 401.0 eV can be assigned to
N 1s — LEMO+1 transitions and the second peak at 403.5 eV to transitions into
higher EMOs with respect to the N K-NEXAFS of the PTCDI multilayer film.
The latter is shifted by 1.0 eV to higher photon energy and considerably enhanced
compared to the PTCDI NEXAFS.

The assignment of the peak at 398.9 eV is not unambiguous. As the PES data indi-
cate a comparatively rough multilayer film, it is not clear if the peak at 398.9 ¢V in
the NEXAFS spectrum originates from the first monolayer or from higher molecu-
lar layers. In the latter case it must be due to transitions into the LEMO, which
in principle should be symmetry forbidden in analogy to the O and N K NEXAFS
spectra of the PTCDA and PTCDI multilayer films. However, the finite transition
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Figure 4.10: (a) N K-NEXAFS, (b) O K-NEXAFS and (¢, d) C K-NEXAFS of
a BTCDI/Ag(111) multilayer film. (e, f) For the C K-NEXAFS of a sub-ML
film (ca. 0.2 ML coverage) the data points and a smoothed curve are shown.
The spectra are recorded with 70° angle of incidence from the surface normal.
The partial electron yield signal was run with 150 V retarding field at the C K-
edge and 300 V retarding field at the N and O K-edge. During the preparation
of the multilayer film and the acquisition of the multilayer spectra the sample
temperature was kept at —70° C.
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Chapter 4 Charge transfer satellites at metal-organic interfaces

probability for BTCDI could be explained by symmetry breaking due to electron—
vibration coupling. [170] If the signal originated from the first monolayer it could
be associated either with atomically adsorbed nitrogen species |171,172]| due to
dissociation of the BTCDI molecules or with electronic transitions into the LUMO
derived density of adsorbate—substrate states. As the dissociation scenario is un-
likely with respect to the core level data of the monolayer film the latter might
be the case. A finite N 1s — LEMO transition probability would not be surpris-
ing, considering that the hybridization between molecular states and the substrate
DOS can modify the symmetry of the electronic states significantly as it has been
recently shown for the LUMO of PTCDA/Ag(111) monolayer films. [150] Despite
the origin of the peak at 398.9 eV cannot be clarified unambiguously it is likely that
it is related to transitions into the LEMO, either in the first or in higher adsorbate
layers.

The dichroism in the O K-NEXAFS data in Fig. 4.10 (b) confirms the conclusion
that the BTCDI molecules are lying flat on the substrate. For p—polarization three
well separated peaks can be identified at 531.1 eV, 533.2 eV and 535.2 eV. As the
first peak is located at a nearly identical energy position as the first resonance in the
PTCDI and PTCDA O K-NEXAFS this peak can be assigned to electronic tran-
sitions into the LEMO. The second and the third peak originate from transitions
into the LEMO+1 and higher excited states.

In Fig. 4.10 (c¢) and (d) the C K-NEXAFS spectra for the BTCDI/Ag(111) multi-
layer film are shown. The same dichroism is observed as for the N and O K-edge.
The spectrum for p-polarization contains four prominent features (A — D) at
284.6 eV, 287.4 eV, 289.0 eV and 291.9 eV. Feature A has a double peak signa-
ture, similar to what has been found for PTCDI and PTCDA, where the respective
feature is located at ca. 0.6 eV lower energy. Therefore, A can analoguously be
attributed to transitions into the LEMO and LEMO+1 in the benzene ring. The
maximum of peak B is shifted by ca. 1.8 eV to higher energy with respect to the
PTCDA and PTCDI spectrum. Its signature suggests that it is governed by a
single electronic transition into the LEMO+1 at the benzene ring and some addi-
tional contributions at the trailing edge similar to the findings for BTCDA. [46|
Feature C corresponds to transitions at the imide carbon site into the LEMO and
the LEMO+1 in analogy to the assignment for PTCDI, PTCDA and BTCDA
in [46].

For the sub-ML coverage of BTCDI/Ag(111) the dichroism in the C K-NEXAFS
indicates that the molecules are lying flat on the surface. Moreover, the spectrum
is significantly modified compared to the multilayer data. Despite the relatively
poor statistics as a result of the low coverage (ca. 0.1 ML) four prominent features
(A—D) can be resolved with their maximum being located at 284.6 eV, 287.1 eV,
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4.2 Characterization using PES and NEXAFS spectroscopy

288.7 eV and 291.5 eV. Accordingly, peak A is located at the same energy as contri-
bution A in the multilayer spectrum where the signals B-D are shifted by 0.3-0.4 eV
to lower energy. Additionally, the intensity of B is decreased considerably. Conse-
quently, the chemical shifts in the C K-NEXAFS between the multilayer and the
monolayer film are less drastic in relation to the findings for PTCDI and PTCDA,
where differential chemical shifts of more than 1 eV are observed, e.g. features A
and B merge to a single feature AB, and the fine structure is washed out. This may
be related to the indications for less metallic character in the satellite excitations
in the O 1s core level spectrum.

Taking all findings together the BTCDI/Ag(111) films can be characterized well
with PES and NEXAFS spectroscopy. A well ordered multilayer film of flat lying
molecules can be prepared. The core level and NEXAFS data can be interpreted
in analogy to the PTCDI and PTCDA data. The core level data of the BTCDI
sub—ML film show effects which are typical for a covalent molecule—substrate in-
teraction, e.g. chemical shifts, broadening of peaks and a change in the satellite
structure. Particularly the single nitrogen species contributes to a broad signal with
a double peak singature in the N 1s spectrum with nearly identical energy splitting
to what is observed for the N 1s data of the PTCDI/Ag(111) monolayer but consid-
erably different intensity ratio and absolute energy position. These findings and the
differences to the PES signal of atomic oxygen and nitrogen after dissociation on
different noble metal surfaces suggest that these signals are due to satellite excita-
tions. Additionally, there are indications for less metallic character for the satellite
contributions to the O 1s and the C 1s spectrum of the sub-ML film. Moreover,
the benzene-like carbon species contributes to a single peak in the C 1s monolayer
spectrum with a broad leading edge in contrast to the perylene contribution in the
PTCDI/Ag(111) and the PTCDA/Ag(111) monolayer spectrum, where a double
peak signature is observed with a steep leading edge. Furthermore, the C K-
NEXAFS of the BTCDI sub—ML film is less altered with respect to the multilayer
NEXAFS than in case of PTCDI and PTCDA. All these aspects can be interpreted
as indications for a weaker molecule-substrate interaction for BTCDI with less
covalent character than for PTCDI and PTCDA.

4.2.4 BTCDA/Ag(111)

In Fig. 4.11 the valence and core level spectra of the BTCDA /Ag(111) multilayer
and monolayer films are shown. In the multilayer valence spectrum in Fig. 4.11 (a)
the electronic state with lowest binding energy is observed at Eg = 3.5 ¢V. One
could argue that the signal in the multilayer spectrum at Eg = 3.5 eV originates
from the first layer, because there is some signal at the same binding energy in the

77



Chapter 4 Charge transfer satellites at metal-organic interfaces

BTCDA/Ag(111), PES

VB, hv=120eV |[(D)| C1s, hv=335¢eV

multilayer multilayer 2
<&
HOMO 8
$
S
3
= 8
5 bS]
£ &
= &
Fnd
)
c
)
£
® =30°
HOMO
sub-ML

QA

e

298 296 294 292 290 288 286 284 282

[o2)
o
-
N4
o4

(c)| O1s,hv=
multilayer

sub-ML

580eV . (d)| o1s,

5
£
)
2
‘»
c
)
£ | sub-ML
hv =700 eV
O, Sat.
O, Sat. O, Sat.
; o . [ [
B@f ﬁ’&@%"%ﬁ ¢ylf" @f«? Q C SN L o PR
542 540 538 536 534 532 530 528 542 540 538 536 534 532 530 528

Binding Energy (eV) Binding Energy (eV)

Figure 4.11: (& — c¢) Valence and core level photoelectron spectra of a
BTCDA/Ag(111) multilayer film (black) and a sub-ML film at 300 K (grey). In
case of the multilayer film the sample was cooled to 170 K during preparation
and measurements. The inset in (a) shows the grey shaded part of the spectrum
on an expanded intensity scale. For the valence spectrum of the monolayer film
the emission angle was adjusted to ¢ = 30° in order to maximize the signal
from the molecular orbitals. [150,173,174] (d) Two fits of the O 1s spectrum
of the sub-ML film with the contributions from the bridging oxygen species Oy
(dotted) and from the terminal oxygen species O; (dashed) being represented by

Voigt profiles. The solid curve shows the sum of all peaks. See the text for more
details.



4.2 Characterization using PES and NEXAFS spectroscopy

monolayer spectrum. However, the inset shows that its signature differs from that
of the monolayer signal. Consequently, for both, the multilayer and the monolayer
film, the HOMO is located at approximately the same binding energy. Additionally,
no signal is observed which can be assigned to a LUMO derived DOS distribution
in contrast to what has been observed for PTCDI and PTCDA monolayer films,
where the molecule-substrate interaction leads to a chemical shift in the HOMO
and a partially occupied LUMO derived DOS.

In the C 1s multilayer spectrum in Fig. 4.11 (b) two prominent peaks are located at
Ep =290.55 ¢V (FWHM= 1.38 ¢V) and 286.71 eV (FWHM= 1.58 eV ), respectively,
which can be assigned to the carboxylic and the benzene-like carbon species, and
the signal at Eg = 292.7 eV can be attributed to satellite excitations. Moreover,
the relative intensities of the main peaks are close to the stoichiometric ratio 2:3.
The peaks are considerably broader than those in the BTCDI multilayer spectrum,
AFWHM = 0.7 eV and 0.5 eV. As this applies for both peaks this effect might be
due to inhomogeneous broadening.

In the monolayer spectrum both peaks are shifted by 1.6 ¢V to lower binding en-
ergy, namely to Eg = 288.97 eV and 285.09 eV. The satellite structure is similar to
that in the multilayer film, except for an additional satellite at Eg = 287.3 ¢V. This
parallel shift and the minor modification of the satellite structure is in contrast to
the differential chemical shifts and the metallic character of the satellite structure
for the PTCDI and PTCDA monolayer films. These differences compared to what
has been found for the PTCDA and PTCDI monolayer films might be related to
the partial occupation of the LUMO derived DOS distribution in case of PTCDA
and PTCDI. Furthermore, the decrease in the peak width (FWHM= 1.00 eV and
1.33 V) compared to the multilayer spectrum supports the assumption that in-
homogeneous broadening contributes significantly to the width in the multilayer
spectrum. Note that there are minor temperature dependent modifications of the
monolayer spectrum which are indicated in Fig. B.3. However, they are signifi-
cantly smaller than the differences between the multilayer and the monolayer data,
similar to the finding for the BTCDI monolayer film.

In the O 1s multilayer spectrum in Fig. 4.11 (c¢) the signal of the carboxylic and of
the bridging oxygen overlap as indicated by the result of a peak fit analysis, where
the ratio of the peak areas was kept constant according to the stoichiometric ratio
1:2. The terminal oxygen peak is centered at Eg = 533.2 eV with FWHM= 1.44 eV
and the bridging oxygen peak is centered at Eg = 534.5 eV with FWHM= 1.67 eV.
The satellites at Eg = 539.3 eV and 541.0 eV can also be taken into account by two
peaks with the ratio of the areas being 1:2. Consequently, the 539.3 eV satellite can
tentatively be attributed to the terminal oxygen species and the 541.0 eV satellite
to the bridging oxygen species. Furthermore, the small signal at Eg = 531.1 eV
probably originates from the first layer. This is an indication for a comparatively
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rough surface considering the fact that the total BTCDA coverage was considerably
higher than 10 ML.

The O 1s spectrum of the BTCDA/Ag(111) sub-ML in Fig. 4.11 (c¢) shows two
peaks and a prominent shoulder at Eg = 531.1 €V, 532.6 eV and 534.0 eV, re-
spectively, and two broad features contribute to the signal at Ep = 538.5 eV and
441.5 eV. Note that the low—energy peak is located at 0.8 eV higher binding energy
than what is expected for dissociated oxygen, [100,113,163-169] This corroborates
the assumption that the BTCDA molecules are not dissociated.

The sub—ML spectrum was also fitted with respect to several models. The simplest
fit is shown which can reproduce the O 1s spectrum below 536 eV well is shown in
Fig. 4.11 (d, top). It is composed of three Voigt profiles with the peak areas being
constrained so that the area of the peak at highest energy and the sum of the area
of the two peaks at lower energy satisfy the ratio 1:2. This result suggests that the
peak at Ep = 534.0 eV can be attributed to the bridging oxygen species O, and the
two remaining peaks at Ep = 531.1 eV and 532.6 eV to the terminal oxygen O,.
Their area ratio is 0.46, which is significantly different from what is expected for
the coexistence of chemically different terminal oxygen species — 1:3, 2:2 or 3:1,
respectively. Therefore it is likely that these two peaks are due to strong satellite
excitations, similar to the finding for the N 1s signal of the BTCDI monolayer
film. Note that the separation in energy between the satellite and the main peak is
similar to that for the N 1s signal of the BTCDI monolayer spectrum. Moreover,
the energy difference between the satellite and the signal from the bridging oxygen
is 1.4 eV, which is similar to the 1.3 eV separation of the two contributions in the
multilayer spectrum.

Considering this interpretation another fit was applied in Fig. 4.11 (d, bottom)
based on a more sophisticated model. If the two peaks at Eg = 531.1 eV and
532.6 eV were related to charge transfer satellite excitations at the terminal oxygen
species, this would be also relevant for the bridging oxygen species. Therefore the
signal below Ep = 536 eV is fitted by four Voigt profiles, two for the O, 1s signal
and two for O; 1s contribution. The energy separation between the satellite and the
main line is 1.55 eV for both contributions in order to match the splitting between
the N 1s peaks in the BTCDI sub-ML spectrum in Fig. 4.9 (¢). Moreover, both main
peaks and both satellite peaks are constrained to the same width. Additionally,
three peaks, labeled "O, Sat." and "O; Sat." are placed 6.06 eV above the three
largest peaks. The two "O, Sat." peaks are forced to the same intensity ratio
and peak width ratio as the two O; peaks below 536 eV. The overall peak areas
of the three O, peaks and the four O; peaks satisfy the stoichiometric ratio 1:2.
Fig. 4.11 (d, bottom) illustrates that this fit reproduces the O 1s spectrum very
well, even the satellite contributions above 536 eV.
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Figure 4.12: 0 K-NEXAFS (top) and C K-NEXAFS (bottom) of a
BTCDA/Ag(111) multilayer film with 70° angle of incidence from the
surface normal. The partial electron yield signal was recorded with 150 V
retarding field at the C K—edge and 300 V retarding field at the O K—edge. The
sample was cooled to 170 K during the preparation and the measurements.

For both fit approaches the energy separation between the two O; (and the two
O,) peaks at lowest energy agrees well with the splitting of the two peaks in the
N 1s spectrum of the BTCDI sub-ML film. It is not very straightforward that
dissociation of the molecules leads to the same chemical shift in all three cases.
Therefore this finding can be considered as indication for the interpretation of
these peaks as main peaks and satellite peaks.

Fig. 4.12 shows the O and C K-NEXAF'S for the BTCDA/Ag(111) multilayer film.
The very small dichroism in the O K-NEXAFS in Fig. 4.12 (a) and (b) suggests that
the molecules have nearly no preferential order, which is typical for an amorphous
thin film. This may explain the comparably large inhomogeneous broadening in the
core level spectra of the multilayer film. In the spectrum in Fig. 4.12 (b) three peaks
can be observed at 531.3 eV, 534.3 eV and 539.6 e¢V. Additionally, the leading edge
of the high—energy peak has a shoulder at 536.6 eV. The energy position of the first
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three features is similar to that of the first three peaks in the O K-NEXAFS of the
BTCDI multilayer film. Accordingly, the first feature at 531.3 eV originates from
transitions at the terminal oxygen into the LEMO. The 534.3 eV peak corresponds
to excitations at the terminal oxygen into the LEMO-+1 and LEMO+2. [46] It
can be assumed that transitions at the bridging oxygen site into the LEMO are
to first order symmetry forbidden, similar as for the BTCDI, PTCDI and PTCDA
multilayer films. The transitions at the bridging oxygen into the LEMO-+1 are
probably located around 535.5 eV according to previous calculations, and the broad
leading edge including the shoulder at 536.6 eV is due to transitions into higher
excited states. [46]

The C K-NEXAFS in Fig. 4.12 (c¢) shows two distinct m-resonances (A and C) and
a structure between 295 eV and 310 eV which is mainly due to excitations into o—
symmetric states according to the findings for BTCDI, PTCDA and PTCDI. The
pre—edge region in Fig. 4.12 (d) is dominated by the two distinct peaks A and C at
284.7 eV and 287.8 eV, and additional features B and D are observed at 286.5 eV
and 289.6 eV. In analogy to the BTCDI, PTCDI and PTCDA NEXAFS data peak
A can be assigned to transitions at the benzene ring into the LEMO and peak C
corresponds mainly to transitions at the carboxylic carbon sites into the LEMO.
Consequently it is straightforward to assign feature B to transitions at the benzene
ring into the LEMO+1. The intensity of this transition is decreased significantly
compared to the BTCDI multilayer spectrum. Moreover, the feature D can be
predominantly assigned to transitions at the benzene-like carbon sites into higher
excited states. [46]

Combining the results of the PES and NEXAFS data the BTCDA/Ag(111) can
be characterized well. The NEXAFS data of the multilayer film suggests that
BTCDA forms an amorphous multilayer film. The various spectral signatures in
the NEXAFS and the photoelectron spectra can be understood with respect to the
BTCDI, PTCDI and PTCDA data. Moreover, the HOMO is located at similar
energy for the multilayer and the monolayer film, and significant differential chem-
ical shifts are not observed in the C 1s data of the monolayer film. Furthermore,
the satellite structure is only little modified in the C 1s spectrum of the monolayer
film. All this suggests that the interface interaction is weak for BTCDA with less
covalent character than for the remaining molecules. Moreover, the O 1s signal
suggests strong satellite excitations in relation to the terminal oxygen species, sim-
ilar to what is found for the N 1s data for the BTCDI/Ag(111) monolayer film.
Note that the weaker interface interaction for BTCDA and BTCDI compared to
PTCDA and PTCDI may be related to the fact that the LUMO is not occupied
in case of the small molecules, whereas it contributes to the bonding of the large
molecules.
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4.3 Direct comparison of the core level PES data

In the previous section the various molecular thin films have been characterized with
PES and NEXAFS spectroscopy. It was shown that the multilayer and the mono-
layer data are understood so that a consistent picture of the molecule-substrate
interaction can be drawn. In the following some general aspects of the interface
interaction will be reviewed and some trends will be pointed out for this series from
BTCDA/Ag(111) to PTCDI/Ag(111).

Fig. 4.13 shows that in the multilayer spectra the energy position of the main
peak from the terminal oxygen species shifts considerably to lower binding energy
from Eg = 533.2 eV for the BTCDA multilayer to 531.4 eV for the PTCDI mul-
tilayer. This is accompanied by a decrease in width of the terminal oxygen peak
from FWHM = 1.44 eV for the BTCDA multilayer film to FWHM = 1.02 eV
for the PTCDI multilayer film. The energy shift can be attributed to two effects,
namely to the increase in size of the m—system and to the lower electronegativ-
ity of the nitrogen atom compared to the bridging oxygen atom. The decrease in
peak width might be related to a decrease of the inhomogeneous broadening with
increasing order of the molecular films and to a change in the electron—vibration
coupling.

Moreover, (differential) peak shifts to lower binding energy are observed for all O 1s
monolayer spectra, the peak width is more or less modified and the satellite struc-
ture is altered. These aspects are significant indications for a molecule-substrate
interaction with covalent character. Furthermore, the maximum position of the
terminal oxygen peak in the monolayer spectrum decreases from Ep = 531.1 eV
for the BTCDA monolayer film to 530.4 eV for the PTCDI monolayer film.? Con-
currently, the leading edge becomes narrower from the BTCDA to the PTCDI
monolayer film. Moreover, in all monolayer spectra the satellite structure is broad-
ened, particularly the prominent shake—up satellite which is observed in the PTCDI
multilayer spectrum has disappeared in the monolayer data. Additionally, a broad
tail at the high energy side of the peaks is observed for the PTCDA and PTCDI
monolayer films, which can be interpreted as an indication of metallic character
comparable to Doniach—-Mahan—Sunjic line profiles in case of metals and transition
metal compounds. [88,175-178| As the change in the satellite structure together
with the chemical shifts can be considered as a good indicator of the interface inter-
action, the findings in Fig. 4.13 suggest a stronger interface interaction for PTCDA
and PTCDI with more covalent character than for BTCDI and BTCDA. There

2As dissociated oxygen species contribute at Eg = 530.3 eV [168,169] it is unlikely that the
low—energy peaks in the O 1s spectra of the BTCDA and BTCDI sub—ML films are due to
dissociation of the molecules.
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Figure 4.13: Comparison of multilayer (black) and monolayer O 1s spectra (grey)
of BTCDA, BTCDI, PTCDA and PTCDI films on Ag(111) from section 4.2.
For the BTCDA spectra the dominant contributions from the bridging (short
dots) and the terminal oxygen species (dashes) are also indicated. The energy
position of dissociated oxygen on Ag(111) is marked by a vertical line. [168,169]
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are further hints in the NEXAFS data which support this interpretation. While
the general signatures of the multilayer and the monolayer C K-NEXAFS spec-
trum are comparatively similar for BTCDI, strong differences are found in case of
the PTCDA and PTCDI films, where peak shifts of more than 1 eV are observed
accompanied by strong changes in intensity. Furthermore, the rich fine structure,
which is found in the NEXAFS spectra of the PTCDA and PTCDI multilayer films,
is completely washed out as it is expected for considerable coupling to the metal.
These effects might be related to the partial occupation of the LUMO derived DOS
distribution in case of the PTCDI and PTCDA monolayer films as it will be dis-
cussed in section 4.5. Furthermore, the signal of the terminal oxygen species in
the BTCDA monolayer spectrum has a comparatively intense satellite contribution
1.5 eV above the main peak. Moreover, the main peak with FWHM = 1.06 eV
is located at similar binding energy as the O 1s signal for the BTCDI monolayer
film, which is asymmetric and significantly broader (FWHM= 1.50 eV). This might
indicate that two peaks contribute to the O 1s signal from the terminal oxygen
atom for the BTCDI monolayer film as well even though their energy separation
is considerably smaller than in the BTCDA monolayer spectrum, which will be
discussed in section 4.4.1.

In the C 1s spectra in Fig. 4.14 the trends are similar to those in the O 1s data.
In the multilayer spectra all peaks shift to lower binding energy from BTCDA to
PTCDI. This shift is larger for the carbon species in the functional group than for
the benzene-like or perylene-like carbon species. Furthermore, the peak which cor-
responds to the benzene or perylene carbon atoms is asymmetric for BTCDA and
PTCDA. This can be explained by the higher electronegativity of the functional
group, which leads to larger chemical shifts for the different carbon species in the
benzene and perylene group compared to the diimide molecules.

In the monolayer spectra all peaks are shifted to lower binding energy with respect
to the multilayer spectra. The chemical shift is largest for the carbon species in
the functional group. Moreover, the maximum position of the first peak decreases
within this series of monolayer films from Ep = 285.1 eV for the BTCDA /Ag(111)
monolayer to 283.9 eV for the PTCDI/Ag(111) monolayer and its leading edge
becomes narrower. This change in signature gives the impression that for all mono-
layer films the low—energy tail of the first C 1s peak extends down to similar energy.
Furthermore, in the PTCDA /Ag(111) and the PTCDI/Ag(111) monolayer spectra
a several eV broad tail is observed at the high energy side of the double peak
signature of the perylene contribution and the satellite structure is significantly
broadened. Both aspects are indications of considerable metallic character, analo-
gous to the interpretation of the O 1s data.

Furthermore, it can be speculated about the difference in the signal from the car-
bon species in the functional group between the BTCDI and the BTCDA mono-
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Figure 4.14: Comparison of multilayer (black) and monolayer C 1s spectra (grey)
of BTCDA, BTCDI, PTCDA and PTCDI films on Ag(111). All spectra are
normalized to the background and an exponential background was subtracted.
In case of the 1 ML data a Shirley background was subtracted additionally.
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Intensity ratio of the C 1s spectra
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Figure 4.15: Comparison of the intensities of the monolayer C 1s spectra of
BTCDA, BTCDI, PTCDA and PTCDI films on Ag(111). The ratio of the
hatched areas corresponds to the stoichiometric ratio between the carbon species
in the functional group and those in the molecular core. The respective ratio
is indicated on top of each spectrum. The spectra plotted here are the same as
those shown in Fig. 4.14.
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layer film. For the BTCDI/Ag(111) monolayer spectrum the maximum of the
contribution of the imide carbon species is located at Eg = 287.5 ¢V with a dis-
tinct shoulder at Eg = 288.6 eV, which has been attributed to satellite excitations
in section 4.2.3. The energy difference of 0.4 eV between the Cy 1s satellite in
the BTCDI monolayer spectrum and the Cp 1s peak in the BTCDA monolayer
spectrum is similar to the energy difference between the Cy 1s and the Cp 1s
contribution in the PTCDI and PTCDA monolayer spectrum, respectively, which
is AE = 286.9 eV — 286.4 ¢V = 0.5 eV. Additionally, there is some signal in the
BTCDA monolayer spectrum at Eg = 287.3 eV and hence at similar energy as the
Cy 1s main peak in the BTCDI monolayer spectrum. Considering that the main
peak of the O 1s signal from the terminal oxygen species in Fig. 4.13 is located
at similar binding energy for the BTCDI and the BTCDA monolayer film, it can
be speculated whether the contribution at Eg = 287.3 €V is related to the Cp 1s
main peak and the signal at 289.0 eV to satellite excitations. Then the relative
intensity of the satellite contribution would be significantly higher for the BTCDA
monolayer film than for the BTCDI monolayer film. Moreover, it could be specu-
lated whether the double peak signature in the contribution of the perylene carbon
atoms in PTCDA and PTCDI monolayer spectra is related to satellite excitations
as well. However, the latter can also be explained by the presence of chemically
different carbon species.

Moreover, the ratios of the relative intensities in the C 1s spectra of the mono-
layer films can provide additional information about the stoichiometry. In Fig. 4.15
the respective C 1s spectra are plotted and the overall surface areas are subdi-
vided into two areas according to the stoichiometric ratio between carbon atoms
in the functional group and those in the molecular core, 2:10 or 2:3. For all spec-
tra the two areas meet at Ep = 286.1 = 0.1 eV, and the areas agree well with
the previously given peak assignment. This brief check of the relative intensities
supports the assumption that the molecules in the first layer are intact and not
dissociated.

Fig. 4.16 shows the N 1s spectra of the BTCDI/Ag(111) and the PTCDI/Ag(111)
multilayer and monolayer films. As the molecules contain only one single nitrogen
species, only one single main peak is observed in the N 1s multilayer spectra, and
a small satellite in case of the PTCDI spectrum. For the molecule with the larger
m—system the N 1s main line is located at lower binding energy in agreement with

the O 1s and C 1s data.

Moreover, a chemical shift and a strong change of the spectral signature is observed
for the monolayer films. Particularly the BTCDI/Ag(111) monolayer spectrum
shows a double peak structure with the maximum positions at Eg = 399.9 eV
and 398.3 eV, respectively, and with a broad leading and trailing edge. The
PTCDI/Ag(111) monolayer spectrum contains a small signal at Eg = 397.9 eV,
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N1s spectra of various thin films on Ag(111), hv=500eV
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Figure 4.16: Comparison of the multilayer (black) and monolayer N 1s spectra
(grey) of BTCDI and PTCDI films on Ag(111) from section 4.2. The energy
position of dissociated nitrogen on different noble metal surfaces is marked by a
vertical line. [100,163-165]
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a prominent main peak at Eg = 399.4 €V, and a broad tail at the high energy side
with a weak, washed out satellite peak on top at Eg = 401.2 eV in agreement with
the O 1s and C 1s data of the PTCDI/Ag(111) monolayer data. It has already been
pointed out in section 4.2.3 that impurities, radiation damage and the coexistence
of different absorption phases are very unlikely the reasons for this double peak sig-
nature. The low—energy features are located at ca. 1 eV higher binding energy than
the signal of dissociated nitrogen. [100,163-165] Furthermore, in case of dissociation
one would expect that the low—energy peaks in the BTCDI and in the PTCDI spec-
tra are located at the same energy in contrast to the observed separation by 0.4 eV.
The comparison of the N 1s and Cy 1s signal rather suggested that the different
peaks in the N 1s spectra of the BTCDI/Ag(111) and PTCDI/Ag(111) monolayer
films are not due to the coexistence of chemically different nitrogen species but
due to satellite excitations or different core excited (final) states, respectively. It
is an interesting aspect that the chemical shift of the two low—energy features in
the PTCDI monolayer spectrum with respect to the multilayer spectrum is nearly
the same as for the two peaks in the BTCDI monolayer spectrum — AE = 0.6 eV
and 2.1 eV, respectively. A similar chemical shift is observed for the signal of the
bridging oxygen species of the BTCDA and PTCDA monolayer film, namely 0.5 eV
and 0.6 eV, respectively. Therefore it can be assumed that the satellite contribution
dominates the signal from the bridging oxygen species in the BTCDA and PTCDA
monolayer O 1s spectra.

The comparison of the core level data shows that there are considerable chemical
shifts in all monolayer spectra and that satellites with extra ordinarily high intensity
contribute to the signal. Furthermore, these distinct giant satellites can predom-
inantly be identified in the BTCDI and BTCDA monolayer spectra. The (differ-
ential) chemical shifts and the metallic character in the satellite structure suggest
that the adsorbate—substrate interaction is stronger with more covalent character
for the PTCDA and PTCDI monolayer films than for the BTCDA and BTCDI
monolayer films. This might be related to the partial occupation of the LUMO
derived density of substrate—adsorbate states, which contributes to the adsorbate—
substrate bonding and the interface interaction in case of PTCDA and PTCDI. For
the BTCDA monolayer film, where the interface interaction can be assumed to be
weakest according to section 4.2.4, charge transfer satellite excitations are mainly
observed for the signal of the terminal oxygen. For the BTCDI monolayer film
charge transfer satellites also contribute significantly to the Cy 1s and to the N 1s
signal. In the O 1s signal the satellite contribution seems to be shifted close to the
mainline so that only a single broad peak is observed instead of two separate peaks,
as it has been discussed above. Consequently differential chemical shifts play an
important role for the charge transfer satellites.

This is directly related to the covalent character of the adsorbate—substrate inter-
action. In particular, as it has been discussed in section 4.1.5, adsorbate—substrate
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hybrid orbitals contribute significantly to the electronic relaxation in the core ex-
cited state, which can influence the energy position of the satellites significantly
with respect to the main line. In section 4.1 a simplified model for the charge
transfer satellites has been introduced where the charge transfer was only consid-
ered in terms of occupation of previously unoccupied adsorbate—derived valence
states. However, the reorganization of the adsorbate—substrate hybrid orbitals in
the core excited state can additionally contribute significantly to the charge transfer
and the electronic relaxation. Therefore, the characteristic giant satellites, as they
are observed in the BTCDA and the BTCDI monolayer spectra, appear only for
covalent interface interaction of intermediate strength — strong enough that charge
transfer can occur and so weak that the reorganization of the adsorbate—substrate
hybrid orbitals in the core excited state contributes only little to the charge trans-
fer, so that the differential chemical shift between the satellite and the mainline is
comparatively small. Accordingly, the small energy separation between the satel-
lite and the mainline in the O 1s spectrum of the BTCDI monolayer film can be
attributed to more covalent character for the BTCDI/Ag(111) interface interaction
than for the BTCDA/Ag(111) interface. The data discussed in section 4.2.1 and
4.2.1 indicate an even stronger interface interaction for PTCDA and PTCDI with
more covalent character, which is probably due to the LUMO derived interface
states. This would explain, why the signal of the respective oxygen species in the
PTCDA and PTCDI O 1s monolayer spectra is dominated by only one single peak
instead of two.

4.4 Covalent molecule-metal interaction

In the formalism for the charge transfer satellites in section 4.1.2 and 4.1.3 the
assignment of the satellite and main peak to the respective charge transfer states
depends on the parameter U,. for the Coulomb potential of the core hole with re-
spect to the energy €, of the relevant unoccupied electronic adsorbate level |a). In
particular if U,. > ¢, the main peak can be predominantly associated with electron
transfer from the substrate to the adsorbate in contrast to the satellite, and it is
vice versa for U,. < €,. Moreover, it was also indicated that a comparison between
the core level PES and NEXAFS data can provide information on the relation be-
tween U,. and ¢, because core ionization and direct electronic transitions of a core
electron into an unoccupied valence state can result in the same core excited state
in case of covalent interface interaction with substrate-adsorbate charger transfer.
In the following it will be shown that the lowest core excited state in the core level
and NEXAFS spectra have the same energy for the investigated monolayer films,
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which indicates that the interface interaction plays a significant role. Moreover,
the assignment of the satellite and main peaks to the respective charge transfer
states will be discussed in this context. Furthermore, the formalism which has
been described in section 4.1.3 will be discussed with respect to the PES data.
Additionally, the metallic character of the satellite structure in the core level data
of the PTCDA /Ag(111) and PTCDI/Ag(111) monolayer film will be discussed to-
gether with the loss of the fine structure in the NEXAFS spectra of the monolayer
films compared to the multilayer data.

4.4.1 Comparison of photoelectron and NEXAFS spectra

It was demonstrated in section 4.1.4 that charge transfer satellites are also relevant
for the NEXAFS spectra. In particular it was shown that in case of charge transfer
satellites in the core level spectra due to adsorbate—substrate coupling the dipole
matrix element for a direct electronic (NEXAFS) transition into the respective core
excited eigenstates can be finite. As a result satellite excitations can appear in the
NEXAFS spectra as well. As the lowest unoccupied molecular orbitals of the inves-
tigated molecules are of m—symmetry, the dipole matrix element for the electronic
transition of a core electron into the EMOs is large. It can therefore be expected
that the electronic coupling of the relevant molecular orbitals with the distribution
of substrate states leads to significant charge transfer satellite contributions in the
NEXAFS as it is depicted in Fig. 4.4. Furthermore, it has been demonstrated that
the energy position of the respective contributions and eigenstates, respectively, is
identical in the core level and in the NEXAFS spectra, but their relative intensities
can vary considerably.

In Fig. 4.17 (a) the C K-NEXAFS and the C 1s spectrum of a PTCDA/Ag(111)
multilayer and monolayer film are compared as well as the respective data of the
PTCDI/Ag(111) and the BTCDI/Ag(111) monolayer film. Additionally, the O 1s
and the O K-NEXAFS signal of the PTCDA/Ag(111) multilayer and monolayer
film are plotted in (b), and the N 1s spectrum of the BTCDI/Ag(111) sub-ML film
as well as the N K-NEXAFS of the BTCDI/Ag(111) multilayer film are shown in
(c). The energy position of the energetically lowest contribution to the respective
signal can be estimated by determining the onset with straight lines, as it is in-
diciated in Fig. 4.17. Accordingly, the onset of the C 1s signal for the PTCDA
multilayer film in Fig. 4.17 (a) is located 0.5 eV above the onset of the C K-
NEXAFS signal at 283.3 eV. Additionally, the low—energy onset in the O 1s data
in (b) is located 0.9 €V above the O K-NEXAFS onset at 530.1 eV. According to
the discussion above this indicates that for the PTCDA multilayer film the best
relaxed core excited ¢! LEMO™! state has a significantly lower energy than the
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Figure 4.17: (a) C 1s PES and C K-NEXAFS spectrum for the PTCDA/Ag(111)
multilayer and monolayer film on Ag(111), as well as for the PTCDI monolayer
film and the BTCDI sub-ML film. (b) O 1s PES and O K-NEXAFS data for
the PTCDA monolayer and multilayer film. (c) N 1s spectrum for the BTCDI
sub—ML film and the spectrum for the BTCDI multilayer N K-NEXAFS, where
the LEMO signal might originate from the first ML.
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best relaxed core ionized (c™') state. This implies that the core hole lowers the
energy of previously unoccupied molecular orbitals so that the LEMO is pulled
below the Fermi level which implies Upyaoc > €rupmo according to the notation
in section 4.1. Note that this is observed for all PTCDI, BTCDI and BTCDA
multilayer data except for the N K-NEXAFS, where electronic transitions into the
LEMO are symmetry forbidden.

For the PTCDA /Ag(111) monolayer the leading edge of the C 1s signal with lowest
binding energy in Fig. 4.17 (a) is located at the same energy as the onset of the C K-
NEXAFS. The same applies for the O 1s and O K-NEXAFS data. According to the
previous discussion this implies that the signals at the lowest energy in the PES and
in the NEXAFS spectra correspond to the same core excited eigenstate. Therefore
this is an indication of covalent interface interaction with significant substrate—
adsorbate charge transfer. As the energy position of the onset in the NEXAFS
data from the monolayer film is very similar to that of the multilayer film, it can be
assumed that the respective core excited eigenstate has considerable ¢! LEMO™!
character. Consequently, the coincidence of the leading edge of the core level and
the NEXAF'S signal suggests the scenario that the core hole pulls the LEMO below
the Fermi level and in case of core ionization negative charge is transferred from
the substrate to the core excited molecule.

Furthermore, the double peak signature in the perylene contribution to the C 1s
spectrum of the PTCDA /Ag(111) monolayer might be due to charge transfer satel-
lite excitations. Then the low energy peak at Ep = 284.0 eV could be attributed
to the well relaxed main line with considerable ¢ '!LEMO™ character and the
peak at Ep = 284.5 eV corresponds to satellite excitations. — It is an interesting
aspect that the satellite energy is similar to the maximum of the perylene contri-
bution in the C 1s spectrum of a 1 ML PTCDA/Au(111) film, where the PTCDA
molecules are physisorbed and no charge transfer satellites occur. [126] This may be
an indication that the signal at Ep = 284.5 €V can be associated with ¢ ' LEMO°
character.

The O 1s spectrum of the PTCDA/Ag(111) monolayer film can be interpreted
analoguously. Accordingly, the signal at Eg = 530.6 eV from the terminal oxygen
species can also be related to substrate-adsorbate charge transfer. The fact that
only one prominent peak is observed for each oxygen species can be attributed to the
formation of molecule-substrate hybrid states, which contribute significantly to the
electronic relaxation in the core excited state as has been discussed in sections 4.1.5
and 4.3.

A similar agreement of the energy position of the leading edge in the C 1s and the
C K-NEXAFS spectrum can be observed for the PTCDI/Ag(111) monolayer film
in Fig. 4.17 (a). However, the situation is different for the respective data of the
BTCDI/Ag(111) monolayer film. Despite the poor statistics of the C K-NEXAFS
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spectrum one can see that the maximum of the first feature in the C 1s spectrum
is located at the trailing edge of the first NEXAFS peak and the C 1s signal has
only little spectral weight at energies close to the onset in the NEXAFS spectrum.
Consequently, the low energy tail of the first feature in the C 1s spectrum of the
BTCDI/Ag(111) monolayer film can be attributed to well relaxed core excited
states and the peak maximum to higher excited states.

In this context the differences in the signature of the first peak in the C 1s data in
Fig. 4.14 can be understood. As the interface interaction is weaker and less covalent
for the BTCDA and BTCDI monolayer film only little spectral weight is on the well
relaxed excited states and most weight is on the higher excited states. Whereas
for the PTCDA and PTCDI monolayer film the interface interaction is stronger,
and consequently the probability for charge transfer is higher, which shifts spectral
weight to lower binding energy.

In Fig. 4.17 (c) the N 1s spectrum of the BTCDI/Ag(111) monolayer film is com-
pared to the N K-NEXAFS data of the BTCDI multilayer film. It was pointed out
in section 4.2.3 that it cannot be completely ruled out that the NEXAFS signal
at 399 eV, which is due to transitions into the LEMO, originates from the first
monolayer. Apart from that, it can be assumed that for the sub-ML film the onset
of the signal from transitions into the LEMO is located at similar energy as for
the multilayer film, similar to the finding for the PTCDA and PTCDI NEXAFS
data. The comparison of the N K-NEXAFS signal of the multilayer with the N 1s
monolayer signal shows that the leading edge of the first feature is located at the
same energy in both spectra. This suggests that the first peak in the N 1s spec-
trum at Ep = 398.4 €V can be associated with significant charge transfer from the
substrate to the adsorbate and considerable ¢c"!LEMO™! character and the satel-
lite peak at Ep = 399.9 eV with less charge transfer and considerable ¢™*LEMQO°
character.

Consequently it can be shown by a comparison of core level PES and NEXAFS
data that the covalent interaction at the molecule—metal interface can lead to
charge—transfer satellites in the core level photoelectron spectra. For the stud-
ied molecular thin films the main line can be associated predominantly with charge
transfer from the substrate to the adsorbate in contrast to the satellites which
can be associated with little charge transfer. Furthermore, the data implies for
the parameters in the formalism for charge transfer satellites in section 4.1 that

Urumo e > €Lumo-
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4.4.2 Analysis of charge transfer satellites

In the formalism for substrate-adsorbate charge transfer satellites in section 4.1
the eigenstates of the system are considered for a two—fold basis set for simplic-
ity, which consists of the wave functions for two different electronic configurations.
Consequently the electronic relaxation is neglected, particulary the influence of the
adsorbate—substrate hybrid states. The satellite intensity depends only on the ad-
mixture of the respective configurations in the ground state and in the core excited
state. It was also pointed out that not only two configurations are relevant for
molecules, as in the example in section 4.1, but several. However, in the simplest
approach for the molecule—substrate interface the two most relevant configurations
are the ground state configuration and that, where an additional electron is trans-
ferred into the LUMO. This approach may be sufficient to first order because the
most prominent contributions to the monolayer spectra which are associated with
charge transfer satellites have a double peak structure as it would be the case for a
two—configuration scenario. Consequently, the intensity ratio and the energy sepa-
ration of the satellite and the main peak can be evaluated with respect to (4.20),
(4.18) and (4.19), which provides information on the configuration mixing and the
charge transfer energy Ap .

The respective formalism is strictly applied to all core level signals and the corre-
sponding parameters are listed in Tab. 4.1, e.g. the energy position of the satellite
and the main peak. The difference in the mixing parameter of the wave functions
for the two configurations ¢ — 6 is estimated with relation (4.20) from the inten-
sity ratio Is/I,,, where the peak areas were determined by a peak fit analysis (see
also appendiz B). As the charge transfer energies are Acr > 0 and Al < 0 the
range for 0 and ¢ is 0° < 6 < 45° and 45° < 0’ < 90°, respectively. From a
comparison of # — @ for different charge transfer satellites for the same molecular
film the range of 6 and ¢ can be narrowed down. Moreover, the charge transfer
energy A, and the off-diagonal element 7" of the Hamiltonian can be estimated
from the energy separation of the satellite and the main peak using the relations
(4.18) and (4.19). As it cannot be distinguished between the satellite and the main
line in the O 1s spectra of the PTCDA and PTCDI monolayer film, as discussed
in section 4.3, only the energy position of the main line is given. Furthermore,
the parameters for the Cq 1s signal of PTCDA and PTCDI in Tab. 4.1 are based
on the speculation that the double peak signature in the C 1s contribution of the
perylene ring is related to charge transfer satellite excitations. Moreover, the in-
tensity ratio of the Cy contribution to the C 1s spectrum of the BTCDI monolayer
film can only be roughly estimated because the signal from the Cy carbon species
at Egp = 287.5 eV overlaps with contributions from the Cg carbon species. The
same can be assumed for the Cy contribution to the C 1s spectrum of the BTCDA
monolayer film.
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Monolayer level — Ey(eV) En(eV) AEg, (V) I/, 0 —0 0 o' ALy (eV) T (eV)

PTCDI Cels 2845 284.0 0.5 0.8—-1 42°-45° 45° < ¢’ < 59° —0.24 < ALp <0 022 <T<0.25
N 1s 399.5 397.9 1.6 17 76° 0°< 0 <14° 76° <@ <90° —1.60<ALp<-141 0<T<0.38
O 1s - ~ 530.5 - - -

PTCDA Ce1s 2845 284.0 0.5 0.5-0.75 35°—41° £ <8 45° < 0" < 86° —0.50 < App <0 0.03 <7 <0.25
O 1s - ~ 530.6 - - -

BTCDI Ce 1s  284.8 284.0 0.8 > 7 > 69° 82° <0 <90° —0.80 <ALp<—-0.77 0<T<0.11
Cy 1s  288.6 287.5 1.1 > 04 > 32° 13° < § < 21° 45° < 0" < 53° —0.30 < App <0 0.53 < T <0.55
N 1s 399.9 398.4 1.5 1.7 53° 66° <0 <74° —1.27T < ALp <—1.00 0.40 <T < 0.56
O 1s 531.7 531.0 0.7 0.8 42° 55° <0 <63° —041 <ALy <024 028<7T<0.33

BTCDA Ce1s 2851 284.1 1.0 11 73° 73° <0 <86° —0.99 < ALy < —083 0.07<7T <0.28
Co1s  289.0 287.3 1.7 >3 > 60° 0 < 13° 60° <0 <73° —141 < ALp < —-0.85 048 <T <0.74
Op1s  534.0 > 20 > T7° T <0 < 90°
O 1s 532.7 531.1 1.6 2 55° 55° < 0 < 68° —1.15 < ALy < —0.55 0.56 <T <0.75

Table 4.1: Parameters for the formalism for charge transfer satellites in section 4.1
for PTCDI, PTCDA, BTCDI and BTCDA monolayer films on Ag(111). It is
indicated from the left to the right: The core level, the energy position of the
satellite E5 and the main peak E,, together with the respective energy difference
AFE,, and the intensity ration I;/I,, from the peak areas according to a peak
fit analysis (see also appendiz B). The difference in configuration mixing 6’ — 6
was calculated with relation (4.20) where 0° < 6 < 45° and 45° < 6" < 90°.
From the comparison of 6/ — @ for different core levels the range of 6 and 6’
can be narrowed down, respectively. The charge transfer energy Af., and the
off-diagonal element T of the Hamiltonian can be estimated from 6’ using the
relations (4.18) and (4.19).
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Configuration mixing for the main peak in the BTCDI spectra
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Figure 4.18: Configuration mixing for the main peak of different core level signals
from the BTCDI sub-ML films. The contribution of the ground state config-
uration < ngs > = cos? @’ to the eigenstate which is related to the main peak
is plotted over the charge transfer energy Aj, for the minimum and maximum
values given in Tab. 4.1. See the text for more details.

Tab. 4.1 shows that # is small in the ground state and consequently the config-
urations are mixed very little. It has been pointed out in section 4.1.5 that this
indicates that Acr is significantly larger than the hybridization energy A due to
the substrate-adsorbate coupling. Furthermore, one can even assume that for all
monolayer films the mixing parameter 6 is close to its lower limit. For the core
excited states values for ' — 45° can be found. Consequently, the configuration
mixing can be large, e.g. for the C¢ 1s signal from the PTCDI and PTCDA mono-
layer film and for the N 1s and O 1s signal of the BTCDI and BTCDA monolayer
film, respectively. Moreover, one finds for this data that ' — 45° for A, — 0.
Additionally, 8/ — 90° for large values of Al between 1 and 2 eV, as it is the
case for the N 1s signal of PTCDI and BTCDI and the C 1s signal of BTCDA.
Consequently, the parameters are consistent so far.

For the BTCDI monolayer film the interrelation between the configuration mixing
and the charge transfer energy Al is also shown in Fig. 4.18. The contribution of
the ground state configuration < ny, >= cos?#’ to the eigenstate which is related
to the main peak is plotted over A, for the minimum and maximum values of
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Tab. 4.1. Accordingly, the configuration mixing decreases clearly with increasing
Afp. Consequently, the further the core hole pulls the density distribution of
unoccupied adsorbate states below the Fermi level, the larger is the charge transfer
energy A, and the smaller is the configuration mixing and the contribution from
the main line to the signal. Furthermore, the decrease in < n,, > allows to estimate
roughly the coupling parameter A as it was discussed in section 4.1.2. If the
interaction of the LEMO with the substrate states induces a density distribution of
adsorbate states of Lorentzian shape then relation (4.6) holds and < n,, > should
decrease with larger A, according to

1 Abr
< g >= — arctan (T) +0.5. (4.25)
In Fig. 4.18 an example curve is plotted for A = 0.45. It fits to the data, except
for the Co 1s data points Acr = —0.77 eV and -0.80 eV, respectively. However,
considering that for the PTCDA and the PTCDI monolayer film the HOMO and
the partially occupied LUMO peak in Fig. 4.5 and 4.7 resemble to first approxima-
tion a Gaussian instead of a Lorentzian function, the appropriate relation for the
configuration mixing is

1 VIn2 A
< Ngs >= §erf (%) +0.5 (4.26)

instead of relation (4.25). The respective curve is also indicated in Fig. 4.18 for
A = 0.6 eV, which is reasonable with respect to the fact that in the valence data in
Fig. 4.5 and 4.7 the LUMO width is of the order of HWHM = 0.5 eV. It agrees well
with the BTCDI data points except for those of the N 1s signal. The exceptional
role of the N 1s data becomes even more evident in Fig. 4.19, where the coupling
parameter 7', which corresponds to the off-diagonal element of the Hamiltonian
H in (4.10), is plotted over the charge transfer energy Aj,. According to relation
(4.18) one expects that T" decreases with decreasing configuration mixing and conse-
quently with increasing charge transfer energy Af,.. Moreover, Fig. 4.19 shows that
exactly this trend is observed for the C 1s and O 1s signal, so that it can be assumed
that 7" decreases from 7"~ 0.6 eV for A,y =0eV to T ~0eV Alp = —1.0 eV.
However, the values for the N 1s satellites are significantly off, so that for a com-
paratively large charge transfer energy Af, considerable configuration mixing is
implied. These deviations indicate the limits of this simple model, which takes only
two electronic configurations into account and neglects the electronic relaxation of
the core excited states and the resulting chemical shifts and intensity modifications
as it has already been pointed out in section 4.1.5.
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Chapter 4 Charge transfer satellites at metal-organic interfaces

Coupling parameter 7 for the BTCDI monolayer film
—_—
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Figure 4.19: The values of the coupling parameter 7" in Tab. 4.1 for the BTCDI
sub—ML film, which corresponds to the off-diagonal element of the Hamiltonian
H, are plotted over the charge transfer energy Af,. Note that for each core
level two data points are indicated, which correspond to the minimum and the
maximum value of 7', respectively.

Accordingly, not only one particular unoccupied molecular state may be relevant
for the charge transfer at the molecule-substrate interface but several, which im-
plies then the mixing of these electronic configurations. This may for example be
relevant for the N 1s spectrum of the BTCDI monolayer film, where the satellite
contribution has a similar energy as the contribution in the N K-NEXAFS which
corresponds to direct electronic transitions into the LEMO-+1. Furthermore, it
has been shown in chapter 3 that the electronic relaxation can be different for dif-
ferent core excited states, e.g. ¢ 'LEMO® and ¢ 'LEMO™ due to many—body
effects. The reorganization of adsorbate—substrate hybrid orbitals can contribute
significantly to the electronic relaxation and to differential energy shifts between
the satellite and the main line, respectively, and it can also influence the relative
intensities. Bagus et al. for example showed very recently that these effects are
in particular relevant for the CeO, transition metal complex, where the covalent
interaction between the metal and the ligand atoms has considerable influence on
the charge transfer satellites. [130,131] These effects need be taken into account for
covalent adsorbate—substrate interaction as well. Moreover, they can be differently
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4.4 Covalent molecule—metal interaction

distinct, depending on the covalent character of the interface interaction and the
core hole site. This is supported by the BTCDA data in Fig. B.4 and B.5 where
a deviation of the charge transfer parameters for the O 1s and Cp 1s signal is ob-
served, similar to what is found for the N 1s signal of the BTCDI sub-ML film.
This indicates that the covalent interface interaction plays a significant role for the
respective charge transfer satellites.

In this context there are indications that the covalent character of the interface
interaction is larger for the PTCDA and PTCDI monolayer films than for the
BTCDA and BTCDI sub-ML films. The charge transfer satellite and the main
peak cannot be separated in the O 1s spectra of the PTCDA and PTCDI monolayer
films but each core level contributes to a single peak as it has been pointed out in
section 4.3 whereas in the O 1s spectrum for the BTCDA monolayer film the charge
transfer satellite from the terminal oxygen is significantly separated from the main
line and a significant asymmetry can be observed in the O 1s peak for the BTCDI
monolayer film.

4.4.3 Metallic character in the core level and NEXAFS spectra

It has been discussed that the satellite structures in the core level spectra of the
monolayer films are significantly broadened and washed out with respect to the
multilayer data. Particularly for the PTCDA and the PTCDI monolayer film a
broad tail is observed above the main peaks, which is typical for metallic character,
in contrast to the satellite structure in the multilayer data, e.g. see the O 1s data
in Fig. 4.5 and 4.7. This can be understood within the framework of the Anderson
model. Due to the covalent adsorbate-substrate coupling the originally discrete
molecular levels contribute to a density of adsorbate—substrate states pqs(€) as it
is demonstrated in Fig. 4.3. Hence, it cannot be distinguished between shake-up
and charge transfer satellites, but both are interrelated. Therefore, it is straight-
forward that the satellite structure is broadened significantly for the monolayer
films, and the continuous loss feature above the main peaks in the spectra of the
monolayer PTCDA and PTCDI films, which is typical for metallic solids is not
surprising. [88,175-178| The appearance of this continuous tail indicates that the
electronic coupling between the molecular states and the density of valence states
distribution of the substrate is comparatively strong, which implies considerably
covalent interface interaction.

Furthermore, the adsorbate—substrate interaction leads to chemical shifts, to broad-
ening and to a loss of fine structure in the NEXAFS spectra. The simplified model
of the interface interaction in section 4.1 gives an idea about the relevant effects.
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Chapter 4 Charge transfer satellites at metal-organic interfaces

Moreover, it has been shown in section 4.1./ that the configuration mixing ap-
proach, which models the charge transfer satellites in the PES data sufficiently
well, also predicts satellite contributions to the NEXAFS. As many different elec-
tronic transitions contribute to the NEXAFS signal and overlap in energy, the
various satellites cannot be resolved but lead to broad NEXAFS structures. Fur-
thermore, it has been pointed out in section 4.1.5 that the configuration mixing
involves not only the electronic wave function but that it also leads to the mixing
of vibronic states because of electron—vibration coupling. This implies an addi-
tional loss of vibronic fine structure compared to the NEXAFS of multilayer films.
Consequently it can be understood that the NEXAFS of the PTCDI and PTCDA
monolayer films is modified more with respect to the multilayer films than in case
of BTCDI, where the covalent interface interaction is weaker than for the perylene
derivatives.

4.5 Summary & Conclusion

Different molecular thin films have been investigated systematically with core level
PES and NEXAFS spectroscopy in particular with respect to the adsorbate—substrate
interaction. The interaction between organic molecules and the Ag(111) substrate
is known generally to be of intermediate strength, in between that for Au and
Cu substrates. Nevertheless, strong differences are observed between the mono-
layer and the multilayer data which are beyond what is commonly understood as
a chemical shift. In particular multi peak signatures are observed in the N 1s and
C 1s spectra which cannot be explained by effects in the ground state. Moreover,
it can be shown that these multi peak features can be attributed to satellites which
involve substrate-adsorbate charge transfer, similar to the charge transfer satellite
excitations in transition metal complexes or for CO and Ny adsorbed on transition
metal and noble metal surfaces.

Furthermore, the interface interaction can be described by the single impurity An-
derson model where electronic coupling between a single adsorbate level and the
substrate DOS is taken into account, and electronic relaxation upon core hole cre-
ation is neglected. Accordingly, a density of adsorbate—substrate states is formed
for finite coupling. Moreover, a distribution of previously unoccupied electronic
states can be pulled below the Fermi level upon core hole creation by the Coulomb
interaction with the core hole. Consequently, these states can be occupied by charge
transfer from the substrate which leads to core excited states of different energy.
Moreover, it is shown that it depends on the energy position of this DOS distribu-
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4.5 Summary & Conclusion

tion with respect to the Fermi level whether it is completely or partially occupied
by charge transfer, or unoccupied, respectively.

In a further simplification this scenario can be described by a formalism developed
by Sawatzky et al. for transition metal compounds, which is an alternative to the
Gunnarsson and Schénhammer approach. Due to its simplicity it illustrates the
charge transfer mechanism and it improves the understanding of the interface in-
teraction. It even allows to obtain model parameters directly from the PES data.
The core excited states are described by the mixing of only two molecular config-
urations, namely that for no and that for one electron being transferred onto the
adsorbate, respectively. Consequently, the relative intensities of the main and the
satellite peak can be obtained from the overlap of the ground state configuration
with that of the core excited states, which simply corresponds to the contribution
of the no—charge-transfer configuration to the excited state. It is demonstrated
that this model cannot only describe the influence of the interface interaction qual-
itatively, but that it even allows to deduce direct information from the PES data,
e.g. the charge transfer energy, the strength of the configuration mixing and a pa-
rameter for the coupling strength. Despite the above described approximations the
respective values are in a reasonable range, e.g. the parameter for the interaction
strength indicates a width for the distribution of adsorbate—substrate states which
is in agreement with the width of the partially occupied LUMO derived DOS of the
PTCDA and PTCDI monolayer films. Therefore, the discussed approach can pro-
vide even a semiquantitative estimate of the relevant parameters for the interface
interaction.

Moreover, significant deviations of the coupling parameters from the expected
trends are observed for some core level data. This indicates the limits of the ap-
plied model. Particularly for molecules several unoccupied molecular electronic
states may be of interest, which implies that the mixing of not only two but several
configurations needs to be considered. Furthermore, the adsorbate—substrate hy-
brid orbitals contribute significantly to the electronic relaxation in the core excited
state, which results in chemical shifts and modifies the relative intensities of the
satellite and main lines. The relaxation of the respective orbitals also contributes
to the substrate-adsorbate charge transfer. This effect can be so strong that the
model described above breaks down and only one single peak is observed in the re-
spective core level spectra instead of a satellite and a main peak. Therefore charge
transfer satellites could only be identified for covalent adsorbate—substrate inter-
action of intermediate strength — strong enough that charge transfer occurs, and
weak enough that the adsorbate—substrate hybrid orbitals contribute only little to
the electronic relaxation.

Furthermore, the validity of this model implies that core excitations at such adsorbate—
substrate interfaces cannot be understood in the single particle picture but only in
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Chapter 4 Charge transfer satellites at metal-organic interfaces

the framework of clear many—body excitations. This becomes particularly evident
in core level PES by the fact that the shake—up satellite structure which is observed
for the multilayer film is strongly washed out, and broad high—energy tails are ob-
served, which are typical for metallic character. This is a further indication for the
many-body character, because it shows that both, shake—up and charge transfer
satellite excitations, are interrelated. The many—body excitations are also evident
in the NEXAFS data of the monolayer films. For PTCDA and PTCDI, for example,
the signature is completely changed and the sharp fine structure which is observed
in the multilayer NEXAFS is completely washed out in the monolayer spectra. The
modification of the general spectral signature and the broadening can be explained
by chemical shifts and charge transfer satellite contributions in the NEXAFS, sim-
ilar to what is observed in core level PES. The loss of vibronic fine structure can
be attributed to configuration mixing, which also involves the vibronic states due
to electron—vibration coupling. Note that a modification of the life time of the ex-
cited states due to the interface interaction may also be relevant. Altogether these
many-body effects can lead to strong modifications in the NEXAFS with respect
to the multilayer data.

Consequently, the interpretation of the data is not straightforward due of the break
down of the single particle picture in case of significant covalent adsorbate-substrate
interaction. The same holds for electronic transitions in NEXAFS spectroscopy.
However, comprehensive quantum chemical calculations of high quality and sys-
tematic comparison data from different interfaces can help in analyzing and inter-
preting such data in detail. Moreover, the many-body character of the core excited
states has also implications for the various decay channels. It can be expected that
it is also reflected in the Auger and fluorescence decay as well. Furthermore, it
can be interesting to study these many—body effects in the time domain. In this
context RIXS and resonant Auger spectroscopy can provide important information
for the understanding of the interaction at adsorbate-substrate interfaces as it will
be demonstrated in chapter 5.
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Resonant Auger Raman spectroscopy of
metal-organic interfaces

The results of the previous chapters demonstrated that PES and NEXAFS spec-
troscopy are powerful techniques for studying the electronic properties of surfaces
and interfaces. The decay of core excited states can provide additional site specific
information about the electronic structure. In this context two decay channels are
of interest, namely fluorescence and Auger decay, which correspond to the emission
of a photon or an electron, respectively. In case of light elements and shallow core
levels the cross section for Auger decay is considerably larger than for fluorescence
decay. Additionally, the relatively short electron mean free path leads to high sur-
face sensitivity compared to the fluorescence signal. Therefore, Auger electron spec-
troscopy (AES) is the method of choice for studying thin adsorbate films of organic
molecules. It has been successfully applied for studying the composition of molec-
ular thin films and their electronic structure. [179-181]

Moreover, for many materials x-ray emission and Auger electron spectroscopy show
a dependence on the excitation energy, particularly for energies close to an absorp-
tion edge, where core electrons can be excited into different unoccupied bound
states. This photon energy dependence is made of use by resonant inelastic x-
ray scattering (RIXS) spectroscopy, and resonant PES and AES, which have been
established during the last decades due to the development of high brilliance syn-
chrotron beamlines. The dependence of the emission spectra on the excitation
energy can provide further information about the electronic structure. The branch-
ing ratio of the various decay channels, for example, can vary with the excitation
energy as well as the life time of the core excited state, which can lead to sophis-
ticated interference effects as it is briefly discussed in section 5.1.1. These effects
can even provide access to dynamic aspects which occur on the fs time scale during
the life time of the core excited state, e.g. atomic motions which couple to the
electronic structure and charge transfer phenomena. [182-186| In this context this
method is often referred to as core hole clock spectroscopy. It has the advantage
of site specific excitations in contrast to laser based pump—probe experiments with
visible light. [187,188] This can provide valuable information about the electronic
structure, e.g. about the localization and symmetry of valence states. [189-193|
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Chapter 5 Resonant Auger Raman spectroscopy of metal-organic interfaces

These aspects are particularly interesting when studying adsorbate layers, inter-
faces and surfaces. During recent decades the adsorbate-substrate interaction has
predominantly been studied for “simple” model systems consisting of atomic or small
molecular adsorbates [194-198|. The following investigation will focus on thin film
model systems of organic dye molecules and organic—metal interfaces which are
considered to be of interest for various applications.

The interest in phthalocyanines as catalyst and as dye molecule for applications in
OLEDs and organic solar cells has driven research on these molecules with respect
to applications and fundamental aspects. [199-204] In this context the electronic
and structural properties of phthalocyanine thin films are of interest with respect
to the bulk, organic—metal interfaces and organic—organic interfaces. Moreover, it
has been shown that well ordered thin films can be prepared from these molecules
which allows to study their structural, optical, and electronic properties in detail.
[205-220] However, RIXS and photon energy dependent AES investigations have
been comparatively scarce on molecular thin films. [221-224| Furthermore, as tin—
phthalocyanine (SnPc) thin films deposited on a Ag(111) surface have been well
characterized with low energy electron diffraction, x-ray standing wave method and
PES, |214, 225, A4] such molecular films are suitable model systems for studying
the properties of bulk, organic-metal interfaces and organic—organic interfaces. All
three aspects are addressed in this chapter by means of NEXAFS spectroscopy and
resonant AES.

The comparison of the core level PES and NEXAFS data in section 5.2.1 indicates
that the adsorbate—substrate interaction is so strong that many-body excitations
involving adsorbate—substrate charge transfer play a significant role. It is expected
that these effects are also significant in the photon energy dependent AES data.
Their spectral features can be identified when comparing data between different
molecular adsorbate films, where these effects are absent or dominant, respectively.
Therefore a SnPc/Ag(111) multilayer film will be investigated at first, for which
the intermolecular interaction is considerably weaker than the adsorbate—substrate
coupling. Secondly, a SnPc/Ag(111) monolayer film will be studied and systematic
differences to the multilayer data will be discussed with respect to many—body exci-
tations involving substrate-adsorbate charge transfer. Moreover, some implications
of many-body effects will be discussed in section 5.4 with respect to the common
tunneling approach of the adsorbate-substrate charge transfer, in which the inten-
sity of certain spectral features is directly related to an average tunneling probability
and charge transfer time, respectively. [183-186]

Thirdly, the influence of the interface interaction on the second adsorbate layer will
be addressed. Therefore a hetero-molecular adsorbate film will be studied, where
1 ML SnPc is deposited on top of a PTCDA/Ag(111) monolayer film. Recent PES
and NEXAFS investigations have shown that well defined thin films can be prepared
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with SnPc forming a wetting layer on top of the PTCDA monolayer. [226, A6] Ad-
ditionally, the SnPc contribution to the valence and C K-NEXAF'S spectra can be
clearly distinguished from the PTCDA signal making the interpretation of the au-
toionization spectra easier than for a 2 ML SnPc¢/Ag(111) film, for which the signal
from the first and the second monolayer is very similar. Furthermore, recent PES
investigations of this hetero-molecular thin film indicate a rigid level shift of 0.4 eV
to lower binding energy for the SnPc monolayer on top of the PTCDA/Ag(111)
monolayer film with respect to the SnPc/Ag(111) multilayer film. [A6,A7] A com-
parison of the photon energy dependent AES data of the hetero-molecular film to
that of the SnPc/Ag(111) multilayer and that of the monolayer film can provide
further information about the influence of the interface interaction on the second
monolayer.

5.1 Some aspects of core excitation and de—excitation

Some fundamental aspects of resonant AES will be introduced briefly in the fol-
lowing as far as they are relevant to the discussion of the data in section 5.2. It
has already been mentioned above that interference effects between different tran-
sition amplitudes can alter the spectra considerably. Therefore the conditions for
which these effects are relevant will be discussed briefly in section 5.1.1. After-
wards, a time—dependent description of the autoionization spectra is introduced in
section 5.1.2, which improves the understanding of dynamic aspects as electron—
vibration coupling in section 5.1.3. Moreover, different excitation and decay chan-
nels will be introduced in section 5.1.4 in a simplified view. Finally, it is shown
in section 5.1.5 and 5.1.6 that resonant excitation can enhance CIS valence sig-
nals. This offers the possibility of studying satellites in the valence band spectra,
which are typically very weak for organic films. This is particularly of interest when
studying interface interaction.

5.1.1 Resonant Photoelectron spectroscopy versus resonant Auger spec-
troscopy

Electronic states of atoms and molecules are usually classified in terms of electronic
configurations, according to the independent—particle approximation. Particularly
the actual (stationary) states may be represented by a linear combination of differ-
ent electronic configurations, e.g. when modeling the charge transfer satellites in
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section 4.1.3 the respective electronic states have been expressed by a linear combi-
nation of two different electronic configurations. Configuration mixing is important
for the phenomenon of autoionization as well. In this context one needs to consider
the mixing of a discrete configuration with a continuum of configurations, e.g. in
case of resonant photoemission the mixing of one final state configuration, which is
discrete in photon energy, with the continuous spectral configurations of direct pho-
toemission channels. According to the formalism developed by Fano and Rice such
a scenario leads to interference effects between the various spectrum configurations,
which results in asymmetric line shapes because of destructive and constructive in-
terference in case of strong configuration mixing. Only the crucial relations for the
description of such Fano profiles will be briefly discussed in the following, and it is
referred to [227-229| for more details.

We consider one discrete state ¢ and the unperturbed continuum states ¥g. The
elements of the energy matrix are

(plHlp) = E, (5.1)
(Ve |Hlp) = Vp .
(Ypr|Hlpp) = E'6(E" - E) (5.3)

with the coupling parameter Vg/. The eigenvectors can be written as a linear com-
bination of the discrete state and the continuous states.

\I’E = CLQO—F/dE/ bE/Q/JE/ (54)

Vb
FE—F

o = <p+P/dE’ (5.5)

Consequently, the continuum states are modified by an admixture of the discrete
state ¢ and vice versa. Then the ratio of the transition probabilities between
electron transitions from the initial state ¢ into the (continuous) eigenstates Vg
and transitions into the unperturbed continuum states ¢r can be expressed as a
function of energy e

(We|T10)]" _ (g+¢)?
((elT)[F 1+

(5.6)

= 2IT)

= TV (osITTY) 5.7)
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Figure 5.1: Fano profiles for the parameter ¢ = 0.1, 1.0, 5 and 20. Additionally a
Lorentzian profile is plotted which is equivalent to g — oco.

with 7" being the appropriate transition operator. [229| The parameter ¢ depends on
the coupling parameter Vg for the strength of the configuration mixing and the ra-
tio between the amplitudes of transitions into the discrete spectrum configuration ®
and transitions into the unperturbed continuum states ¢ .

Some Fano profiles are plotted in Fig. 5.1 for different values of the parameter ¢q. For
small ¢ the Fano profile is very asymmetric while it resembles a Lorentzian profile
for large ¢q. This asymmetry can be understood when considering the amplitude of
transitions into the eigenstate Vg from relation (5.4):

(Ue[T}) = ael10) + [ dE b T (5.8)

One realizes intuitively that interference effects can play an important role for
the superposition of (¢|T'|i) and the continuum of transition amplitudes (¢ g/|7T|7).
These interference effects are large for small values of ¢ and vanish with increasing
q so that the Fano profile results in a Lorentzian profile for ¢ — oo, which becomes
also evident from relation (5.6).

Note that ¢ is small if the transition amplitudes (®|7|i) and (g|T|i) are of the
same order of magnitude and the coupling parameter Vg is sufficiently large. Then
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interference effects appear in the autoionization spectra. Such effects are strong, for
example, when the hole in the core excited state and in the final state is located in
the same electronic shell, so that Coster-Kronig or super Coster-Kronig decays are
dominant, which results in a short life time 7 of the excited state. |33,183,230-235|
As the coupling parameter Vg is directly related to 7, so that |Vg|?* will be large
if the life time is short, the Fano parameter ¢ is small for such quickly decaying
states. Consequently, the interference between the amplitudes of transitions into
the discrete Auger final state and continuous transitions into the direct photoemis-
sion final states will be significant if the transition probabilities of both channels
are comparable. Such a scenario is related to the term resonant PES in the fol-
lowing. Resonant PES of nickel at the M-edge is a typical example for which
Coster-Kronig decay plays an important role. Particularly transitions into the
Ni 3p°3d!° core excited state lead to resonant enhancement of a satellite at 6 eV
higher binding energy with respect to the Ni 3d° main line, which can be predomi-
nantly related to the Ni 3d®4s! configuration. Moreover, analysis of the peak shape
suggests considerable interference effects. [33,91,194] Analogous resonant enhance-
ments of satellites have been studied for other metals as well, e.g. copper, calcium,
manganese, [236-239] alloys [95] and transition metal compounds as CuO, NiO,
V50s3. [86,240-242|

As for the following investigation of organic thin films the core hole is located in
the K-—shell, and in the final state the holes are located in the L-shell, one can as-
sume that the coupling parameter Vg is comparatively small and hence ¢ becomes
comparatively large. This suggests only minor interference between the amplitudes
of the discrete autoionization transition and the continuum of direct photoemission
transitions amplitudes. Hence, it can be assumed that the total signal is just a
superposition of the direct photoemission and the autoionization signal. Another
aspect which supports this assumption is the intensity ratio between the autoion-
ization signal at resonance (¢ = 0) and off resonance. For the data of the SnPc
multilayer film in section 5.2 this ratio is I(e¢ = 0) : Iy ~ 100 which is even higher
than for the profile in Fig. 5.1 where ¢ = 20. Consequently, the interference effects
discussed above can be neglected for the following investigation. Hence, the total
transition probability Pry can be considered as superposition of the transition prob-
ability of direct photoemission and that of the Auger like autoionization process,
which can be described as photon scattering event according to Kramers—Heisenberg
relation. [243]

~ (e vl + [ A | )0 Bk 60
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Here D is the dipole operator and O, is the Coulomb operator. The energies
E,. with x = 0,7, f correspond to the eigenvalues of the system in the ground
state, excited state and the final state. As the autoionization contribution dom-
inates the total photoemission signal, it is sufficient to consider only the matrix
element

|0 k) /f|D| )

It is referred to this scenario as resonant Auger spectroscopy or resonant Auger Ra-
man spectroscopy in case of detuning of the energy of the incident x—ray beam (fiw #
Ex—E;) so that transitions in the Raman regime contribute significantly.

5.1.2 Time-dependent approach

The autoionization spectra can be either interpreted in the energy picture, which
has been introduced above, or in the time—dependent picture. Both are equivalent
to each other and lead to the same result. The combination and comparison of these
two pictures can improve the understanding of the autoionization spectra in this
chapter. Therefore, the time—dependent approach will be introduced here before
discussing aspects like electron—vibration coupling and charge transfer within both
pictures.

5.1.2.1 “Duration time” of the scattering process

One important aspect of the resonant x-ray Raman scattering is its “duration time”.
Principally this is a physical concept which corresponds to the time between absorp-
tion and emission. It has been shown that the duration time can be varied by detun-
ing the photon energy hw of the incident x—ray beam from the energy difference be-
tween the exact eigenstates Ey— E;. [196,244-246] As this is related to modifications
of the emission spectrum, it gives access to dynamical aspects of the excited states
on the time scale of the scattering even, e.g. nuclear and electron dynamics. This
allows to study vibrations, dissociation and charge transfer. The principle aspects
of the duration time of x-ray Raman scattering are briefly discussed in the following
by deducing the correlation time, or duration 7., of the scattering process from the
time-dependent representation of 7';. [196,244-246]

The T matrix (5.10) can be written in the time representation as
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Ty, :/ dt M@=t < £ (1) > (5.11)
0

with some average resonant frequency wy; of the x—ray absorption transition from |7)
to |k) and the state W,;(¢), which is an electro—vibronic wave packet that describes
the time evolution of the initial wave packet |i >. These states are interrelated by
the exact time-dependent retarded Green’s function G = —ie™"(H—h&ri=il)t,

U,(t) = 0.GDli > . (5.12)

Under off-resonant conditions the exponent in (5.11) oscillates strongly if the de-
tuning w — wy; is large and is quickly attenuated when the lifetime broadening I is
large. Consequently, the contribution of this exponent to the integral over time in
(5.11) is small for ¢ # 0 and the main contribution originates from ¢ ~ 0. Then the
matrix element can be written as

Ty =< f|%,;(0) > / dt ePe—wr)t=Txt (5.13)
0

Relation (5.11) shows that a strong correlation of moments of absorption and emis-
sion with the correlation time 7, exists, which is caused by two mechanisms. The
first is the finite lifetime of the core excited state. The correlation, or the delay
time, 7., between absorption and emission cannot exceed the life time 1/T";. The
second is the phase difference between the amplitude of sudden decay and decay
after time t. As strong interference of scattering amplitudes occurs for large times,
it must be t < hlw — Wg;|~!. Therefore

1
Te = \/(w—w_ki)2+f‘i (5.14)

can be interpreted as the correlation time or duration time of the scattering process.
This relation indicates that 7. becomes shorter for large detuning of hw of the
incident photons than the natural lifetime 1 /T, of the core excited state for resonant
excitation.
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Figure 5.2: Schematic representation of dissociation in resonant Auger Raman spec-
troscopy for (a) detuned excitation and short duration time 7., and (b) resonant
excitation and long duration time ..

5.1.2.2 Propagation of wave packets

The physical concept of time-dependent electro—vibronic wave packets and dura-
tion time 7. of the scatter process has already been indicated in section 5.1.2.1.
The dependence of the spectral signature on 7, can be attributed to the time—
dependence of the excited state, namely to the propagation of the electro—vibronic
wave packet W, in time. This illustrative concept allows to describe the photon
energy induced changes in the scattering amplitude by interference suppression of
large time contributions to the scattering amplitude. Particularly for compara-
tively short duration time 7, the scattering amplitude T; can mainly be described
by the wave packet W(¢ = 0), while for comparatively long 7, time contributions
for W(¢ > 0) are also relevant. This is an important relation for the discussions in
this chapter.

The wave packet character of W(t) is shown in [196| by separating the transition
probability T;; from relation (5.11) into a time-dependent and a time-independent
component.
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f|chk (kD)
Tyi(7) ~ const — e~ /)7 E e~ Hw—wii)T (5.15)
- hMw — wy) + i

Accordingly, the wave packet W(t) has contributions from different states |k).
The principal concept can be understood best by considering the dissociation of
molecules upon core excitation as it is illustrated in Fig. 5.2. It was found in
RIXS data and resonant Auger Raman spectra of several molecules, e.g. HCI, H,O
or HyS [196,247-252|, that the spectral signature can be reproduced by a linear
combination of a spectrum for intact and dissociated molecules. The relative inten-
sity of the contribution from intact molecules increased and that from dissociated
molecules decreased when detuning the photon energy hw. This can be directly re-
lated to the propagation of the wave packet as it is illustrated in Fig. 5.2 — small 7.
— short propagation, large 7. — long propagation. A long propagation leads to dis-
sociation for the suggested potential curves in Fig. 5.2. Note that the dynamics of
the wave packet is determined by the group velocity and the phase velocities of the
different Fourier components as discussed in detail in [196]. The effective width A
of the envelope of excited state vibronic levels, for example, can be related to the de-
formation time 7, ~ 1/A of the wave packet. [196,246,253,254] This aspect is illus-
trated in Fig. 5.2 by the broadening of the wave packet.

5.1.3 Electron—vibration coupling

Electron—vibration coupling can broaden the valence, core level and NEXAFS spec-
tra of molecular adsorbates significantly [133,134,204,219] as it has already been
discussed in section 3.1.2 and 4.1.5. Moreover, investigations of electro—vibronic
coupling with resonant Auger Raman spectroscopy and RIXS are subject to current
research. Particularly small molecules have been studied in this context, e.g. CO,
H,0, H,S, ethylene and benzene. [196,198,247,253-257| These investigations show
a strong dependence of the vibronic fine structure on excitation energy, particularly
differences between resonant and off-resonant excitation. These effects can be either
understood in the time-dependent picture or in the energy picture. Both descrip-
tions are equivalent as it will be shown in the following.

5.1.3.1 Time—dependent approach
The vibronic fine structure in the resonant Auger Raman spectra can be under-

stood along the same line of arguments as the dissociation of molecules in sec-
tion 5.1.2.2. This interrelation is illustrated in Fig. 5.3, where harmonic potentials
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Figure 5.3: Schematic representation of vibronic excitations in resonant Auger Ra-
man spectroscopy. (a) Detuned excitation and short duration time 7.. (b)
Resonant excitation and long duration time 7.. The wave packet is indicated
for different times, |¥(t = 0)|? (black) and |¥(t > 0)|? (grey). Each eigenstate
depends on the number of bound electrons IV, and the electronic and vibronic
quantum numbers ¢, k, f and n;,ng,ny of the initial state, core excited state
and final state. Note that decay of the core excited state reduces the number of
bound electrons from N to N — 1.

are assumed for the vibronic states. If the duration of the x—ray scattering process
7. is short compared to the time scale of the propagation of the wave packet W(t),
the scattering amplitude is essentially determined by W(¢ = 0) as it is depicted in
Fig. 5.3 (a). In this case the vibronic fine structure resembles that of the direct
photoemission signal. This is the case for large detuning of the photon energy of
the incident x-rays according to relation (5.14). For resonant excitation the “dura-
tion” of the x—ray scattering becomes longer (7. — 1/T';) so that the propagation
of the wave packet W(¢ > 0) plays a role. This can lead to significant modifica-
tions of the vibronic fine structure compared to that off resonance and that of the
direct photoemission signal. Note that detuning the photon energy at the C K
edge by 1 eV reduces 7. from ~ 7 fs (on resonance) to ~ 0.7 fs with respect to
relation 5.14.
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5.1.3.2 Energy—dependent approach

The time-independent transition matrix 7; (5.10) needs to be considered for the
total wave functions of the electrons and the nuclei (|I), |K), |F)). These wave
functions can be separated into a product of the electronic wave functions (i), |k),
|f)) and the nuclear wave functions (|n;), |ng), [ns)) under the assumption that the
Born-Oppenheimer approximation holds, which yields the Franck-Condon factors
for the various vibronic transitions. Consequently, it is

Z {(F|O:|K) (K| D|I)
hw — EK—E1)+ZFK

_ Z (f,ns|Oclk, ng) (k, ng| D]i, n;)
Eknk — Ezm) + Zrk

kng

= Z ( F10c|k) (k| Dl7) Z o h(ZZLZk>—<7ZZi)>+iFk> , (5.16)

where ) = hw— (Ey— E;+h(wr —w;) /2) corresponds to the detuning of the absorbed
photon hw, and F,, w, and n, are the equilibrium electronic energy, the vibronic
frequency and the vibronic quantum number of the electronic state z = i, k, f.
Note that in the ground state it is n; = 0. If only one particular electronic state |k)
is relevant, the overlap of the vibronic states |n,) will determine the amplitude 7';
of transitions into different vibronic final states |n;). Consequently, the resonant
Auger Raman spectrum is broadened by a vibronic fine structure which is deter-
mined by both, the core excited and the final state. This is the case for resonant
excitation (€ — hwgn, = 0). In case of large detuning compared to the effective
width A of the envelope of excited state vibronic levels (A/|Q2] < 1) the transi-
tion amplitude TY%; is not dominated by one particular vibronic state n; but all n
contribute significantly. [196,246,253,254| Hence, the summation in relation (5.16)
needs to be carried out over all vibronic levels and therefore it is ), |ng) (ng| =~ 1.
The transition amplitude then becomes

: (ng|ni)
| T~ —— 0.17
A/|(12I\2<1 f Q+T ( )

This shows that for large detuning the vibronic fine structure of the resonant Auger
Raman spectra only depends on the Franck-Condon factor (ns|n;) between vibronic
states in the initial and in the final state. Consequently, the vibronic fine structure
resembles that of the direct photoemission signal. It is modified with decreasing
detuning since then the vibronic states |ng) become important for the transition
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Figure 5.4: Schematic illustration of various excitation and decay channels for exci-
tation energies in the soft x—ray regime: (a) photoemission of a valence electron,
(b) photoemission of a core electron, (c) core excitation into a bound unoccupied
state (NEXAFS spectroscopy), (d) participant decay of such a core excited state,
(e) spectator decay of such a core excited state, (f) regular Auger decay after
core ionization. The number of holes and electrons in previously unoccupied
states is indicated additionally.

amplitude Ty;. In the adiabatic limit only one particular state |nj) dominates.
Consequently, considerations in the energy picture agree with those in the time—
dependent picture.

5.1.4 Decay channels for a free atom or molecule

The core excited state can decay via different channels. Fig. 5.4 gives an overview of
various excitation and decay channels for resonant excitation. After photoemission
of a core electron the 1h core excited can be filled by various regular Auger decay
channels, where an electron from an upper shell fills the core hole and kicks out
another electron due to Coulomb interaction as it is indicated in Fig. 5.4 (b) and
(f). Accordingly, the kinetic energy of the Auger signal is independent of the
excitation energy and therefore it is often referred to as constant final state (CFS)
signal. Moreover, a core hole state where a core electron is excited into a previously
unoccupied bound state, as depicted in Fig. 5.4 (c), decays via autoionization. It
is distinguished between (d) participant decay, where the excited electron fills the
core hole and emits another electron, and (e) spectator decay, where the respective
electron is passive (“spectator”). The spectator electron can influence the cross
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section for different decay channels and the kinetic energies of the emitted electron
compared to the regular Auger decay channels. These energy shifts are also known
as spectator shift.

5.1.5 Enhancement of CIS signals in the valence regime

The scheme in Fig. 5.4 illustrates that autoionization can enhance constant initial
state (CIS) signals. Participant decay (Fig. 5.4 (d)), for example, can result in the
same 1h final state as direct photoemission of one valence electron (Fig. 5.4 (a)).
Moreover, the electronic configuration after spectator decay (Fig. 5.4 (e)) matches
that of a shake—up excitation by direct photoemission. Consequently, certain CIS
signals might be enhanced at resonant excitation energies, in analogy to the en-
hancement of the 6 eV satellite with respect to the Ni 3d” peak. [91,194,240,258,259]
The matrix element 7T%; for the respective transitions can be determined from rela-
tion (5.10).

In general it is assumed for organic thin films of 7—conjugated molecules with delo-
calized valence orbitals that the direct photoemission cross section for (shake—up)
satellite excitations is small in the valence regime, so that they do not contribute
significantly to the direct photoemission signal. However, as certain CIS valence
signals can be selectively enhanced by autoionization, such satellites can be inves-
tigated at resonant excitation.

5.1.6 Adsorbate—substrate coupling at a metal surface

The investigation of several organic-metal interfaces in section 4.2 indicated signifi-
cant adsorbate-substrate coupling. Satellite contributions with significantly metal-
lic character were observed, which have been related to many-body excitations
and adsorbate-substrate charge transfer, particularly for the core level spectra of
the PTCDA /Ag(111) and the PTCDI/Ag(111) monolayer films. The fact that no
satellites were found in the valence spectra is not very surprising, because the di-
rect photoemission cross section for satellite excitations in the valence spectra is
generally small for such molecules, as already pointed out above. However, it was
demonstrated in section 5.1.5 that autoionization and direct photoemission can
lead to the same final states. Therefore, the autoionization signal can contribute
to satellite signals in the valence regime so that they are significantly enhanced.
This offers the possibility of studying such satellites at resonant excitation ener-
gies.
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(@) (b) (c) (d)

Figure 5.5: Schematic illustration of direct valence photoemission and autoioniza-
tion for strong substrate—adsorbate coupling. The many—body excitations are
classified into scenarios which are comparable to those illustrated in Fig. 5.4 for
the limit of no coupling. — (a) photoemission of a valence electron, (b) core
excitation into a bound unoccupied state (NEXAFS spectroscopy), (c¢) “1h” fi-
nal state and (d) “2hle” final state. The grey fill color indicates the occupied
density of substrate and adsorbate states.

It is straightforward that the many—body effects must be reflected in the autoion-
ization signal as well. The essential aspects will be discussed in the following in the
context of a simplified, descriptive and more phenomenological picture, which brings
the concepts of charge transfer satellites and autoionization together. Fig. 5.5 is an
attempt to illustrate the dominant effects for weak adsorbate—substrate coupling ac-
cording to the understanding and the picture which has been developed in chapter 4.
The many-body excitations are classified in Fig. 5.5 into scenarios which are com-
parable to those illustrated in Fig. 5.4 for the free molecules despite the concepts of
participant and spectator electrons are not appropriate in case of strong adsorbate—
substrate coupling.! Moreover, one has to be aware of the fact that an excitation
drives the interface into a non—equilibrium state.

1See section 5.2.3 for a discussion of this aspect.
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Fig. 5.5 (a) illustrates the situation after direct photoemission of a valence electron
with the distribution of adsorbate—substrate states p, being partially occupied. In
Fig. 5.5 (b) a previously unoccupied distribution of substrate-adsorbate states has
been occupied by a NEXAFS transition. One can imagine several relevant final
states after decay of this core excited state in analogy to the participant and spec-
tator decays in Fig. 5.4 for a free atom or molecule. One possible “14” final state is
illustrated in Fig. 5.5 (c¢). It resembles the final state after direct photoemission in
Fig. 5.5 (a) and therefore this process can be considered as pendant to participant
decay. One possible “2hle” final state is depicted Fig. 5.5 (d). This process can
be considered as pendant to spectator decay or satellite excitation with respect
to scenario (a). It can be expected that such satellites have considerable metallic
character as they correspond to excitations within the continuum of adsorbate—
substrate states. In this case continuous satellite features may contribute to the
valence spectra, similar to what has been observed for the core level spectra in
chapter . The enhancement of satellite features at resonant excitation energies

is known for the autoionization signal of metals, alloys and transition metal com-
pounds. [33,86,91,95,194,236-242, 260)|

Furthermore, it can be shown with respect to the matrix element (5.10)

Z (f1O0c|k) (k| D)
hw — Ek—E)+ZFk

that the formation of a distribution of substrate-adsorbate states p, can lead to in-
terference effects in the autoionization signal. In this case the sum has to be carried
out over all states |k) in the energy interval of relevance. This sum over transition
amplitudes can result in constructive and destructive interference, and consequently
in asymmetric line shapes (o(w) ~ |T};|?). In the Fano picture described in sec-
tion 5.1.1 this scenario corresponds to the interaction of one discrete autoionization
spectrum configuration ¢ with a continuum of autoionization spectrum configura-
tions Y. Particularly, ¢ can be associated with a final state after autoionization of
the uncoupled adsorbate, which is discrete in excitation energy (hw = E._,), e.g.
a hole in state b after participant decay of the core excited ¢ 'a*! state. Further-
more, one can imagine that there are continuous transitions of the core electron
into the unperturbed density of unoccupied substrate states. “Participant decay”
of these continuous core excited states can also lead to a final state with a hole in
state b. This can be associated with the continuous spectrum configurations ¥ .
The Fano parameter ¢ is sufficiently small if the transition amplitudes are of similar
magnitude and Vg is large. Then considerable interference effects appear. Note
that excitations into a continuum of metallic states was already suggested for the
NEXAFS spectra of Cgy/Al(110) and Cgo/Al(111) monolayer films. [184, and refs
therein]|
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5.2 Resonant Auger spectra of different SnPc films

It has been shown in section 5.1.5 for free atoms and molecules that autoionization
can lead to the same finale states as direct photoemission, which enhances the CIS
signal at resonant excitation. This allows to study “satellites” in the valence regime
at resonant excitation. Moreover, it has been illustrated that this may also be valid
for interfaces with significant adsorbate—substrate coupling and a distribution of
adsorbate—substrate states. It can be expected that many—body effects involving
adsorbate—substrate charge transfer are relevant in this context, in analogy to the
investigation of core level satellites in chapter /.

5.2 Resonant Auger spectra of different SnPc films

The following proceeding is helpful for a detailed understanding of the effects at the
adsorbate—substrate interface: At first a multilayer film will be studied, where the
intermolecular interaction is comparatively weak, so that it can be assumed that
the intramolecular effects are dominant. The next step will focus on the adsorbate—
substrate interface by investigating a SnPc/Ag(111) monolayer film and comparing
the observed effects to those of the multilayer film. SnPc multilayer and sub-ML
films have been studied recently by UPS, core level PES, electron diffraction and
the x—ray standing wave method. [214,225,261, A4] Accordingly, closed multilayer
films of high quality can be prepared with flat lying molecules which form molec-
ular dimers. |A4] Moreover, various adsorption phases are found in the sub-ML
regime. The valence and core level spectra of these films indicate a partially occu-
pied LUMO derived density of substrate—adsorbate states and significant changes in
the core level spectra similar to what has been discussed for the PTCDA /Ag(111)
and PTCDI/Ag(111) monolayer films in chapter 4. Consequently, it can be as-
sumed that many—body excitations play an important role for PES and NEXAFS
spectroscopy, and interference effects may contribute to the autoionization signal
according to the considerations in section 5.1.6.

Furthermore, it is an interesting question how the second adsorbate layer is ef-
fected by the substrate. It has been shown recently that well defined hetero—
molecular adsorbate layers can be prepared by depositing 1 ML SnPc on top of a
PTCDA/Ag(111) monolayer film; a closed wetting layer of flat lying SnPc¢ molecules
is formed. [226,A6] In a further UPS and core level investigation it has been found
that the spectral features of the signal from the SnPc monolayer of this hetero—
molecular film are comparable to those of the SnPc/Ag(111) multilayer film. How-
ever, a rigid level shift of 0.4 eV to lower binding energy is observed for the SnPc
monolayer in the hetero-molecular film with respect to the SnPc/Ag(111) multi-
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layer film. Consequently, the interface interaction effects the second (SnPc¢) mono-
layer significantly but the similarity of its spectral features to those of the (SnPc)
multilayer film suggests that its interaction with the first (PTCDA) layer is consid-
erably weaker than the direct adsorbate—substrate interaction of the first molecular
layer. This aspect and the fact that the signal from the SnPc HOMO and HOMO-
1 can be well separated from the valence contributions of the PTCDA/Ag(111)
monolayer make this hetero-molecular film well suited for the resonant Auger spec-
troscopy investigation in the following.

In this context resonant Auger spectroscopy measurements at the N K absorption
edge were theoretically a good choice because in this case the autoionization signal
originates explicitly from the SnPc layer. However, it turned out that the autoion-
ization is at the N K—edge considerably lower than at at the C K—-edge due to fewer
N atoms per molecule than C atoms. Additionally, the cross section for direct
photoemission of the delocalized valence electron is smaller at the N K—edge than
at the C K—edge and vice versa for the Ag 4d bands. Hence a discussion of the
measurements at the C K—edge is more promising. Nevertheless some data for the
N K-edge are also shown in the appendix D as they provide additional information.
However, before analyzing the resonant Auger spectra it is helpful to discuss briefly
the corresponding NEXAFS data.

5.2.1 Comparison of NEXAFS and core level PES spectra

In Fig. 5.6 the C K-NEXAFS spectra are plotted for (a) a SnPc/Ag(111) multilayer
film, (b) a SnPc/Ag(111) monolayer film, (¢) a PTCDA/Ag(111) monolayer film
and (d) a hetero-molecular film, where 1 ML SnPc was deposited on top of a
PTCDA/Ag(111) monolayer film. Note that for Fig. 5.6 (b — d) only the spectra
for p—polarized light are shown as for these films the molecules are lying flat on the
surface, and hence the signal for s—polarization is weak and featureless for photon
energies below the absorption edge. For the SnPc multilayer film with 12-14 ML
thickness, according to the attenuation of the Ag 3d PES signal, the NEXAFS pre—
edge region in Fig. 5.6 (a) exhibits five distinct peaks (A — E) at hy = 284.42 eV,
285.28 eV, 287.18 eV, 289.12 eV and 290.86 eV. Peak A is probably dominated by
transitions at the various phenyl carbon atoms into the LEMO, and peak B can
predominantly be attributed to transitions at the porphyrine carbon species into
the LEMO. [262,263] Note that the vibronic fine structure could not be resolved
even when recording spectra with smaller steps in photon energy, which might be a
hint that several electronic transitions and vibronic progressions contribute to the
NEXAFS peaks, respectively.
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Figure 5.6: C K-NEXAFS spectra for a (a) multilayer and (b) 1 ML film
of SnPc/Ag(111), as well as for (¢) 1 ML PTCDA/Ag(111l) and (d) a
SnPc/PTCDA/Ag(111) film with 0g,p. = 0.7 ML. The C K-NEXAFS in (d)
can be well reproduced by a linear combination of a PTCDA /Ag(111) monolayer
spectrum and a SnPc multilayer spectrum. For all measurements linearly po-
larized light was used with s— or p—polarization and 70° angle of incidence with
respect to the surface normal. The signal was recorded using a partial electron
yield detector with 150 V retarding field.
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Figure 5.7: Upper half: C 1s PES and C K-NEXAFS spectra for (a) a
SnPc/Ag(111) multilayer film and (b) a SnPc/Ag(111) monolayer film. Lower
half: N 1s PES and N K-NEXAFS spectra for (¢) a SnPc/Ag(111) multilayer
film and (d) a SnPc/Ag(111) monolayer film. The data were recorded at 70°
angle of incidence with p—polarized light and 150 V/300 V retarding field for the
C K/N K—edge.
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Moreover, for the SnPc/Ag(111) monolayer film Fig. 5.6 (b) the signature of the
pre—edge region is considerably altered, in agreement with the chemical shifts in the
core level and valence spectra. [A4] In particular the maxima of the first peaks A — E
are slightly shifted to hv = 284.3 eV, 285.21 eV, 287.06 eV, 289.2 eV and 290.5 eV,
and considerably broadened compared to the multilayer spectrum. — Note, for
example, the broadening of the leading edge of the shoulder A. — This finding
is analogous to what is observed for the PTCDA/Ag(111) monolayer spectrum in
Fig. 5.6 (¢), which was already discussed in detail in section 4.4.3 together with the
data for the PTCDI/Ag(111) monolayer films. Accordingly, the modifications of
the NEXAFS spectrum for the SnPc monolayer film with respect to the multilayer
film can be interpreted as hint for many—body excitations involving substrate—
adsorbate charge transfer. This is corroborated by the comparison between the
NEXAFS and the core level spectra for the multilayer and the monolayer film in
Fig. 5.7. The onsets of the C 1s and N 1s signals of the multilayer spectra in
Fig. 5.7 (a) and (c¢) are located at significantly higher energy than the respective
onsets of the NEXAFS signal, but for the monolayer film in Fig. 5.7 (b) and (d)
both onsets are located at the same energy, identical to the findings for PTCDA
and PTCDI in section 4.4.3. Note that this comparison in Fig. 5.7 (b) supports the
suggested assignment of the peaks A and B, because the peaks at Eg = 284.32 eV
and 285.45 eV in the C 1s spectrum for the SnPc monolayer film correspond to
excitations at the phenyl carbon species and the Cy species next to the nitrogen
atoms, respectively. [261,263, A4]

Furthermore, the C K-NEXAFS spectrum in Fig. 5.6 (d) can be reproduced well
by a linear combination of the spectrum of the PTCDA/Ag(111) monolayer film
from Fig. 5.6 (c¢) and the multilayer spectrum from Fig. 5.6 (a). This indicates that
the interaction between the SnPc layer and the PTCDA /Ag(111) monolayer film is
comparable to the intermolecular interaction in the SnPc multilayer film and con-
sequently considerably weaker than the adsorbate—substrate interaction in case of
the SnPc/Ag(111) monolayer film. This is discussed in more detail in [226,A6,A7].
Moreover, the differences in the absorption spectra between the PTCDA and the
SnPc contribution allow to associate photon energy dependent changes in the au-
toionization spectra with the corresponding monolayer.

5.2.2 SnPc/Ag(111) multilayer film

The photon energy dependence of the autoionization spectra of the SnPc multilayer
film for p—polarized light is depicted in the surface plot in Fig. 5.8. Note, that such
spectral maps are carefully normalized in order to be able to compare the intensities
of the various signals as described in section 2.2.3. The inset shows the surface plot
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Figure 5.8: (Color online) Surface plot for a series of autoionization spectra of a
SnPc/Ag(111) multilayer film with ca. 12 ML thickness for different photon
energies. The inset depicts the surface plot on the total intensity scale, whereas
it is four times expanded for the enlarged image. The black lines correspond to
the actual data points. Note that the intensity of the dominant contribution to
the CIS signal, which originates from the Ag 4d substrate states, is very small
compared to the maximum of the autoionization signal.
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on the total intensity scale whereas it is four times expanded for the large image.
The autoionization signal is broad in the kinetic energy direction and increases
towards lower kinetic energies, comparable to the typical KVV for such organic
molecules. |184] Moreover, some comparatively narrow and distinct features can be
observed in Fig. 5.8 between 284 eV and 286 eV photon energy. The sharp peak
at hy = 285.3 eV and E.;, = 283.8 eV is due to resonant enhancement of the CIS
signal from the SnPc HOMO. As its intensity is two orders of magnitude higher
than the CIS signal from the SnPc HOMO off resonance the Fano parameter q is
larger than 20 with respect to Fig. 5.1 where it is shown that the peak maximum
is only 50 times as high as the signal off resonance for ¢ = 20. Hence, interference
effects between the direct photoemission and the Auger signal can be neglected. The
EDCs can therefore be considered as a superposition of the direct photoemission
contribution and the Auger-like autoionization signal. The peaks at lower kinetic
energy are superposed by the CIS signal from the Ag 4d substrate bands which
however is comparatively weak due to Franck—van der Merwe growth and a layer
thickness of ca. 12 ML.

The energy position of the different features in the autoionization spectrum can be
better identified on the right hand side of Fig. 5.9, where the data from Fig. 5.8
is depicted as 2D intensity plot. On the left hand side of Fig. 5.9 the respective
C K-NEXAFS spectrum is indicated additionally. Note, that for kinetic energies
lower than 275 eV the autoionization signal reflects the intensity variation in the
NEXAFS spectrum well, which is an indication that the PY signal in the NEXAFS
measurements, is dominated by the signal for kinetic energies lower than 275 eV
kinetic energy. For higher kinetic energies intense spots are observed in the 2D
intensity plot which coincide with the CIS signal of the SnPc HOMO, HOMO-
1 and lower molecular orbitals. Therefore, these features can be attributed to
participant decay. Moreover, they are most prominent for the lower NEXAFS
resonances, particularly for excitations at hv = 284.4 eV and 285.3 eV, which
correspond to transitions into the LEMO. Furthermore, it seems that for higher
excited states participant decay contributes less to the autoionization signal. This
could be interpreted as a hint that the autoionization signal resembles more and
more the regular Auger signal with increasing photon energy. Certain selected
autoionization spectra (A — G) are investigated in more detail in Figs. 5.10 and
5.11 in order to study this aspect in more detail.

The autoionization signals (grey) in Fig. 5.10 are obtained by subtracting the
CIS contribution from the respective EDCs, which was recorded separately with
hry = 280.5 eV and consequently with a photon energy far below the energies where
autoionization plays a role. Before subtracting the CIS contribution the EDCs are
normalized to the Sn 4d CIS contribution at Eg = 25 eV, which turned out to
be consistent with the normalization of the series of EDCs in Fig. 5.8 and 5.9.
The signal of the Ag 4d bands changes with photon energy due to energy dis-
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Figure 5.9: (Color online) Photon energy dependence of the autoionization spectra
at the C K—absorption edge for a SnPc/Ag(111) multilayer film recorded at 70°
angle of incidence with respect to the surface normal and p—polarized light. The
diagonal lines mark the energy position of some CIS contributions, namely the
Fermi level (Er), the Ag 4d contribution of the substrate, and the SnPc HOMO
(Egomo) of the adsorbate layer. The horizontal lines (A — H) indicate the
autoionization spectra which are further evaluated in Fig. 5.10. Additionally,
the corresponding C K-NEXAFS spectrum is shown on the left hand side for
better orientation.
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5.2 Resonant Auger spectra of different SnPc films

Autoionization spectra, SnPc/Ag(111) multilayer film
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Figure 5.10: C K-autoionization spectra of a SnPc/Ag(111) multilayer film for the
photon energies indicated in Fig. 5.9. The autoionization spectra are obtained
from the EDCs by subtracting the PES contribution, which was recorded sep-
arately with hv = 280.5 eV. Additionally the regular Auger signal, which was
recorded at hrv = 320.04 eV, is plotted above each autoionization spectrum for
better comparison.
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persion, and therefore it cannot be subtracted properly. Therefore, the respective
part of the spectrum where the Ag 4d signal contributes significantly is cut out
in Fig. 5.10, so that the grey curves do not show any bias from the data process-
ing.

The comparison of the autoionization signal (grey) with the regular Auger signal for
hrv = 320 eV (black) indicates significant differences for the EDCs A — D, whereas
the curves E — F, which were recorded at photon energies close to the absorption
edge, are similar to the regular Auger signal. Particularly the autoionization spectra
for hv = 284.4 eV (A) and 285.3 eV (B) develop a distinct fine structure. The total
spectral weight of A and B is shifted ca. 1 eV to higher kinetic energy compared to
the regular Auger signal. Moreover, it appears as if the distinct peaks and shoulders
a — 7 in the autoionization spectra A and B have a less distinct pendant in the
regular Auger signal. Hence, these contributions can be associated with spectator
decay or 2hle final states with two valence holes and an additional electron being
located in a previously unoccupied orbital. Accordingly, the shift of these features
to higher kinetic energy in the autoionization spectrum with respect to the regular
Auger signal can be attributed to the spectator electron.

Furthermore, one finds differential spectator shifts and variations in the relative in-
tensity of the different contributions when comparing the features a —n between the
autoionization spectrum A and the regular Auger signal as well as when comparing
the spectra A and B to each other. For spectrum A, for example, the maximum
of the features o — k are located at Ez;, = 255.1 eV, 258.7 eV, 262.0 eV, 267.2 eV,
270.4 eV, 273.0 ¢V and 275.9 eV, whereas for spectrum B these features are located
at Eg;, = 255.7 eV, 259.5 eV, 262.2 eV, 267.3 eV, 270.3 eV, 273.6 eV and 275.7 eV
and for the regular Auger signal they are located at 254.5 eV («a), 258.3 eV (f),
266.7 eV (0), 269.2 eV (g), 272.6 eV (n) and 275.3 eV (x). Consequently, different
decay channels are altered differently by the spectator electron, depending on the
symmetry of the wave functions of the core excited state and the final state. This is
analogous to the findings for the NEXAF'S investigation of the polyacene molecules,
where the energy lowering of the 1hle core excited state due to an additional elec-
tron in the LEMO can be different with respect to the core ionized state, depending
on where the core hole site is located.

For the analysis of the participant contributions to the autoionization spectra the
EDCs of interest are plotted in Fig. 5.11 as black curves over the binding energy
scale for better comparison with the CIS signal (grey). The data was recorded
in the fixed mode of the electron analyser, where the kinetic energy of the pho-
toelectrons is not swept but only a certain range of their energy distribution is
directly imaged on the CCD camera of the analyser. The raw data is divided by
the detector response function in order to account for the spatial dependence of the
detector sensitivity, as described in section 2.2.J. Moreover, the respective spectra
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Valence EDCs, 14 ML SnPc/Ag(111)
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Figure 5.11: Comparison of valence EDCs for a SnPc/Ag(111) multilayer film for
the photon energies indicated in Fig. 5.9. The EDCs for photon energies higher
than 284 eV (black) are plotted over the photoelectron spectra recorded at hy =
270 eV (grey) for better comparison. The photoelectron spectrum (i) for hv =
120 €V is depicted at the bottom.
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are normalized to the EDCs from Fig. 5.8 and 5.9 in order to be able to compare the
absolute intensities. The contributions of the delocalized molecular valence states
can hardly be identified in the EDC for hv = 270 eV because the photoemission
matrix element is low for such energies. Therefore the valence spectrum (i), which
was recorded with 120 eV photon energy, is provided additionally at the bottom of
Fig. 5.11.

As for binding energies larger than 3 €V a continuum of molecular states contributes
to the PES signal (i) it is difficult to assign the respective autoionization signal to a
particular final state. However, the signal from the HOMO at Eg = 1.5 eV and the
HOMO-1 at Eg = 2.5 eV can be well distinguished. Note the comparatively large
peak width and the asymmetry of the HOMO signal in (i). Its signature might be
an indication for an increase in surface roughness for coverages higher than 10 ML,
because a well defined double peak signature is observed (Ep = 1.4 €V and 1.7 eV)
for a SnPc coverage below 10 ML due to the formation of dimers and a bonding—
antibonding scenario. [A4] Comparing the autoionization spectra A — F one finds
that in A and B the signals from the HOMO and the HOMO-1 are strongly increased
compared to the direct photoemission signal for hv = 270 ¢V and 294.96 eV. The
additional intensity can be attributed explicitly to the participant autoionization
channel considering that interference effects between the direct photoemission signal
and the autoionization signal can be neglected with respect to the discussion at
the beginning of this section and in section 5.1. Moreover in spectrum A both
peaks, the HOMO and the HOMO-1 signal, are of similar intensity, where the
HOMO contribution is considerably larger in spectrum B. Taking into account
that for 284.36 eV photon energy Co 1s — LEMO transitions at the carbon
rings are induced and that for hy = 285.21 eV Cy 1s — LEMO transitions
at the carbon species next to the nitrogen atoms are dominant, one can assume
to first order with respect to the Coulomb term in (5.9) that for the excitation
at the Cy species the HOMO wave function is more localized at the core hole
than the HOMO-1 wave function. Moreover, for excitations at the Cg species
both, the HOMO and the HOMO-1, seem to be similarly localized at the core hole
site.

Furthermore, for higher core excited states, e.g. those associated with the spectra D
and F, the relative intensities of the respective participant channels decrease. For
example for spectrum F the intensity of the participant channel associated with
the HOMO is more than 10 times lower than in spectrum B, whereas the total
intensity of the autoionization signal is only reduced by a factor of 2. Accordingly,
the Auger matrix element and consequently the Coulomb interaction between the
excited electron and those in the HOMO decreases for higher core excited states.
Moreover, the autoionization signal between Eg = 3 €V and 4 ¢V in the spectra A, B
and D can also be associated with participant decay and 1A final states, respectively,
which are related to lower lying molecular orbitals. If these signals corresponded
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to spectator decay and 2hle final states, respectively, the respective contributions
would not be located at the same binding energy in all three spectra but they
would be shifted to 2.75 €V higher binding energy in spectrum D. Moreover, the
participant signal related to lower lying orbitals is in D significantly stronger than in
F', while the overall HOMO intensity between Ez = 1.0 eV and 1.8 eV is comparable.
This illustrates that the intensity for the respective decay channels depends on the
localization of the core hole site and the symmetry of the wave function of the core
excited and the final state, respectively.

Furthermore, one finds significant differences between the autoionization signal
and the direct PES spectrum (i) when considering the signature of the partici-
pant contributions in Fig. 5.11. In spectrum B, for example, the participant signal
at Eg = 1.6 €V, which is related to the SnPc HOMO, is significantly broader than
the respective photoemission signal for hv = 120 eV. Particularly the trailing edge
extends to higher binding energy above Eg = 2.0 eV. Moreover, the autoionization
signal in spectrum A does also not drop to zero at Eg = 2.0 eV as it is expected
with respect to spectrum (i). Monitoring the respective participant signal when
tuning the photon energy through the respective NEXAFS resonance can provide
further insight into this effect.

Fig. 5.12 shows the hv—dependence of the EDCs of the upper valence regime when
tuning the photon energy form 283.50 eV to 285.62 eV in 0.3 eV steps. Note that
these EDCs are plotted over the kinetic energy scale, so that the CIS contributions
shift linearly with photon energy. The participant signal at Eg;,, = 283.8 €V in
spectrum (g), which is related to the SnPc HOMO, can be identified clearly, as
well as feature v, which is probably due to a participant signal related to the states
between 3 eV and 4 eV binding energy. One finds significant differences in the
peak shape of the HOMO signal between the spectra (e) — (h) when tuning the
photon energy through the peak B of the C K-NEXAFS spectrum in Fig. 5.6 (a).
In spectrum (e) the HOMO is only little enhanced with its maximum being located
at Egin = 283.2 eV, while in spectrum (f) the autoionization signal is significantly
higher and the peak is shifted 0.3 eV to Eg;,, = 283.5 eV as it is expected for a
participant signal. Moreover, a weak shoulder can be observed at the tail to higher
kinetic energies, where for the spectrum (g) the low energy tail is considerably
broadened. In (h) the maximum of the HOMO peak is located at Eg;, = 284.1 eV
with a relatively intense shoulder at 283.3 eV, so that the low energy edge of the
respective signal is located at similar kinetic energy in all spectra (e) — (h). Conse-
quently, the participant signal related to the HOMO has at least two contributions,
one with a pseudo CFS character and another one with a CIS behavior. The lat-
ter becomes evident from the inset where the spectra of interest are plotted over
the binding energy scale. The situation seems to be similar for the spectra (a)
to (e) where the autoionization signal does not drop to zero in between the CIS
contributions from the HOMO and the HOMO-1.
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Figure 5.12: Comparison of the EDCs of the upper valence regime of a
SnPc/Ag(111) multilayer film for photon energies corresponding to the first
and the second peak in the C K-NEXAFS spectrum, which has been shown
in Fig. 5.6 (a). The excitation energy is tuned from hr = 283.50 eV to 285.62 ¢V

in 0.3 eV steps. The EDCs (f — h) are plotted in the inset on a binding energy
scale.
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This finding can be interpreted as indication for electron—vibration coupling with
respect to the discussion in section 5.1.3. The same trend was found for the elas-
tic peak in the RIXS spectra of No, ethylene, benzene and Cg. [198, 256,264, 265]
Namely a shoulder develops at the low—energy tail of the elastic peak for pho-
ton energies corresponding to the low—energy tail of the peak in the absorption
spectrum which is related to resonant excitation into the unoccupied 7* orbitals.
This shoulder can appear at constant emission energy, when hv is tuned through
the resonance to higher photon energies. It could be explicitly shown that this
pseudo CFS behavior can be explained by variation of the of the duration of
the scattering process 7. with respect to the time scale for the propagation of

the electro—vibronic wave packet 7,, in analogy to the discussion in section 5.1.5.
[198,256]

The photon energy dependent variation of the participant signal which is related to
the SnPc HOMO can be explained along the same line of arguments. In the time—
dependent picture introduced in section 5.1.3 large detuning of the photon energy
into the Raman regime corresponds to short duration 7. of the x-ray scattering
process in contrast to resonant excitation. If 7. is short compared to 7,,, which is
the case in the Raman regime, the vibronic fine structure of the autoionization signal
will resemble that of the direct photoemission signal. 7. increases when tuning the
photon energy into the NEXAFS resonance, and the propagation of the electro—
vibronic wave packet modifies the vibronic fine structure of the autoionization signal
compared to the direct photoemission signal. Exactly this behaviour is observed
for the signal of the SnPc HOMO in Fig. 5.12. This effect can analogously be
explained in the energy—dependent approach, which has also been discussed in
section 5.1.5.

A similar behavior can also be found for the signals o and [ in the spectra (a) —
(e) for photon energies corresponding to peak A of the C K-NEXAFS spectrum in
Fig. 5.6 (a). In particular the maximum of the peak 3 is located at constant kinetic
energy in all of these spectra, namely at Ex;, = 279.3 eV. Moreover, in spectrum
(a) the peak « is centered at Ej;, = 280.2 ¢V and in (b) at Eg;,, = 280.5 eV, as it
is expected for a CIS signal. However, in each spectrum (c¢) — (e) the maximum
of the peak « is located at Ej;, = 280.7 eV, whereas the leading edge shifts to
higher kinetic energies so that this contribution can be attributed to a CIS signal.
Accordingly the trend for the signal @ and [ in the spectra (a) — (e) is analogous to
what is observed for the HOMO related participant signal in the spectra (e) — (h),
but for o and 3 the pseudo CFS contribution is considerably higher than the CIS
contribution. This suggests that for these electronic transitions interference effects
might be weaker than for the HOMO participant signal.
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5.2.3 Adsorbate-substrate coupling — 1 ML SnPc/Ag(111)

The SnPc/Ag(111) interface is studied in the following by investigating a SnPc
monolayer film. Moreover, it has been shown in section 5.2.1 that many-body
excitations involving substrate—adsorbate charge transfer contribute significantly
to the core level and NEXAFS spectra of the SnPc/Ag(111) monolayer film. The
data suggests that these effects are comparable to what has been discussed for the
PTCDA/Ag(111) and the PTCDI/Ag(111) monolayer films in chapter 4. Conse-
quently it is expected that these effects are also important for the Auger and the
autoionization signal.

In Fig. 5.13 a surface plot is shown of a series of EDCs of a 1 ML SnPc/Ag(111)
film for different photon energies close to the C K absorption edge with p—polarized
light. The data is carefully normalized according to the description in section 2.2.3.
The Ag 4d CIS signal dominates the spectra at first glance due to the high pho-
toemission cross section of these states at such photon energies, and the Fermi
edge can be observed at a few eV higher kinetic energy. Despite the intense Ag 4d
contribution the autoionization signal from the adsorbate layer can be clearly iden-
tified on top of the contributions from the sp valence bands of the substrate. A
broad and relatively intense autoionization signal is observed for hy ~ 285 eV for
example, which extends up to the Fermi level. Moreover, a weak CFS signal with
a double peak signature contributes at the change over between the greenish and
blue area at 280 €V kinetic energy. As these features have not been observed for
the multilayer film they are a significant indications for a comparatively strong
adsorbate—substrate coupling.

A 2D intensity plot of the data from Fig. 5.13 is shown in Fig. 5.14, where the
maximum of the color scale is set to 25% of the highest signal in order to improve
the contrast in the regions of interest. The autoionization signal reflects the inten-
sity variation of the C K-NEXAFS spectrum on the left hand side well for kinetic
energies below 275 eV, analogous to the finding for the multilayer film. Further-
more, the CFS contribution at Ez;, = 279.1 eV and 280.3 eV becomes evident in
this plot as well. Moreover, the autoionization signal contributes considerably to
the intensity at kinetic energies between the Ag 4d signal and the Fermi level in the
EDCs A and B, which were recorded at photon energies corresponding to the max-
ima positions of the peaks A and B of the C K-NEXAFS spectrum in Fig. 5.7 (b).
Whereas for the EDC C the autoionization seems to contribute only little to the
signal at Ez;, = 284 eV, and no significant contribution to the upper valence signal
is observed for the EDCs D and E.

In Fig. 5.15 the regular Auger signal and the autoionization spectra A — E are de-
picted for the photon energies corresponding to the maxima of the C K-NEXAFS
signal as indicated in Fig. 5.14. These EDCs were recorded separately for a wider
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Figure 5.13: (Color online) Surface plot of a series of EDCs of a 1 ML SnPc/Ag(111)
film for different photon energies, recorded at 70° angle of incidence with respect
to the surface normal and p—polarized light. Note that the dominant CIS signal
originates from the Ag 4d states of the substrate. Moreover, two CFS contribu-

tions appear at Eg;, = 279.1 €V and 280.3 eV, which have not been observed in
the multilayer data.
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Figure 5.14: (Color online) Photon energy dependence of the EDCs of a 1 ML
SnPc/Ag(111) film, recorded at the C K—absorption edge with 70° angle of inci-
dence with respect to the surface normal and p—polarized light. The maximum
of the color scale corresponds to 25% of the highest signal intensity. The diag-
onal lines mark the CIS contributions in particular the relative intense Ag 4d
signal from the substrate as well as the signal of the SuPc HOMO (Egono) and
LUMO (Erumo). The vertical lines indicate CFS contributions to the signal
at Exin = 279.1 €V and 280.3 eV, which are absent in the multilayer spectrum.
The horizontal lines (A — F) indicate the EDCs which are further evaluated in
Figs. 5.15 and 5.16. Additionally, the corresponding C K-NEXAFS spectrum is
shown on the left hand side for better orientation.
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photon energies indicated in Fig. 5.9. The curves were obtained by subtract-
ing the PES contribution from the EDCs, which was recorded separately with
hy = 280.08 eV. Additionally, the regular Auger signal (F) for hv = 310.08 eV

is shown.
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kinetic energy range than those in Fig. 5.14. These spectra were normalized to the
Sn 4d signal, and the CIS signal for hv = 280 eV was subtracted. This compar-
ison shows that all spectra are nearly identical for kinetic energies below 280 eV,
even the autoionization signal and the regular Auger spectrum. Particularly the
energy positions and the relative intensities of the features a — ¢ at Ey;,, = 261.1 eV,
264.2 eV, 270.3 eV, 274.6 eV, 279.1 eV and 280.3 eV are very similar for all spectra
in contrast to what has been found for the SnPc/Ag(111) multilayer film, where sig-
nificant differences have been observed between the various autoionization spectra
as well as between the autoionization spectra and the regular Auger signal due to
the spectator electron. Consequently, the similarity between the different autoion-
ization spectra of the monolayer film is a further indication for a comparatively
strong adsorbate—substrate coupling.

Furthermore, indications for many-body excitations and substrate—adsorbate charge
transfer have been pointed out in section 5.2.1 with respect to the C K-NEXAFS
and the core level spectra of the SnPc/Ag(111) monolayer film. It has been demon-
strated in section 4.1.2 and 4.4.1 with respect to Fig. 4.4 that a direct transition of
a core electron into the unoccupied density of adsorbate—substrate states can result
in the same core excited states as direct photoemission of the core electron because
of substrate-adsorbate charge transfer. Only the cross section for the respective
transitions may be different. Therefore, the same continuum of core excited states
can be expected in case of strong adsorbate—substrate coupling for both, direct
photoemission of the core electron and a direct transition of the core electron into
the unoccupied DOS, except for different cross sections or spectral weight of the
different core excited states. In particular in the simple model which is schemati-
cally depicted in Fig. 4.4 only two core excited states ¥; and ¥,, contribute to the
photoelectron spectrum and the NEXAFS spectrum, respectively. In case of strong
substrate—adsorbate coupling both contributions I, and [, are of similar intensity.
If the energy separation W is similar or even smaller than the life time broadening
of these peaks both states ¥; and ¥,, have to be considered in the sum of relation
(5.10). This may lead to interference effects between transition amplitudes as it
has been discussed in section 5.1. 1t is straightforward from Fig. 4.4 that these
effects are similar for direct photoemission of the core electron and for a direct
transition of the core electron into the unoccupied density of adsorbate—substrate
states. As a consequence the various autoionization spectra and the regular Auger
spectrum are similar. Exactly this is observed for the autoionization spectra of the
SnPc/Ag(111) monolayer film in Fig. 5.15. Consequently, the similarity between
the different autoionization spectra and the regular Auger spectrum in Fig. 5.15 is a
strong indication for many-body excitations involving substrate-adsorbate charge
transfer.

Moreover, the double peak signature of the CEF'S contribution € at Ex;, = 279.1 eV
and 280.3 eV is clearly observed in the autoionization spectrum E and it can be
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assumed, that this signal also contributes to the autoionization spectra A—C. As
this contribution is absent for the SnPc¢ multilayer film it is likely that it is related
to the (partial) occupation of the LUMO derived DOS. This is supported by the
energy splitting of 1.2 eV between the two peaks which is compatible with the energy
splitting between the maxima of the Co 1s and the Cy 1s contributions to the C 1s
core level spectrum in Fig. 5.7 and [A4], which are located at Eg = 284.32 eV
and 285.45 eV, respectively. Accordingly, the peak in the autoionization curve at
Ekin = 280.3 eV might result from an Auger decay of a Cy 1s core hole state into
a 2h final state where an electron from the Fermi level fills the Cy 1s core hole
and emits another electron from a lower lying orbital at Egz = 5.1 eV. Then the
second peak at Eg;,, = 279.1 eV would be due to the decay of the C¢ 1s core hole
state into the same final state. In a simplified illustration one can compare this
scenario to the situation in Fig. 5.5 (c¢). Consequently, the appearance of the double
peak signature € in all autoionization spectra and regular Auger spectra at the C K
absorption edge is an additional manifestation of the many—body character of the
core excitation, which involves substrate—adsorbate charge transfer, in analogy to
the discussion above.

The EDCs of the SnPc/Ag(111) monolayer film to which the autoionization con-
tributes significantly are plotted in Fig. 5.16 (black curves) over the photoelectron
spectra at hv = 270 eV and 120 eV (grey curves). In spectrum (i) several spectral
features of the adsorbate layer can be identified, which lie on top of the signal from
the substrate sp—bands, namely the LUMO related density of adsorbate—substrate
states at Eg = 0.3 eV, which is cut by the Fermi level and hence partially occupied,
the signal from the HOMO at Ep = 1.3 €V and contributions from several adsorbate
states around 3 eV. [A4] Comparing the various EDCs one finds that for all spectra
A — D the CIS signal related to the HOMO and the LUMO is more or less enhanced.
In curve A, for example, which was recorded at a photon energy corresponding to
Cc¢ 1s — LEMO transitions at the phenyl rings, the HOMO is strongly enhanced,
whereas the LUMO signal is only little increased. Moreover, the autoionization
signal contributes continuously from Ep = 1.0 eV to higher binding energies, so
that the signature of this autoionization signal does not reflect that of the HOMO
signal in spectrum (i) but suggests an intense, several eV broad tail at the high en-
ergy side of the HOMO peak. Furthermore, in spectrum B both the LUMO and the
HOMO contributions are strongly enhanced by the autoionization. And again their
spectral signature does not reflect that of spectrum (i) but it seems as if a several
eV broad high energy tail is associated to each peak. Note, that for the EDCs C
and D the autoionization signal contributes considerably less to the HOMO and the
LUMO signal than in B. This is similar to what is observed for the multilayer film,
where the cross section for the respective participant decay channels decreases with
increasing excitation energy. Moreover, in C and D the spectral signature of the
autoionization signal resembles the signature observed in the curve (i) better and
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Figure 5.16: Comparison of the valence EDCs of a 1 ML SnPc/Ag(111) film

recorded at the photon energies indicated in Fig. 5.14. The EDCs of photon

energies higher than 284 eV (black) are plotted above the photoelectron spectra

recorded at hv

integrated valence spectrum of the clean Ag(111) surface for hv = 120 €V is

indicated by the grey area.

142



5.2 Resonant Auger spectra of different SnPc films

the contributions from the high energy tail appear to be smaller. Consequently,
the continuous autoionization signal dominates in particular for photon energies
corresponding to the first two peaks A and B in the C K-NEXAFS spectrum from
Fig. 5.6 (b), which has been attributed to transitions of core electrons into the den-
sity of unoccupied adsorbate—substrate states at the Fermi level. This agrees with
the scenario discussed with respect to Fig. 5.5 (d), namely that the charge transfer
satellites are expected to contribute significantly to the autoionization signal. A
detailed investigation of the photon energy dependence of the autoionization signal
when tuning hv through these NEXAFS resonances can provide further information
about this high energy tail.

Fig. 5.17 shows the EDCs of the upper valence regime when tuning the photon
energy in 0.25 eV steps through the first two peaks A and B of the C K-NEXAFS
spectrum in Fig. 5.6 (b). Note that these EDCs are plotted over the kinetic energy
scale, so that the CIS contributions shift linearly with photon energy. The first
three spectra are nearly identical and therefore these signals can be (explicitly)
attributed to the direct photoemission contribution. However, one can observe
significant changes in the EDCs from spectrum (a) to (j) which must be due to
autoionization. In all these spectra the HOMO and the LUMO peaks are more or
less enhanced, particularly in the EDCs (e) and (f), which are recorded with photon
energies close that of the maximum of the C K-NEXAFS signal. A comparison
between (e) and (f) shows, that the signature of (f) is very different to that of (e).
In (e), for example, one can clearly identify three maxima at Ey;, = 284.68 eV,
283.92 eV and 283.10 eV, whereas in (f) the signal increases continuously from the
Fermi edge to lower kinetic energies with a step like increase at Eg;, = 284.15 eV,
comparable to the signature of spectrum B in Fig. 5.16. As for the EDC (d) these
three peaks are shifted to Eg;,, = 284.48 eV, 283.70 ¢V and 282.86 eV, so that the
difference in their kinetic energy between (d) and (e) is similar to the difference in
photon energy, these signals can be assigned to CIS contributions. This is further
corroborated by the spectra (a), (b) and (c), where significant contributions of the
autoionization signal can be observed at the respective energies. Moreover, the peak
in (d) at Ey;,, = 284.48 eV and Eg = 0.50 €V, respectively, can be attributed to the
decay of the core excited state into a final state with a hole in the LUMO derived
DOS (CISpymo in Fig. D.5 in appendiz D), and the peak at Eg;, = 283.70 eV and
Ep = 1.28 eV, respectively, can be related to the participant decay into final states
with a hole in the HOMO (CISgonmo). Note, that in spectrum (i) in Fig. 5.16
the maximum of the LUMO signal is located at Egz = 0.3 eV and consequently
at 0.2 eV lower binding energy than in the autoionization spectra. A plot of the
valence EDCs over the binding energy scale in Fig. D.5 in appendiz D illustrates
the CIS character of these features even better. Furthermore, Fig. D.5 indicates
that the autoionization signal contributes in all spectra (a) to (j) at Eg = 2.1 eV
and 0.5 eV. Additionally, these contributions are particularly intense at photon
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Figure 5.17: Comparison of various valence EDCs of a 1 ML SnPc/Ag(111) film
when tuning the photon energy in 0.25 eV steps through the first two peaks A
and B of the C K-NEXAFS spectrum in Fig. 5.6 (b). The spectra are the same
as those shown in Figs. 5.13 and 5.14.
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5.2 Resonant Auger spectra of different SnPc films

energies corresponding to the low—energy side of the C K-NEXAFS peaks A and
B in Fig. 5.6 (b), respectively. This is in contrast to what has been observed
for the electron—vibration coupling in the SnPc multilayer film in section 5.2.2,
where a shoulder has developed at the high binding energy side of the HOMO
peak for increasing photon energy with a pseudo CFS character. Consequently, the
CIS contribution to the autoionization signal of the SnPc/Ag(111) monolayer film
at Ep = 2.1 eV and 0.5 eV is probably not primarily related to vibronic energy
losses.

From this point of view it is straightforward to associate these CIS signals with
predominantly electronic energy loss features with respect to the main peak at
Ep = 1.28 eV and 0.3 eV. Their signatures are similar to the several eV broad
metallic satellite features which have been discussed for the core level spectra of
the PTCDI/Ag(111) and PTCDA/Ag(111) monolayer films in section 4.2 and 4.3.
Note, that such contributions have been observed in the core level data of the
SnPc/Ag(111) monolayer film as well. [A4] Furthermore, it has been shown in
chapter 4 that many—body excitations contribute to a continuum of core excited
states for strongly coupled adsorbate monolayer films, which are comparable to the
SnPc/Ag(111) monolayer film, due to charge transfer satellites. Moreover, it has
been demonstrated in section 5.1.6 that interference between transition amplitudes
can be expected for the autoionization signal as a consequence, which can lead to
asymmetric peak shapes. Note that the relative intensities of the satellites at Eg =
2.1eV and 0.5 eV are largest for hv = 284.98 eV and decrease with increasing photon
energy in opposite to the trend for the main peaks at Eg = 1.28 ¢V and 0.3 eV. This
may be related to interference of transition amplitudes.

The autoionization spectra can be understood in the framework of a time—depen-
dent approach in analogy to the discussion of the electron—vibration coupling in
sections 5.1.3 and 5.2.2, where the propagation of a wave packet was considered
within the duration 7, of the x-ray scattering process. In case of excitations in
the Raman regime (detuned photon energy) 7. is significantly shorter than for
resonant excitation. The deformation time of the wave packet 7,, can be related
to the effective width Ay of the distribution of core excited states, in analogy to
the concept of electro—vibronic wave packets in section 5.1.3 (7, ~ 1/Ay). For
short 7, (Raman regime) the wave packet does not propagate within the duration of
the scattering event, which means that the electronic structure does not rearrange,
in contrast to long 7, (resonant excitation). Therefore satellites at higher binding
energy are particularly increased for excitation energies corresponding to the leading
edge of the respective NEXAFS resonances, whereas the well relaxed main peaks
are particularly enhanced for resonant excitation.

Note that it is established to deduce the average charge transfer time at a weakly
interacting substrate—adsorbate interface from resonant AES data by a simple tun-
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neling approach in the single particle picture, where certain spectral features are
directly related to a particular electronic configuration after a charge transfer or
a non—charge transfer scenario. |183-186| However, this approach is questionable
in case of strong adsorbate-substrate coupling because particular spectral features
cannot be directly related to particular electronic configurations where charge trans-
fer occurred or not due to many-body excitations. Calculations of the excitation
spectra may provide more insight into the excitation process and the adsorbate—
substrate charge transfer.

5.2.4 The coupling between the first and the second adsorbate mono-
layer — SnPc/PTCDA/Ag(111)

A hetero-molecular film is investigated in the following consisting of 1 ML SnPc
adsorbed on a 1 ML PTCDA /Ag(111) film in order to study the interaction be-
tween the first and the second adsorbate layer. The contribution if this SnPc layer
to the C K-NEXAFS spectrum and the photoelectron spectra has an individual
signature which can be well distinguished from the signal of the PTCDA interlayer,
as discussed in detail in [226,A6,A7|. This is illustrated in Fig. 5.6 and in Fig. 5.21
additionally. Moreover, it has been shown that well defined hetero-molecular films
can be prepared with a closed SnPc wetting layer on top of the PTCDA/Ag(111)
monolayer film. Furthermore, the interaction at the hetero—molecular interface
leads to a rigid shift of 0.4 eV for the SnPc levels with respect to the SnPc/Ag(111)
multilayer film. Nevertheless, the signature of the SnPc contribution to the C and
N K-NEXAFS spectra in Fig. 5.6 (d) as well as the signature of the SnPc¢ con-
tribution to the core level spectra in [A7] is comparable to the signature of the
respective spectra of the SnPc/Ag(111) multilayer film, except for small devia-
tions. Altogether this suggests that the electronic coupling between the first and
the second adsorbate layer is considerably weaker as the coupling between the first
adsorbate monolayer and the substrate.

Furthermore, it is expected that the PTCDA autoionization signal is driven by
many-body effects similar to what was discussed for the SnPc/Ag(111) monolayer
film in section 5.2.3 because of the similarities in the NEXAFS and PES data be-
tween the SnPc/Ag(111) and the PTCDA monolayer film. For both monolayer
films, for example, a partially occupied LUMO derived DOS is observed, consider-
able chemical shifts are observed in the valence and core level spectra, accompa-
nied by metallic satellite features. For both monolayer films the energy position
of the C and N K-NEXAF'S onset coincides with that of the respective core level
signal, which is a strong indication for many—body excitations involving adsorbate—
substrate charge transfer according to the findings in chapter 4.
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Figure 5.18: (Color online) Surface plot of a series of autoionization spectra of

a hetero—molecular film with 1 ML SnPc on top of 1 ML PTCDA/Ag(111),
recorded with 70° angle of incidence with respect to the surface normal and p—

polarized light. The black lines correspond to the actual data points. Note that
the CIS signal of the Ag 4d substrate states dominates the spectrum.
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A surface plot of a series of EDCs of the SnPc/PTCDA/Ag(111) film for different
photon energies is shown in Fig. 5.18. The data is carefully normalized accord-
ing to the description in section 2.2.5. In this data set the autoionization signal
is more intense with respect to the Ag 4d signal from the substrate than for the
1 ML SnPc¢/Ag(111) film because of the higher adsorbate coverage. However, the
Fermi edge of the substrate is still clearly visible. Again the most prominent au-
toionization feature appears at 285 eV photon energy with significant enhancement
of the valence signal in the energy range of the Ag 4d contributions and higher
kinetic energies up to the Fermi level. Furthermore, no CFS signal is observed
around 280 eV kinetic energy with the double peak signature which is character-
istic for the SnPc/Ag(111) monolayer film, neither in Fig. 5.18 nor in Figs. 5.19
and 5.20. This can be interpreted as a further indication for a well ordered hetero—
molecular film, so that the SnPc molecules are not directly in contact with the
Ag(111) surface. Vice versa this finding supports the suggestion in section 5.2.3,
namely that in case of the SnPc/Ag(111) monolayer film the double peak CFS
signal at E;, = 279.1 eV and 280.3 eV is caused by the adsorbate—substrate inter-
action.

The 2D intensity plot of the series of EDCs on the right hand side of Fig. 5.19 shows
again that the intensity variation of the autoionization signal for Eg;,, < 275 eV
reflects the intensity variation of the C K-NEXAFS signal on the left hand side
of Fig. 5.19 well. Furthermore, it can be seen that for hv = 285 eV the valence
signal above 280 eV kinetic energy is considerably enhanced with respect to the
photoelectron spectrum for hv = 283 eV. Moreover, a comparison between the C K-
NEXAFS spectra and the autoionization signal suggests that this enhancement of
the valence signal is not only due to the SnPc contribution but the PTCDA signal
contributes considerably as well. Considering the NEXAFS spectra one can expect
additionally that the PTCDA layer contributes significantly to the autoionization
signal for 287 eV < hr < 290 eV.

The SnPC/PTCDA/Ag(111) autoionization spectra A — E are plotted in Fig. 5.20
as well, together with the regular Auger signal on top of the graph. The au-
toionization signal for the SnPc multilayer film from section 5.2.2 is shown ad-
ditionally for better comparison (black line) as well as the regular Auger signal
for a PTCDA/Ag(111) monolayer film (grey line). Moreover, the maxima of the
PTCDA autoionization signal are indicated by the grey bars according to the data
of a PTCDA/Ag(111) monolayer film, which is shown in Fig. D.7 in appendiz D. A
comparison of the regular Auger signal at the top of Fig. 5.20, shows that the general
signature of the signal of the SnPc/PTCDA/Ag(111) film, the SnPc multilayer film
and the PTCDA monolayer film is relatively similar, e.g. for all films the regular
Auger signal is highest around 260 eV and 270 eV kinetic energy with a small local
minimum at 264.4 eV for the SnPc multilayer signal and 265.9 eV for the PTCDA
monolayer signal. This can be understood with respect to the fact that the signal

148



5.2 Resonant Auger spectra of different SnPc films

70° C K-NEXAFS, p-pol.

—o— SnPC/PTCDA/Ag(111)
- - - IML PTCDA/Ag(111)

= SnPc multilayer

Intensity (arb. u.)

Intensity (arb. u.) “ 275 280
Kinetic Energy (eV)

Figure 5.19: (Color online) Photon energy dependence of the EDCs at the C K-
absorption edge for a hetero—molecular film with 1 ML SnPc on top of 1 ML
PTCDA/Ag(111) recorded at 70° angle of incidence with respect to the surface
normal and p—polarized light. The maximum of the color scale corresponds to
75% of the maximum intensity. The diagonal lines mark the CIS contributions,
in particular the Ag 4d signal and the Fermi edge (Er) of the substrate as well
as the SnPc HOMO signal (Egono). The horizontal lines (A — F) indicate
the EDCs which are further evaluated in Fig. 5.20 and 5.21. The corresponding
C K-NEXAFS spectra are shown on the left hand side for better orientation.
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Figure 5.20: C K-autoionization spectra of a hetero-molecular film with 1 ML SnPc
on top of a 1 ML PTCDA/Ag(111) film. The curves A — E are obtained by
subtracting the PES contribution from the EDCs indicated in Fig. 5.19, which
was recorded separately with hy = 280 eV. The same applies for the Auger
signal. Additionally, the autoionization signal of the SnPc¢ multilayer film is
plotted (black line) and the regular Auger contribution of the PTCDA/Ag(111)
monolayer film (grey line). Furthermore, the peaks and shoulders in the
SnPc/PTCDA/Ag(111) autoionization signal which are similar to the features
in the SnPc multilayer spectrum are marked by dotted lines, and the energy
positions of the maxima of the PTCDA monolayer signal according to Fig. D.7
are indicated by grey bars.
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originates predominantly from carbon species in a similar chemical environment,
namely from the phenyl and the perylene ring system. However, significant differ-
ences in the fine structure of the autoionization spectra can be observed between
the SnPc multilayer film and the PTCDA monolayer film in Fig. 5.10 and Fig. D.7,
respectively. Consequently, one will be able to identify characteristic features of the
SnPc multilayer signal in the autoionization signal of the SnPc/PTCDA/Ag(111)
film if the electronic properties of the SnPc layer in the SnPc/PTCDA/Ag(111)
film are similar to that of the SnPc multilayer film.

It will be briefly shown in the following that some contributions to the features
a — K in the autoionization data of the SnPc multilayer film, which were dis-
cussed in section 5.2.2, can also be identified in the autoionization signal of the
SnPc/PTCDA/Ag(111) film. Particularly the shoulder in spectrum B at Ey;, =
275.7 eV, which appears in each autoionization spectrum B — F as well, can be
associated with the shoulder s of the SnPc multilayer signal in Fig. 5.20. For
the regular Auger signal of the SnPc/PTCDA/Ag(111) this shoulder is shifted to
Erin = 275.1 eV in agreement with the SnPc multilayer data. Furthermore, the
shoulder at 267.4 eV and 255.5 €V in spectrum B can be associated with the peak
0 and the shoulder « in the respective SnPc¢ multilayer spectrum. Accordingly, the
SnPc contribution to the SnPc/PTCDA/Ag(111) autoionization spectrum is simi-
lar to the respective signal for the SnPc multilayer film. For higher photon energies
the comparison of the respective spectra becomes more difficult since the fine struc-
ture in both, in the SnPc¢ multilayer data and in the SnPc/PTCDA /Ag(111) data
becomes less distinct. However, in spectrum E and in the regular Auger signal the
features o and k can still be identified. Note that for spectrum D the maximum
of the SnPc/PTCDA/Ag(111) signal is located at Eg;, = 257.5 eV, which is ca.
2 eV lower than for the remaining spectra. It is indicated in Fig. 5.20 that this
shift can predominantly be attributed to the PTCDA contribution with respect to
Fig. D.7. In particular for hv = 289.07 eV the excitations at the carbon species in
the carboxyl group contribute significantly to the signal. Therefore the observed
differences in the autoionization signal demonstrate the sensitivity of the Auger and
autoionization signal to the local chemical environment.

All these findings suggest, that the SnPc and the PTCDA contributions to the
SnPc/PTCDA/Ag(111) autoionization spectra are similar to the respective sig-
nals for the SnPc multilayer film and for the pure PTCDA /Ag(111) film, which is
in agreement with the findings from the core level PES and NEXAFS investiga-
tions. [A7] Consequently the autoionization data suggest as well that the interaction
between the SnPc monolayer and the PTCDA/Ag(111) monolayer film is consid-
erably weaker than the coupling between the first adsorbate monolayer and the
substrate. For further detailed analysis of the SnPc contribution to the total signal
by means of difference spectra it is necessary to record PTCDA/Ag(111) data of
higher quality as that shown in the appendix D.
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Figure 5.21: Comparison of the valence EDCs of a hetero—molecular film with 1 ML
SnPc on top of 1 ML PTCDA/Ag(111) for the photon energies indicated in
Fig. 5.19. The EDCs for photon energies higher than 284 eV (black) are plotted
above the photoelectron spectra recorded at hv = 279.88 eV and 119.83 eV
(grey) for better comparison. The angle integrated valence spectrum of the
clean Ag(111) surface for hv = 119.83 €V is shown additionally as grey area.
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The EDCs A — F of the upper valence regime, which were recorded with photon
energies corresponding to the NEXAFS resonances as indicated in Fig. 5.19, are
plotted in Fig. 5.21 on a binding energy scale for better comparison to the direct
PES signal. Additionally to each SnPc/PTCDA/Ag(111) curve the direct PES
spectrum is shown, which was recorded with hr = 280 eV, and the respective
signal from a PTCDA/Ag(111) monolayer film, which was recorded separately at
the same photon energy as the spectrum for the hetero-molecular film. At the
bottom of the graph the respective data is depicted for hv = 120 eV. The direct
PES signal of the SnPc layer can be well distinguished from that of the PTCDA
monolayer. In particular the PTCDA layer contributes to the signal in the range
of 0 eV < Eg < 0.8 eV, 1.3 eV < Eg < 2.0 eV and Eg > 2.5 eV, which can be
attributed to the LUMO derived DOS, the HOMO and stronger bound states, where
the SnPc signal contributes predominantly for 0.8 eV < Ep < 1.3 eV binding energy
(HOMO) and 1.7 eV < Eg < 2.5 eV (HOMO-1). For higher binding energies the
signal from several SnPc states overlaps with the PTCDA contribution. Moreover,
the energy position of the SnPc contribution indicates a shift of 0.4 eV to lower
binding energies compared to the energy positions for the multilayer film in [A4],
which agrees well with recent findings. [A7].

Comparing the SnPc contribution to the autoionization signal between the spectra
A — F, in particular the difference between the black curves, one finds that the trend
in the enhancement of the signal is similar to the trend for the SnPc multilayer film.
In spectrum A, for example, which was recorded for a photon energy that allows in
the SnPc molecule only Co 1s — LEMO transitions, the SnPc signal at Eg = 3 eV
is significantly enhanced and the HOMO and the HOMO-1 signal is only slightly
increased. This enhancement can be attributed to participant decay of the core
excited state, e.g. where the electron in the LEMO fills the core hole and emits
another electron from the HOMO, HOMO-1 or lower lying orbitals. In spectrum
B both, the autoionization signal from the SnPc HOMO and at Eg = 3 €V is very
intense, whereas the contribution from the HOMO-1 at Eg = 2 eV is quite small.
Moreover, the autoionization signal contributes in spectrum C predominantly at
Ep = 3 eV and little to the signal from the SnPc HOMO at Egz = 1.0 eV. The SnPc
contribution to the autoionization signal in spectrum D is so weak that spectrum D
can hardly be distinguished from that for the PTCDA monolayer, and no significant
autoionization signal can be observed in curve F, only the direct photoemission
signal. This trend is in principal similar to what has been observed for the SnPc
multilayer film in Fig. 5.11.

Moreover, Fig. 5.21 suggests that the SnPc signal contributes significantly to the
broad feature in spectrum B between 0.7 eV and 2.2 eV. This is also illustrated
in Fig. 5.22 (a) where the difference between the autoionization signal for the
SnPc/PTCDA/Ag(111) film and the PTCDA monolayer film is plotted. Addi-
tionally the photoelectron spectra of these films is shown in Fig. 5.22 (c) for 120 eV
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Figure 5.22: Comparison between the direct photoemission signal and the

autoionization signal of the SnPc contribution of the hetero—molecular
SnPc/PTCDA/Ag(111) film: (a) difference between spectrum B in Fig. 5.21
and the respective PTCDA/Ag(111) signal,

(b) difference between the
SnPc/PTCDA/Ag(111) and the PTCDA/Ag(111) photoelectron spectra shown
in (c).
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photon energy, and the difference between these spectra is depicted in Fig. 5.22 (b).
This curve indicates clearly that the direct photoelectron signal from the SnPc
HOMO contributes only to the EDC between 0.7 €V and 1.6 €V binding energy.
However, the autoionization signal from the SnPc layer in Fig. 5.22 (a) is very
intense in the range of 0.7 eV < Ep < 2.1 eV, where the maximum is located at
Ep = 1.27 eV. Its signature suggests that at least two peaks contribute to this
signal. Considering that indications for electron—vibration coupling and interfer-
ence effects have been found for the SnPc multilayer film, which give rise to a
shoulder with respect to the CIS signal from the HOMO, one can assume that this
interrelation also plays a role for the SnPc/PTCDA/Ag(111) film. Studying the
photon energy dependence of the autoionization signal from the SnPc monolayer
can provide further insight.

The autoionization spectra of the SnPc/PTCDA/Ag film (dots) and the PTCDA
monolayer film (solid lines) are plotted in Fig. 5.23 over the kinetic energy scale
when tuning the photon energy through peak B of the C K-NEXAFS signal of the
SnPc layer, which has been shown in Fig. 5.6 (d). Additionally, in the inset the
respective data is also plotted over the binding energy scale for better identification
of the CIS contribution. In the spectrum recorded with 284.98 eV photon energy a
small contribution from the SnPc layer to the autoionization signal can be observed
at B = 284.0 ¢V and Eg = 1.0 eV, respectively, which can be attributed to
participant decay of the core excited state. This signal increases considerably with
increasing photon energy. One can identify at least two components of this signal.
One contributes at 1.0 eV binding energy and shifts with increasing photon energy
to higher kinetic energies, respectively, as it is expected for a CIS signal. The other
component contributes at 283.9 eV kinetic energy which leads to the broad tail at
the side to lower kinetic energies and higher binding energies, respectively. This
is similar to what as been observed for the SnPc multilayer film in section 5.2.2,
where this pseudo CFS contributions has been discussed with respect to RIXS
investigations of smaller molecules. [198,256] Hence, this effect can be attributed
analogously to electron—vibration coupling. Additionally, in case of the hetero—
molecular film the intensity of the pseudo CFS signal is significantly higher with
respect to the CIS contribution than for the multilayer film. Furthermore, for the
spectrum recorded with 285.73 eV photon energy one can observe significant signal
from the SnPc film from 285.0 eV down to 283.2 €V kinetic energy and in the
range 0.7 eV < Ep < 2.5 €V, respectively. This can be interpreted as indication
for a modification of the electron—vibration coupling for the hetero—molecular film
with respect to the SnPc/Ag(111) multilayer film. This would also explain the
minor differences in the signature of the SnPc contribution to the core level spectra
compared to the multilayer spectra. Consequently, the broadening of the HOMO
peak can be explained by electron—vibration coupling and interference effets, in
analogy to the findings for the SnPc multilayer film.
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Figure 5.23: Comparison of EDCs of the upper valence regime for a hetero—
molecular film with 1 ML SnPc¢ deposited on a PTCDA/Ag(111) monolayer
film for photon energies corresponding to the second resonance of the SnPc
C K-NEXAFS signal. The spectra of the SnPc/PTCDA /Ag(111) film are show
(dots) together with the spectra of PTCDA /Ag(111) monolayer film (solid lines).
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Summing up, the resonant AES investigation of the SnPc/PTCDA /Ag(111) film in-
dicates that the interaction between the SnPc layer and the PTCDA /Ag(111) mono-
layer film is considerably weaker than the adsorbate-substrate interaction for the
SnPc¢/Ag(111) monolayer film and comparable to the intermolecular interaction for
the SnPc multilayer film. Particularly the SnPc contribution to the autoionization
spectra of the hetero-molecular film is similar to the data for the SnPc multilayer
film, e.g. a fine structure is observed in the autoionization spectra of the hetero—
molecular film below 280 eV kinetic energy which is equivalent to that for the SnPc
multilayer film. Furthermore, a strong enhancement of the CIS signal from the SnPc
HOMO and HOMO-1 is observed for the SuPc/PTCDA /Ag(111) film due to partic-
ipant decay of the core excited state, particularly for photon energies corresponding
to transitions into the LEMO. Moreover the dependence of these contributions to
the autoionization signal on the photon energy is comparable to what has been
observed for the multilayer film. The interference effects between different vibronic
states namely contribute to the autoionization signal in analogy to what is found for
the SnPc multilayer film in section 5.2.2. Consequently the coupling strength be-
tween the SnPc monolayer and the PTCDA /Ag(111) monolayer film is comparable
to the intermolecular interaction in the multilayer film.

5.3 Electron—electron correlation energy

In section 4.1.2 it was assumed for the description of the adsorbate—substrate in-
teraction in the single impurity Anderson model that the correlation energy U
between two electrons can be neglected to first order when considering delocalized
frontier orbitals, e.g. m-orbitals in a conjugated molecular ring system like for
benzene and perylene derivatives or phthalocyanines. A comparison of the regular
Auger spectra with the core level and valence PES data can provide information
on the electron—electron correlation energy U as it will be demonstrated in the
following.

When considering a free atom with one core level (¢) and one valence level (a)
which is occupied by two electrons with spin T and spin |, respectively, the Hamil-
tonian from (4.1) needs to be extended by a term for the correlation energy U,
of the core electrons and by a term for the correlation energy U,, of the valence
electrons:

H = Ec(ncT_'_ncl)_'_Ucc ncTncl—i—[ea—Uac@—ncT—ncl)](naT—i—nal)jLUm NaNg| (518)
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As it is assumed that both spin directions are equivalent, the notation for the
electronic configuration where one spin T or one spin | electron is missing in the
core level is simplified to (c71a®). Accordingly, the following relation holds for the

kinetic energy Eg;, of the Auger electron after decay of the core hole state ¥(c™ta?)
into the 2h final state ¥(c’a=2):
Epin = (W(c™"a”)| H|P(c™ a’)) — (U("a™?)|H|¥("a™?))
=FE.—2FE,— U , (5.19)

where the energy E. and E, correspond to the energy for creating one core or one
valence hole, respectively, as it is measured by PES.

E, = (U(c'a")|H|¥(c %)) — (U("a®)|H|¥ (L a?)) (5.20)
= —€ — Ucc - 2Uac

Eqy = (U(c"a™)|H|W(a™")) — (T(c’a’) | H|P(c"a’)) (5.21)
= —€q — Uaa

In case of the SnPc multilayer film the intermolecular interaction is comparatively
weak. The regular Auger signal with the highest kinetic energy can therefore be
related to a decay of the Cy 1s core excited state where a HOMO electron fills
the core hole and emits the second HOMO electron. Consequently the correlation
energy between the two electrons in the HOMO can be determined with (5.19)
from the energy positions of the onset of the regular Auger signal, and the energy
position of the Cy 1s and the HOMO signal in the photoelectron spectra. As for
the SnPc/Ag(111) monolayer film the LUMO derived DOS is partially occupied
the regular Auger signal with the highest kinetic energy corresponds to a decay
of the Cy 1s core excited state where an electron from the LUMO derived DOS
distribution right at the Fermi level fills the core hole and emits another electron
from this DOS distribution.

The leading edge of the regular Auger spectrum of the SnPc multilayer film from
Fig. 5.10 is plotted at the top of Fig. 5.24 and labeled (i). The spectrum of the
SnPc¢/Ag(111) monolayer film from Fig. 5.15 is plotted at the bottom and labeled
(ii). Aseven for the 12-14 ML thick SnPc film a weak signal from the first monolayer
contributes to the regular Auger signal it is necessary to subtract this contribution

158
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Figure 5.24: High—energy tail of the KVV Auger spectra of a SnPc/Ag(111) mul-
tilayer film (i) and a 1 ML film (ii) recorded with hv = 320 €V and 325 €V, re-
spectively. Additionally, the difference spectrum (iii) is shown, where the 1 ML
contribution has been subtracted from the multilayer spectrum. The dotted line
indicates the energy position of the onset of the Auger signal.
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Chapter 5 Resonant Auger Raman spectroscopy of metal-organic interfaces

first. The respective difference spectrum corresponds to curve (iii). Its onset is
located at Ej;, = 283.0 0.3 V. The maximum of the Cy 1s peak in the C 1s core
level spectrum for the multilayer film in Fig. 5.7 (a) can be determined with high
accuracy to be Eg = 286.00£0.03 eV. Note that for the multilayer film the HOMO
contributes to a double peak signature due to the formation of SnPc dimers and a
bonding—antibonding scenario. [217, A4] The Auger signal with the highest kinetic
energy is related to a final state with two holes in the lower bound HOMO orbital,
which is located at Ep = 1.30 + 0.03 eV. According to (5.19) this leads to Ugy =
0.4£0.3 eV correlation energy of the HOMO electrons.

If one assumes that vibronic broadening plays a significant role for the photoelec-
tron spectra of the SnPc multilayer film the energy position of the Cy 1s and
HOMO signal needs to be considered which corresponds to the vibronic ground
state. Accordingly, the correlation energy Uy g can be estimated analogously from
the leading edge of the Cy 1s peak (Ep = 285.5 £+ 0.05 €V) and the HOMO peak
(Eg = 1.10 4+ 0.05 eV). Altogether, both approaches provide an estimate of the
electron—electron correlation energy for the HOMO of 0.1 < Ugyy < 0.7 V. This
value is in between those for delocalized sp states in the upper valence regime of
metals, where the correlation energy is close to zero, and the values of quite local-
ized orbitals, where the correlation energy can be much higher, e.g. from several
eV for d and f states of transition metals [33,266-268] up to several tens eV for the
F 2s and the He 1s orbitals. [269]

The onset of the regular Auger spectrum (ii) of the SnPc/Ag(111) monolayer film
in Fig. 5.24 is located at Eg;, = 285.45 £ 0.05 ¢V and consequently at significantly
higher kinetic energy than in case of the multilayer film. Moreover, the maximum
of the Cy 1s peak in the C 1s core level spectrum of the SnPc/Ag(111) monolayer
film is located exactly at the same energy position as illustrated in Fig. 5.25. This
corroborates the assignment of the signal to a decay of the Cy 1s core excited state
where an electron of the LUMO derived DOS right at the Fermi level fills the core
hole and emits another LUMO electron. Furthermore, this finding suggests that the
correlation energy Uy between electrons in the LUMO derived DOS is close to zero,
similar to what is found for the delocalized sp states in the upper valence regime of
metals. This implies that many body effects play a role for the SnPc monolayer film.
Consequently, the agreement of the energy position of the core level signal and the
onset of the regular Auger signal can be considered as further indication for strong
(electronic) adsorbate— substrate coupling so that a joint density of substrate—
adsorbate states is formed, which leads to many-body excitations in the PES,
NEXAFS and resonant Auger spectroscopy with metallic character as it has been
shown in chapter 4 and section 5.2.5.
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Figure 5.25: Comparison between the high-energy tail of the KVV Auger spec-
trum of a 1 ML SnPc/Ag(111) film (top) and the respective C 1s photoelectron
spectrum (bottom) at the same energy scale.
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Chapter 5 Resonant Auger Raman spectroscopy of metal-organic interfaces

5.4 Discussion & Conclusion

In has been demonstrated in section 5.2.1 that the 1 ML SnPc/Ag(111) film is
representative for molecular adsorbate films which react strongly with a metal sub-
strate. Moreover, the investigation of the SnPc films demonstrates that resonant
Auger spectroscopy is a sensitive method for studying the electronic structure of
organic thin films and surfaces. Due to site specific core excitations the resonant en-
hancement of certain spectral features can be related to the localization of orbitals
as it has been discussed, for example, for the SnPc multilayer film with respect to the
HOMO and HOMO-1 contribution. Additionally, interference effects can provide
information about dynamical aspects, e.g. nuclear motion and substrate-adsorbate
charge transfer as it has been demonstrated for the SnPc¢ multilayer and the mono-
layer film as well as for the hetero-molecular film. Furthermore, autoionization
spectra can be a significant indicator for many—body excitations, which becomes
evident by the comparison of the data of the SnPc/Ag(111) multilayer film with that
of the monolayer film. For the multilayer film in section 5.2.2 certain features in the
autoionization signal can be well explained by the simplified concept of a spectator
decay, where a core electron is excited into an unoccupied state where it remains
“passive” during the subsequent Auger decay. However it was shown in section 5.2.5
that the spectator and participator concept breaks down for the monolayer film for
which many—electron excitations dominate.

The study in chapter 4 indicates that the NEXAFS and the core level spectra of
molecular monolayer films which are strongly coupled to a metal substrate need
to be discussed in the frame work of many—body excitations involving substrate—
adsorbate charge transfer. In this context the asymmetric peak profiles in the core
level spectra are due to a continuum of core excited states comparable to Doniach—
Mahan—Sunjic line profiles. [88,175-178| This implies that many-body excitations
and interference effects between different core excited states play a significant role
for the autoionization of such films considering the Kramers—Heissenberg relation
(5.10) and the Fano approach. As a result, charge transfer satellites can contribute
considerably to the autoionization spectra. Their contributions may change when
tuning the excitation energy through a resonance. Moreover, these effects can
be related to the duration 7. of the x-ray scattering process — the satellites are
large for short 7.. Consequently the variations in the autoionization spectra can
be attributed to a difference in the reaction of the electronic structure for different
life times of the excited state. This can be considered as if the reaction of the
electronic structure on the radiation field occurred on the time scale of the core
hole life time.

In the autoionization data of the SnPc/Ag(111) monolayer film in section 5.2.3 the
relative intensity of the charge transfer satellite contribution with respect to the
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5.4 Discussion & Conclusion

CIS signal from the HOMO has been higher for shorter duration 7. of the x-ray
scattering process. In the context of what has been discussed above this can be
interpreted in the way that the electronic structure reacts on a similar time scale as
the core hole life time and consequently within a few fs. Furthermore, the particular
spectral features of the monolayer data cannot be related explicitly to particular
electronic configurations in the single electron frame work because of many—body
effects. Hence a certain peak cannot be assigned to a particular electronic configu-
ration after a substrate—adsorbate charge transfer scenario or a non—charge transfer
scenario. As a consequence the well established tunneling approach in the single
particle picture, where the decrease or increase of a spectator or participant signal is
directly related to the tunneling rate of one electron between the adsorbate and the
substrate is only suitable in case of weak adsorbate-substrate interaction. |183-186|
However, quantum chemical calculations of the autoionization spectra may be help-
ful in case of strong adsorbate-substrate coupling, comparable to the calculations
of photoemission spectra for transition metal compounds with charge transfer satel-
lites. [87,130]

Furthermore, the investigation of the hetero—molecular film in section 5.2./ can
provide fundamental information on the interaction of the second monolayer with
the first one for molecular thin films of flat lying m—conjugated molecules. As the
general signature of the autoionization contribution from the SnPc monolayer is
similar to that for the SnPc/Ag(111) multilayer film it can be assumed that the
strength of the interaction between the first and the second molecular monolayer
is comparable to the intermolecular interaction in the multilayer film and charge
transfer satellites do not contribute to the autoionization spectra. Moreover, the
autoionization data suggest a modification of the electron—vibration coupling for the
SnPc layer, which is in agreement with the signature of the SnPc signal in the core
level spectra. [A7] Consequently, a reactive metal surface can in general be capped
by adsorbing only one single densely packed adsorbate monolayer. Accordingly,
significant hybridization is only observed between the electronic states of the first
layer and the metal substrate.

However, a rigid level shift of 0.4 eV is observed for the SnPc monolayer with
respect to the SnPc/Ag(111) multilayer and bilayer film. Moreover, it has been
shown in [A7] that this shift agrees well with the work function difference between
the PTCDA/Ag(111) monolayer film and the SnPc/Ag(111) multilayer film. Con-
sequently the rigid level shift can be attributed to an increase of the interface dipole
by the PTCDA interlayer. In this context the rigid level shift can be interpreted
as an indication for vacuum level alignment due to the weak interaction between
the second (SnPc) monolayer and the first (PTCDA) monolayer as it has been
discussed in more detail in [A7].
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Chapter 5 Resonant Auger Raman spectroscopy of metal-organic interfaces

Consequently, resonant Auger spectroscopy is a powerful method which can provide
important information about the interface interaction. Due to the high cross section
for the light elements and the high surface sensitivity compared to RIXS it is
particularly suitable for studying organic thin films and surfaces. This spectroscopy
technique is of interest because it is site selective and it provides access to nuclear
and electronic dynamics at the interface. These properties are very important for
all kinds of applications where charge transport, [270-273] the life time of excited
states and reaction dynamics play a role. |[188,274-276| This can be illustrated
by the following examples: The interfaces are often the bottle neck which limit
the carrier mobility in electronic devices. The efficiency of solar cells and LEDs
depends on the relation between the life time of excited states and the charge
carrier mobility at the interfaces. Catalytic reactions often occur at surfaces due
to a complex interplay between the life time of excited states and the molecular
and atomic dynamics. Moreover, heterogeneous catalysis is driven by only a few
highly reactive hot spots at the surface where the conditions for a certain reaction
path are optimal. These conditions need to be understood in order to improve such
catalysts systematically.
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6

Concluding remarks

It has been demonstrated that PES, NEXAFS spectroscopy and resonant AES
can provide important information about the electronic structure with high surface
sensitivity, and hence theses methods are suitable for studying thin adsorbate films
and interfaces. It has been shown in the chapters & — 5 and additionally in the
appendiz C' that many-body effects can contribute significantly to the spectra of
the bulk and the substrate—adsorbate interface, in particular in the case of strong
adsorbate—substrate coupling. Moreover, in chapter 5 indications for weak electron—
electron correlation in the frontier orbitals of m—conjugated organic molecules are
found. Consequently, it may be necessary to take such correlation effects into
account for a proper description of the interface interaction. Consequently, the
intermolecular interaction, which can be mediated by the substrate, can induce

electron hopping between different molecules in a densely packed film of adsorbates
with a partially occupied LUMO derived DOS.

These effects, the adsorbate-substrate coupling, the electronic correlation and the
intermolecular interaction, can be described by the Hubbard model. [277-281] This
description has been successfully applied to various transition metal compounds,
e.g. transition metal oxides, halides, sulfides and alloys. [116] In this model a lattice
is considered in which electrons can hop between the different sites and a Coulomb
energy U has to be payed for double occupation of one site. For the discussed ad-
sorbate monolayer films, where the molecules are lying flat at the substrate, one can
assume that the direct coupling between different adsorbates is comparatively weak
and that the adsorbate-substrate coupling is the dominant effect which mediates
the intermolecular interaction. It has been shown that for such a scenario it is conve-
nient to project the Hubbard approach onto the single impurity Anderson model, so
that only the interaction of a single impurity with an electron reservoir is considered,
which covers also the interactions between different sites in the Hubbard lattice.
This simplification is one key aspect of dynamical mean—field theory. [282] In com-
bination with DFT it allows to model the dependence of the quasi—particle DOS
distribution on the correlation energies U and the substrate-adsorbate coupling.
The latter can be related to the width W of the density distribution of substrate—
adsorbate states in the limit U = 0. The general trend of this interrelation which
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is found for various materials is schematically indicated in Fig. 6.1 for zero temper-
ature and a half filled DOS which corresponds in the Hubbard model to the same
number of electrons as lattice sites. |7,33,282-285|

Accordingly, Fig. 6.1 (a) illustrates the case in which the electrons are entirely inde-
pendent (U = 0) as it was assumed in chapter 4. In the weakly correlated regime of
Fig. 6.1 (b) the quasi-particle DOS distribution resembles still that of independent
electrons. However, the peak becomes narrower with increasing electron—electron
correlation and two shoulders develop at the high and low—energy side. Fig. 6.1 (c)
illustrates the characteristic Hubbard bands for the strongly correlated regime with
the distinct, narrow quasi—particle peak at the Fermi level. When the correlation
is sufficiently strong the Mott metal-insulator transition happens and the quasi—
particle peak vanishes in Fig. 6.1 (d). In this context the data from the previous
chapter allows to classify the SnPc/Ag(111) monolayer film in terms of correlation
strength.

One can assume for the SnPc/Ag(111) monolayer film that in case of correlation
effects being absent (U = 0) the width W of the LUMO derived DOS distribution
was similar to that of the HOMO peak in spectrum Fig. 5.16 (i), namely of the
order of 0.4 eV. Furthermore, in section 5.3 the correlation energy Upypy between
the electrons in the delocalized HOMO was estimated to be Ugyg = 0.4 & 0.3 ¢V
for the multilayer film, where the intermolecular interaction is weak enough to be
neglected. As the LUMO orbital is similarly delocalized one can assume a similar
value for the LUMO. Consequently, the ratio U/W ~ 1 which implies that the
SnPc/Ag(111) monolayer film is somewhere in between the weak and the strongly
correlated regime in Fig. 6.1 (b) and (¢).! Accordingly if these described many—
body and correlation effects are a realistic scenario for this molecular monolayer
film one should find spectral features in the photoelectron data, which are similar
to what is illustrated in Fig. 6.1.

However, in the valence PES data in Fig. C.2 in the appendiz C no evidence can be
found for such spectral features, which might be due to comparatively high sample
temperature and the circumstance that these measurements were carried out with
comparatively poor energy resolution and statistics. However, for CuPc/Ag(111)
monolayer films such a Hubbard like signature has been observed for the LUMO
contribution. These spectra were measured at 80 K sample temperature with high
energy resolution. [286] It was also shown for these films that the sharp peak at the
Fermi level which might correspond to the quasiparticle peak in between the lower
and the upper Hubbard becomes narrower and more distinct when decreasing the
temperature to 10 K. Moreover, a similar spectral signature has been found recently

INote that there has been an intense debate with respect to transition metal compounds wether
the Hubbard U can be directly related to the correlation energy for a free atom, where hy-
bridization and screening does not contribute. [18,22]
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Figure 6.1: Schematic illustration of the spectral function in a material for different
correlation energies U at zero temperature and half filling (same number of elec-
trons as lattice sites). [7,282,283,285] Depending on the ratio of the correlation
energy U and the band width W for the non—correlated case one can classify
the four scenarios into (a) non—correlated, (b) weakly correlated, (c) strongly
correlated and (d) Mott insulator.
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for NTCDA/Ag(111) and PTCDA/Ag(111) monolayer films as well, which have
both a partially occupied LUMO derived density of substrate—adsorbate states.
[287-289| In particular for the NTCDA monolayer film an order-disorder phase
transition has been observed at low temperature, for which this DOS becomes
nearly entirely occupied and the narrow peak at the Fermi level vanishes. This is
exactly what is expected in the context of the Hubbard model. Accordingly the
contribution from the lower Hubbard band decreases with increasing occupation
as well as the hopping rate so that the narrow quasiparticle peak in between the
upper and the lower Hubbard band disappears, and the upper Hubbard band is
shifted below the Fermi level and increases in spectral weight. For the limit of a
complete filled DOS (2 electrons per lattice site) only one band — an equivalent
to the upper Hubbard band — is left, as it is expected for the the uncorrelated
limit. This interrelation is discussed in more detail in |7, 15,283|. Note that for
Ceo/Ag(111) monolayer films a similar fine structure is observed at the Fermi level

upon doping with potassium and the signature varies with dopant concentration [5]
as well as for TTF-TCNQ films. [25,26,290]

Summa summarum the results from the previous chapter in combination with re-
cent work from others suggest that it may not be sufficient to consider organic
thin films and metal-organic interfaces in a single particle picture under certain
conditions but many—particle and correlation effects need to be taken into account
additionally. Such effects are well known for transition metal compounds for which
they have been studied intensely [6,13,116,284| but for organic thin films they are
still kind of exotic [5-7] Moreover, these correlation effects can lead to interesting,
rich physics because of an sophisticated interplay between various material prop-
erties like the electric resistivity, heat conductivity, geometric structure, sample
temperature and magnetic properties. For example lattice stress induced by pres-
sure or doping can drive a Mott metal-insulator transition, which lowers the electric
conductivity considerably. |6,13,284] On the molecular scale this can be related to
shorter interatomic, intermolecular or adsorbate—substrate distances, respectively.
When thinking of the Jan—Teller effect or the Peierls distortion it becomes obvious
that this interrelation between the electronic structure and the geometric structure
might also influence the electron—vibration coupling and consequently the thermal
conductivity. Materials with strong, localized spins can have sophisticated magnetic
properties as described by Kondo. [16] One could imagine that even molecular ad-
sorbates which contain heavy elements with a partially occupied d/f shell might
have similar material properties. Finally the data discussed in this work suggests
that many—body and correlation effects which are primarily known for inorganic
materials might also play a role for certain organic adsorbate thin films. It would
be interesting to study these effects in more detail, in particular how much they
contribute to the interface interaction.
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A

Comparison between HF and DFT calculations

In principle, the Kohn-Sham functions and energies in the DFT calculations are
purely mathematical operants. However, in practice they can approximate the
electronic states and electron energies surprisingly well under certain conditions.
Hence, DFT can provide reasonable orbitals and energies for organic molecules,
and even the band structure in organic solids. [291]| This is demonstrated here by
a comparison of the results from Hartree—-Fock and DF'T calculations for benzene
and anthracene in the following, as well as by calculations of quantum well states
for alkanes in appendiz E. The absolute Koopmans’ and Kohn-Sham energies for
the LUMO and the C,,; 1s orbital are different, but both approaches show the
same trend with increasing polyacene size. Consequently, the calculations of the
polyacene orbitals, which are shown in section 3.5 and 3.3.4 can be carried out
using DFT.

Of course, the quality of the HF and DFT calculations and consequently the orbital
energies depend on the size of the basis set as well as on the functional in case of
DFT. [292] For both, HF and DFT, the 6-311G basis set [292] was used, which
models the inner shell orbitals with one contracted Gaussian function and the va-
lence orbitals with three contracted Gaussian functions. Furthermore, the DFT
calculations are carried out with the BSLYP functional, 60| which is optimized for
light elements.

A.1 Core orbital and LUMO of benzene and pentacene

The iso-density surface of the benzene and pentacene LUMO and of the core or-
bitals are compared in Fig. A.1 between HF and DFT calculations, respectively.
Both methods provide very similar valence and core orbitals. For benzene the or-
bitals are nearly identical. For pentacene only minor differences are observed, in
particular with respect to the third antinode from top in the LUMO. The absolute
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Appendix A Comparison between HF and DF'T calculations

HF DFT
benzene pentacene AE | benzene pentacene AE
LUMO 3.70 0.57 3.13 | -0.19 -2.61 2.42
core level | -305.77 -305.99  0.22 | -276.96 -277.15 0 0.19

Table A.1: Comparison between the C,,,; 1s and LUMO energies from HF and DFT
calculations for benzene and pentacene. The respective orbitals are displayed in
Fig. A.1.

orbital energies depend strongly on the calculation method, HF or DFT, respec-
tively. However, the trend in the orbital energies from benzene to pentacene is
similar. Tab. A.1 shows that the decrease in LUMO energy between benzene and
pentacene is one order of magnitude larger than the decrease in C 1s energy, in-
dependent of the calculation method. Consequently, both, the HF and the DF'T
calculations, indicate the same trend in the LUMO and core level energies with
increasing polyacene size.
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A.1 Core orbital and LUMO of benzene and pentacene

HF, 6-311G
LUMO g
3.70 eV 0.57 eV
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Figure A.1: (Color online) Comparison between Hartree-Fock and DFT calcula-
tions of LUMO and core orbitals of benzene and pentacene. In case of DFT all
calculations were carried out with the 6-311G basis set and the B3LYP func-
tional. The graph shows the iso-density surface (0.02 e/bohr?) with the phase
of the wave function being indicated by red and green color.



B

Comparison of different BTCDA and BTCDI
sub—ML spectra

In Fig. B.1 and B.2 the C 1s and N 1s spectra of various BTCDI/Ag(111) films
are shown, which were prepared under slightly different conditions and measured
either at room temperature or at considerably lower temperature. The compar-
ison of the spectrum in Fig. B.1 (a) with the data for the annealed films indi-
cates that annealing affects the monolayer films significantly. In particular for the
not annealed monolayer film the peak at Ep = 287.5 eV is significantly higher
than the signal at 288.8 eV, the foot at 283 eV is emphasized and the spectral
weight is shifted to lower binding energy with respect to the data for the tempered
films.

A loss of BTCDI molecules from the first monolayer was observed if the annealing
cycle was too long. Therefore the BTCDI/Ag(111) monolayer films were annealed in
several short cycles and checked by PES until a good monolayer film was prepared.
The spectra in Fig. B.1 (b, ¢, d) indicate that small variations in the annealing
conditions can lead to significant changes in C 1s spectrum. In particular the
relative intensity and the energy splitting of the double peak signature of the Cy 1s
signal and the maximum of the Co 1s peak is very sensitive to the annealing
conditions. Furthermore, the spectrum in Fig. B.1 (d) is recorded for the same
monolayer film as that in (e), but at 190 K sample temperature instead of 300 K.
The similarity between both spectra indicates that cooling has only little effect on
the C 1s spectrum from the BTCDI monolayer film.

Furthermore, all BTCDI C 1s monolayer spectra can be fitted consistently with at
least six Voigt profiles as shown exemplarily in Fig. B.1 (e). It is discussed in sec-
tion 4.4 that the core level signal is related to many-body excitations. Consequently
the peaks in this fit approach cannot be interpreted in the one—electron picture
which is suitable for the multilayer data. For example the different Co 1s and Cy 1s
peaks cannot be directly related to chemically different carbon species. Moreover,
the discussion in section 4.4 rather suggests that the various peaks can be inter-
preted in the context of satellite and main peaks to first order.
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Figure B.1: C 1s core level spectra of various BTCDI/Ag(111) sub-ML films for
slightly different annealing conditions and sample temperatures 7" during the
measurements: (a) not annealed and 7" = 300 K, (b) annealed in two cycles
(t =10+ 3 min) at 120° C and T' =300 K, (¢) t = 5+ 10 min at 120° C and
T =300 K, (d) annealed in several cycles (t =54 2414 24 1 min) at 120° C
and measured at 7' = 190 K, (e) the sample from (d) measured at 7" = 300 K.
Additionally, the result of a peak fit for spectrum (e) is shown from which the
charge transfer parameters in Tab. 4.1 are determined.
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Appendix B Comparison of different BTCDA and BTCDI sub—ML spectra

In Fig. B.2 the N 1s signal for various BTCDI/Ag(111) monolayer films is depicted.
The data in Fig. B.2 (a, b, ¢) corroborate the finding that the intensity ratio in
the core level spectra is sensitive to the annealing conditions. In Fig. B.2 (a),
where the film was annealed at 100° C, the relative intensity of the low energy
peak is considerably lower than for the remaining spectra, where the film was
annealed at 120° C. Furthermore, after recording the spectrum in Fig. B.2 (c) the
same sample was cooled to 200 K and the spectrum in Fig. B.2 (d) was recorded.
Accordingly, cooling effects the N 1s spectrum significantly in contrast to the C 1s
spectrum. In particular the relative intensity of the low—energy peak increases. This
is corroborated by the spectrum in Fig. B.2 (e) from a different BTCDI monolayer
film.

For the BTCDA /Ag(111) monolayer films annealing has also a significant influence
on the electronic structure, similar to the observations for BTCDI. In particular for
the not annealed monolayer film in Fig. B.3 (a) a distinct shoulder is observed at
Ep = 284.3 €V in the leading edge of the prominent Cq 1s peak at Eg = 285.5 eV.
After annealing the peak maximum is shifted to Eg = 285.1 eV and the low en-
ergy shoulder is decreased. Additionally the prominent Cp 1s peak is shifted from
Ep = 289.3 eV to 289.0 eV. Accordingly annealing increases the chemical shifts
with respect to the multilayer film. Consequently it can be assumed that annealing
increases the interface interaction and the covalent character, respectively. Further-
more, the differential shifts between the two Cg 1s peaks corroborate the statement
in section 4.4.2 that the covalent interface interaction can lead to differential chem-
ical shifts between the satellite and the main peak.

From the fits in Fig. B.1, B.2, B.3 and 4.11 the charge transfer parameters in
Tab. 4.1 can be determined under the simplifying assumption that the dashed
peaks in the fits can be interpreted as main peak and the peaks plotted with short
dashes as satellite contributions. The respective values for the BTCDI and BTCDA
monolayer films are shown together in Fig. B.4 and B.5.
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Figure B.2: N 1s core level spectra of various BTCDI/Ag(111) sub-ML films for
slightly different conditions, e.g. annealing time ¢ and sample temperature T
during the measurements: (a) annealed for t = 4 min at 100° C and 7' = 300 K,
(b) annealed in two cycles (¢ = 10 4+ 5 min) at 120° C and T' = 300 K — same
film as for Fig. B.1 (c¢), (c) annealed in several cycles (t =5+2+ 1+ 2+ 1 min)
at 120° C and T' = 300 K — same film as for Fig. B.1 (d, e), (d) the film from
(c) measured at T = 200 K, (e) annealed in two cycles (¢ = 10 + 3 min) at
120° C and measured at 7" = 210 K. Additionally, the result of a peak fit for
spectrum (c) is shown from which the charge transfer parameters in Tab. 4.1 are
determined.
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Appendix B Comparison of different BTCDA and BTCDI sub—ML spectra

BTCDA/Ag(111) monolayer film, C 1s, hv = 335 eV
——

T=300K

Intensity (arb. u.)

T =300 K, annealed

— T T T T T T 1
300 295 290 285
Binding Energy (eV)

Figure B.3: C 1s core level spectra of two different BTCDA/Ag(111) monolayer
films. (a) deposited and measured at 300 K sample temperature and not an-
nealed (b) annealed from a multilayer film for 5 min at 60° C. Additionally the
peak fit is indicated from which the charge transfer parameters in Tab. 4.1 are
determined.
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Configuration mixing for the main peak
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Figure B.4: Configuration mixing for the main peak of different core level signals
from the BTCDI and BTCDA sub-ML films. The contribution of the ground
state configuration < ngs > = cos?§’ to eigenstate which is related to the main
peak is plotted over the charge transfer energy A, for the minimum and max-
imum values given in Tab. 4.1. Additionally the arctan function indicates the
expected trend for the case that the coupling between the respective molecular
level and the substrate states induces a density of adsorbate states distribution
pa(€) which is of Lorentzian shape, and the error function indicates the respec-
tive trend for a Gaussian distribution. The example curves are plotted for the
coupling parameter A = 0.45 ¢V and 0.6 eV, respectively.
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Appendix B Comparison of different BTCDA and BTCDI sub—ML spectra

Coupling parameter 7 for the BTCDI and BTCDA ML films
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Figure B.5: The values of the coupling parameter 7" in Tab. 4.1 for the BTCDA
and BTCDI sub-ML film, which corresponds to the off-diagonal element of the
Hamiltonian H, are plotted over the charge transfer energy Aj,. Note, that for
each core level two data points are indicated, which correspond to the minimum
and the maximum value of T, respectively.
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C

Phthalocyanine thin films on Ag(111)

It has been shown in chapter 5, that there are significant chemical shifts in the core
level and in the valence spectra of the SnPc/Ag(111) monolayer film with respect
to the multilayer film. These chemical shift were investigated in detail in [A4].
It was found that they vary with sample temperature and SnPc coverage in the
sub—ML regime. In particular two trends were found: Firstly, the chemical shifts
in the N 1s and C 1s core level spectra decrease with increasing SnPc coverage
from half a monolayer to 1 ML. Secondly, for a SnPc coverage lower than 0.8 ML
the chemical shifts were at 130 K sample larger than at room temperature. The
magnitude of the chemical shift, was considered as an indicator for the strength
of the substrate—adsorbate coupling. This interpretation is in agreement with a
previous LEED and XSW investigation of the film structure, in which a variation
of the adsorbate—substrate distance was taken as an indicator for the strength of
the adsorbate-substrate interaction. [214,225]

In Fig. C.1 some N K-NEXAFS spectra are shown for different sub-ML coverages
and temperatures. As the multilayer spectrum is very similar to that of HoPc it is
referred to [216] for a detailed assignment of the peaks. The finding that transi-
tions into the LEMO contribute significantly to peak A is important with respect
to the current discussion. As the monolayer spectrum resembles the multilayer
spectrum well, peak A has also contributions from transitions into the LEMO. Its
signature and the kink at its leading edge can be interpreted as significant indica-
tions for a strong substrate-adsorbate interaction and many-body excitations as
it has been discussed in chapters 4 and 5. This particular peak is significantly
decrease in the monolayer spectrum. This can be related to the partial occupation
of the LUMO derived DOS, which becomes evident from the valence spectra in
Fig. C.2.

Moreover, peak A decreases further with decreasing SnPc coverage and increasing
interaction strength, respectively. According to Fig. C.1 (b) and (c) the peak A
decreases additionally with decreasing sample temperature, which is also attributed
to an increase of the interaction strength. These interrelations imply that the
occupation of the LUMO derived DOS can be varied within a certain range. In
return the LUMO derived DOS can be studied for different degrees of occupation
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Appendix C Phthalocyanine thin films on Ag(111)

70° N K-NEXAFS, SnPc/Ag(111)
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Figure C.1: N K-NEXAFS spectra of a 10 ML SnPc/Ag(111) film and various sub—
ML films at room temperature and 130 K sample temperature. On the right
hand side the ratio of the peak heights is indicated for (grey) room temperature
and (black) 130 K. Note that the peak areas yield the same ttrend. The spectra
were recorded with 70° angle of incidence of the x—ray beam. The partial yield
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Figure C.2: Angle integrated valence spectra of a 10 ML SnPc/Ag(111) film (top)
and different monolayer films at room temperature (a) and 130 K (b). The
dashed line indicates the signal from a clean Ag(111) surface. All spectra were
recorded at normal emission geometry.

as suggested in chapter 6 in relation to the Hubbard model. Therefore a series
of SnPc/Ag(111) films from 0.65 ML to 1 ML SnPc coverage was investigated at
room temperature and 130 K. It seems as if the variations in the spectra are in
agreement with the expected trend. For the low temperature films the signature
of the LUMO DOS suggests, that it is more occupied than at room temperature,
in particular when comparing spectrum (4b) to (4a). However, the variations in
the spectra in Fig. C.2 are not very significant despite the film quality was good
according to LEED and core level data. However, aspects like energy resolution,
count rate, angular dependence and sample temperature allow further optimization
of these measurements.
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D

Additional resonant Auger spectra

It is mentioned in chapter 5 that the SnPc thin films have been investigated with
resonant Auger spectroscopy at the C K and N K adsorption edge. However, only
the most important data of the C K-edge is discussed in this chapter in order to
keep it tight. Some complementary data is shown in this appendix, which confirms
the interpretation of the resonant Auger spectra in chapter 5 and additionally hints
to related aspects.

D.1 SnPc/Ag(111) multilayer film

A two—dimensional autoionization spectrum is depicted in Fig. D.1 for a SnPc
multilayer film at the N K absorption edge for p—polarized light. Accordingly
the upper valence signal is considerably enhanced for 398.2 eV photon energy. This
enhancement can be attributed to participant decay of the core excited state, which
increases the CIS signal from the HOMO and HOMO-1. Note that the intensity of
the HOMO-1 signal is considerably higher than that of the HOMO signal, whereas
it is vice versa at the C K-edge. This can be interpreted so that the HOMO-1
has a higher density at the nitrogen species than at the carbon species and that
it is vice versa for the HOMO. Furthermore, the broadening of the HOMO peak
at resonance (hv = 285.3 eV) was attributed to interference and electron—vibration
coupling. A similar broadening of the HOMO and HOMO-1 peak can be observed
for 398.2 €V photon energy. In particular the two peaks are separated off resonance,
but at resonance both contributions are broadened so that they overlap in kinetic
energy.

Moreover, various autoionization spectra are compared to each other in Fig. D.2.
These multilayer spectra have a rich fine structure, which changes considerably with
photon energy. These spectator shifts and variations in the relative intensity of the
different features are in agreement to the finding for the C K-edge.
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D.1 SnPc/Ag(111) multilayer film
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Figure D.1: (Color ounline) Photon energy dependence of the EDCs at the N K-
absorption edge for a SnPc/Ag(111) multilayer film recorded at 70° angle of
incidence with respect to the surface normal and p—polarized light. The signal
between 0.5 eV and 3.5 €V binding energy is multiplied by 40 in order to visualize
the resonant enhancements. The vertical lines mark the energy position of the
CIS signal of the HOMO and the HOMO-1 off resonance. The corresponding
N K-NEXAFS spectrum is plotted on the left hand side for better orientation.
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Appendix D Additional resonant Auger spectra
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D.2 SnPc/Ag(111) monolayer film

D.2 SnPc/Ag(111) monolayer film

A two-dimensional autoionization spectrum for a SnPc/Ag(111) monolayer film is
depicted in Fig. D.3 together with the respective N K-NEXAFS spectrum. The
differences in the NEXAFS spectrum with respect to the multilayer spectrum are
further discussed in appendiz C. Note that the autoionization signal is very weak
compared to the Ag 4d signal. Nevertheless one observes resonant enhancement of
the valence signal between 0 eV and 4 eV binding energy for 398 ¢V and 399.8 eV
photon energy. Moreover for hv = 398 eV the autoionization signal contributes con-
tinuously from the Fermi level to higher binding energy, analogous to the step—like
autoionization signal in Fig. 5.16. As for the multilayer film the HOMO related CIS
signal contributes only little to the N K-autoionization signal one can assume that
this applies also for the monolayer film. Hence the autoionization signal between
0 eV and 2 eV binding energy in Fig. D.3 can be associated with signal from the
LUMO. The inset in the upper left indicates that the signature of the autoioniza-
tion changes when tuning the photon energy through the resonance which is related
to interference effects as it is discussed in section 5.2. Moreover, this change in sig-
nature is similar to the interference effects in section 5.2.2 and 5.2.4, which were
associated with electron—vibration coupling.

In Fig. D.4 some autoionization spectra are plotted for excitation energies corre-
sponding to a maximum or a minimum in the N K-NEXAFS signal. The signa-
ture and the energy position of the spectral features is similar for the different
curves. This is in agreement with the findings for the C K absorption edge in
section 5.2.3.

Fig. D.5 shows a series of valence spectra over the binding energy scale when tun-
ing the photon energy through the first two C K-NEXAFS peaks. Note that the
depicted spectra are identical to those plotted in Fig. 5.17 over the kinetic en-
ergy scale. Therefore it is referred to section 5.2.2 for a detailed discussion of the
data.
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70° N K-NEXAFS, p-pol.
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Figure D.3: (Color online) Photon energy dependence of the EDCs at the N K-
absorption edge for a 1 ML SnPc/Ag(111) film recorded at 70° angle of incidence
with respect to the surface normal and p—polarized light. The signal between
0.5 eV and 3.0 eV binding energy is multiplied by 33 in order to visualize the res-
onant enhancements. The vertical lines mark the energy position of the HOMO
and the LUMO contribution off resonance. The corresponding N K-NEXAFS
spectrum is plotted on the left hand side for better orientation.
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Appendix D Additional resonant Auger spectra

EDCs, 1 ML SnPc/Ag(111)
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Figure D.5: Comparison of the valence EDCs of a 1 ML SnPc/Ag(111) film for the
photon energies indicated in Fig. 5.14. The spectra were recorded at 70° angle
of incidence for the p—polarized x—ray light. Note that the depicted spectra are
identical to those plotted in Fig. 5.17 over the kinetic energy scale.
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D.3 SnPc/PTCDA/Ag(111) film

D.3 SnPc/PTCDA/Ag(111) film

Some valence EDCs for the heteromolecular SnPc/PTCDA /Ag(111) film are plot-
ted in Fig. D.6. In principle these spectra reflect the trend in the SnPc/Ag(111) mul-
tilayer. Consequently they corroborate the finding from section 5.2.4, namely that
the interaction between the SnPc¢ and the PTCDA layer is weak and comparable
to the intermolecular interaction in the multilayer film. In particular no significant
resonant enhancement of the upper valence signal is observed except for 398.35 eV
photon energy. In this EDC the signal of the HOMO-1 of SnPc is little enhanced
due to participant decay as well as the signal from lower lying states. In contrast,
the HOMO signal is not significantly enhanced.

Moreover, some valence spectra of a PTCDA/Ag(111) monolayer film are depicted
in Fig. D.7 for selected photon energies,® which correspond to those indicated in
Fig. 5.19 and 5.20. In principle the spectra have a broad signature, similar to what
is observed for the SnPc/Ag(111) monolayer film. Moreover, the energy positions
of the features o and v depend on the excitation energy. The feature « shifts to
higher kinetic energy with increasing photon energy and v shifts to lower kinetic
energy with increasing photon energy, in particular for excitations at the functional
group for hy = 298.1. This is somewhat different to what was found for the
SnPc/Ag(111) monolayer film, where only minor differences between the various
autoionization spectra were observed. It might be related to the fact that the
various carbon species in the phthalocyanine molecule are chemically similar but
very different in case of PTCDA. The core level and NEXAFS spectra in Fig. 4.5
and 4.6 indicate that the carbon species in the functional group of the PTCDA
molecule, differ strongly from the species in the perylene ring. In particular in
the NEXAF'S spectrum the difference in excitation energy between transitions into
the LUMO-+1 at the perylene ring and at the functional group is of the order of
4 eV. |46] But the energy separation between peak A and B in the C K-NEXAFS
of the SnPc multilayer film in Fig. 5.6 is only ~ 1 eV. Note that these peaks A and
B are attributed to transitions into the LEMO at the phenyl rings and at the Cy
carbon species next to the nitrogen atoms, respectively.

!These particular spectra were recorded and normalized by J. Ziroff
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EDCs, SnPc/PTCDA/Ag(111)
) ) I ) ) ) I ) ) ) I )

—o—hv=395.05eV

Intensity (arb. u.)

398.35 eV

Ag(111)

Binding Energy

Figure D.6: Comparison of the valence EDCs of a SnPc/PTCDA/Ag(111) film for
the photon energies indicated at the right hand side. The EDCs for photon
energies higher than 395 eV (black) are plotted above the photoelectron spectra
recorded at hr = 395.05 eV and 120 eV (grey) for better comparison. For

hy = 120 eV the angle integrated valence spectrum of the clean Ag(111) surface
is shown additionally as grey area.
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D.3 SnPc/PTCDA/Ag(111) film

Valence spectra, 1 ML PTCDA/Ag(111)
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Figure D.7: Valence spectra for a PTCDA /Ag(111) monolayer film for the photon
energies indicated in Fig. 5.19 and 5.20. Note that the raw spectra are shown
including the contribution from the substrate.
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E

Organic—inorganic semiconductor interface —
alkyl/Si(111) SAMs

Self-assembled monolayers (SAMs) from alkyl chains which are directly bound to
a silicon substrate have recently attracted attention due to several reasons. One
aspect is that the alkyl-terminated silicon surface is comparatively inert and that
these SAMs can be produced by hydrosilation, a wet chemical process, which in
principle allows comparatively cheap mass production of such devices. [42, 293]
Therefore those SAMs are useful for coating silicon based semiconductors. Addi-
tionally, they are interesting for organic electronics. The goal is to tailor the elec-
tronic and optical properties of such SAMs simply by choosing suitable molecules
or by penetrating the molecular film in a controlled way which might even allow
nano—patterning. [294| Therefore systematic studies of the interface interaction are
necessary. In this context alkyl SAMs on silicon surfaces are promising as these
systems allow to control and tune various interface properties. [295-297| Recent
investigations of several collaborating groups were particularly focused on aspects
that influence the charge transport through such SAMs. [39, 40, 68,297-301, A2]
Therefore a good knowledge of the electronic structure is crucial, in particular of
the interface properties.

In this context these SAMs have been study by PES and NEXAFS with respect
to three aspects: the electronic (band) structure in the alkyl chains, the alkyl/Si
interface bond and how the electronic structure can be modified by irradiation
with electrons and x-rays, which might be interesting for nano—patterning and
lithography. The electronic band structure was investigated with photon—energy
dependent UPS as discussed in detail in |[A5|. The important aspects of these
publications will be briefly summarized in section E.1, and additional material
will be discussed, which facilitates the description of the electronic band structure.
Furthermore, the influence of electron and x-ray irradiation on the alkyl SAMs
was studied with PES and NEXAFS. Some of the results were already published
in [A1,A2| and others will be discussed briefly in section E.2. Finally, some results
are shown in section E.3 concerning the interface states due to the covalent alkyl-Si
bond.
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E.1 From single molecular orbitals to electronic bands

E.1 From single molecular orbitals to electronic bands

E.1.1 Brief review of the electronic band structure measurements

The electronic band structure of different alkyl/Si(111) SAMs with CioHos, C14Hog,
Ci6Hss and CygH3; chains was investigated using PES with variable photon energy
between 20 €V and 200 eV. A typical data set is shown in Fig. E.1. Accordingly,
significant dispersion is observed in particular for the C 2p band. Strong DOS
effects contribute due to the finite chain length and an intermediate degree of order
in the SAMs. It was discussed in [A5] for example that the wiggles in the C 2s
band between Ep = 15 eV and 20 eV correspond to the different electronic states
in the C 2s band. Moreover, instead of peak shifts as it is generally expected for
dispersion, only a variation of the relative intensity is observed when tuning the
photon energy from 30 eV to 95 eV.

The contribution of the finite alkyl chain length to this DOS effect was modeled
by assuming one-dimensional quantum well states, which are confined at the single
alkanes. As k is not a good quantum number for such short chains, the respective
states are smeared out in momentum space. Consequently the alkyl band structure
could be simulated by a number of equidistant quantum well states, which are
broadened in k& by a Gaussian distribution and follow the dispersion relation for
polyethylene as it is illustrated in Fig. E.2. The disorder in the molecular layer was
taken into account by considering an ensemble of molecules with slightly different
orientation with respect to the surface normal. With this model the trends in the
PES data could be well simulated. An remarkable aspect was that even the PES
data for the comparatively short CioHos SAM agrees well with this simulation which
suggests that even for such short molecules the band structure is comparatively
similar to that for polyethylene.

In the following it can be shown, that the discussed simple quantum well approach
is compatible with the results from quantum chemical molecular orbital calcula-
tions. Moreover, this comparison even allows to model the E(k) band structure
of linear molecules from these calculations. Consequently, it is demonstrated that
already pentane molecules resemble very well the E(k) relation of polyethylene,
which corroborates the experimental finding.

E.1.2 Quantum well states

The molecular orbitals of several alkanes of different length from CsH;s to CssHrg
were calculated with DF'T using the B3LYP functional and a 6-31g basis set. For
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E.1 From single molecular orbitals to electronic bands

free electron final state model
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Figure E.2: Alkyl band structure modeled by quantum well states, which follow
the dispersion relation E(k) of polyethylene. The polyethylene band structure
(dashed, black), the free electron final state E¢ (solid, grey) and the quantum
well states E; (solid grey) are depicted. The finite length of the alkanes is taken
into account by modeling the density of each quantum well state by a Gaussian
in k direction.
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Figure E.3: (a) Analogy between the molecular orbitals of C12Hag (left) and states
in a 1D quantum well (right). The molecular orbitals which are calculated with
DFT and local density approximation correspond to the electronic states of the
A; branch of the C 2s band. (b) E(k) relation which is obtained by assigning
the k value of the corresponding quantum well state to the molecular orbital.
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E.1 From single molecular orbitals to electronic bands

all molecules an analogy could be found between the molecular orbitals from these
calculations and the states for a one-dimensional quantum well. In Fig E.3 (a)
it is shown exemplarily for CioHos that the molecular orbitals and the quantum
well states can be classified by the number of nodes and antinodes. It is obvious
that for the quantum well the energy of the eigenstates increase with increasing
number of nodes. The same trend is also found for the molecular orbitals of the
C 2s band. Consequently the quantum number £ of the respective quantum well
can be assigned to each molecular orbital with energy F according to the DEFT
calculations. Therefore the comparison between molecular orbital and quantum
well states yields a E(k) relation.

A brief discussion for CisHss demonstrates how the quantum number £ is deter-
mined by this approach. For the ith state of the one-dimensional quantum well
with length L it is

T

ki = Zz.
If one assumes that this quantum well is due to a linear chain of 12 atoms with
interatomic distance d, then it is L = 13d. As the alkanes consist of a two
atomic repeating unit of length @ = 2d, which corresponds to the unit cell for
the limit of an infinite chain, one can write L = 6.5a. In general this gives

the relation for a linear chain consisting of n atoms with a two-atomic repeating
unit:

2w
(n+1)a

; — 1

In Fig. E.3 (b) the E(k) relation for the C 2s band is shown for various alkanes
of different length. The energies of the different electronic states are calculated
via DFT and the respective k values are assigned by comparing the molecular
orbitals to 1D quantum well states as illustrated in Fig. E.3 (a). Fig. E.3 (a) shows
that the so determined E(k) relations agrees remarkably well with experimental
data and true band structure calculations for ethylene. [302-308| Therefore this
approach is straightforward for determining E(k) relations from calculations or
measurements which yield the binding energy and the orbital shape of electronic
states, e.g. scanning tunneling microscopy or molecular orbital tomography with
PES. [150,309] Furthermore, Fig. E.3 (b) indicates the E(k) relation of very short
alkanes as pentane is already very similar to that for the infinite polyethylene
chain.

This quantum well approach cannot only be of use in one-dimensional systems,
but it can also be successfully applied to two and three—dimensional systems. The
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electronic structure of thin metal films for example can be modeled by consider-
ing a quantum well in the direction of the surface normal. [310-315] Moreover,
for coronene and hexa—benzopericoronene monolayer films a two—dimensional £ (E)
relation is observed which resembles very well the band structure of graphene.

[316]

E.2 Sensitivity to x—ray irradiation

It has been shown, that irradiation modifies the electronic structure which in-
creases the electric conductivity through the SAM. |Al, A2| Therefore the sensi-
tivity to x-rays, UV light and electron bombardment was studied in detail at the
UE52-PGM beamline at BESSY II. Some of the key results are discussed here
briefly.

In the first experiment several C K-NEXAFS spectra were recorded at the same
spot on the sample. These measurements were done at fixed angle of incidence
with respect to the surface normal (70°) and the polarization of the x-ray light
was changed via the undulator. Various spectra were recorded quickly with alter-
nating polarization (p, s, p, s...). The C K-NEXAFS spectra in Fig. E.4 contain
three features at 284.5eV, 287 eV and 291 eV. In general only C 1s — 7 transi-
tions contribute at photon energies below 286 eV. However, the signature of this
signal is not as narrow as it is expected for transitions into 7 orbitals. Conse-
quently the interpretation of this feature is not straightforward and therefore it
will be discussed below. Moreover, the peaks at 287 eV and 291 eV can be associ-
ated with transitions into unoccupied o symmetric C-H orbitals and C-C orbitals.
Additionally, the average molecular orientation can be estimated from the linear
dichroism for these o peaks. [35] Accordingly the alkyl chains are predominantly
standing upright with an average tilt angle of ca. 35° with respect to the surface
normal, which is compatible with the findings from the band structure measure-
ments in [A5].

Two major modifications are observed in the C K-NEXAF'S spectra in Fig. E.4 with
continuous irradiation. The peak at 284.7 eV increases for s— and p—polarization
and the oo contribution decreases in the spectra for p—polarization, whereas the
intensity of the ooy peaks remains constant. This becomes even more evident
in Fig. E.5, where the peak areas are plotted over the total emitted charge from
the sample, which can be estimated by integrating the sample current over the
irradiation time. Note that this is a measure for the irradiation dose, because
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Figure E.4: 70° C K-NEXAFS of Cq14Ha9/Si(111) for increasing x-ray irradiation.
The shaded areas indicate the energy range over which the spectra are integrated
in order to determine the areas of the peaks A, B and C. The respective values
are plotted in Fig. E.5 versus the radiation dose for the whole series of scans.
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all spectra are recorded at the same spot at the sample which has a size of ca.
50 x 500 pum?.

Fig. E.5 illustrates the evolution of the area of (top) the 284.5 eV peak for the
photon energy range indicated by the grey shading in Fig. E.4, (middle) the area
of the ooy peak and (bottom) the area of the occ peak. There is a monotonic
increase of the 284.5 eV peak with increasing irradiation for both polarizations
and a decrease of the oo peak for p—polarization. Consequently the x-ray irra-
diation induces the formation of 7 orbitals, which is known for alkanes. [317-320]
The fact that no significant modifications are observed for the ooy peaks indi-
cates that the average molecular orientation of the alkyl chains does not change
significantly with x-ray irradiation. Consequently the decrease of the occ peak
for p—polarization can be attributed to a change of the intramolecular electronic
structure.

This is corroborated by the observation that the increase of the 284.5 eV peak from
0 -3 nC in Fig. E.5 is for p—polarization twice as large as for s—polarization. As for
alkenes, e.g. for ethene or propene, the symmetry plane of the 7 orbitals is parallel
to the molecular axis and the alkyl chains in the SAM are standing predominantly
upright one expects exactly the opposite behavior. |35, 170] Another interesting
aspect with respect to Fig. E.5 is the fact that the intensity of the 284.5 eV peak is
relatively high in the first spectra compared to the increase with strong irradiation.
Consequently, this signal cannot only be due to degradation from the irradiation
but already the pristine sample contributes to the signal at 284.5 eV. Furthermore,
in the first spectra in Fig. E.4 the signature of this signal is very broad, which is
untypical for C 1s — m transitions. In particular the 284.5 eV peak for scan 1
in Fig. E.4 (a) rather resembles the signature of a o resonance. As this peak
is not observed for free alkanes it can be attributed to the interaction with the
interface. [35,170]
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and 123 4C/mm? are obtained from the spectra plotted in Fig. E.4.
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E.3 Induced density of interface states

The formation of covalent Si—C bonds implies strong covalent adsorbate-substrate
interaction and the formation of interface states, similar to what was discussed
in the chapters / and 5. Furthermore silicon has a indirect band gab of only
1.1 eV while for the alkyl molecules the HOMO-LUMO gap is of the order of 5-
7 eV. [39,68,300] Consequently, one expects that the formation of a density of
substrate—adsorbate states leads to a continuous widening of the electronic gap
at the interface when going from silicon (bulk) into the alkyl molecules, as it is
schematically illustrated on the right hand side of Fig. E.6. Consequently, the
interaction at the alkyl/Si interface leads to an induced density of interface states
(IDIS) at the molecules. This scenario was verified by calculations of the electronic
structure of these alkyl/Si(111) SAMs. [68]

From this picture it becomes evident that the C K-NEXAFS has contributions
from excitations into the IDIS which contributes at lower photon energies than
the C 1s — LEMO signal for the free alkane molecule. The dichroism for the
284.5 eV peak, namely the fact that its intensity is higher for p—polarization than
for s—polarization is compatible with Si—C orbitals of ¢ symmetry. Furthermore,
the new electronic states that are created by the x—ray irradiation have a similar
symmetry. Consequently the increase of this peak with increasing x-ray radiation
can at least partially be associated with a scenario where the IDIS gains more
and more spectral weight. Furthermore, it is shown in [A1, A2] that for radiation
doses higher than 240 uC/mm? peak A becomes for s—polarized light higher than
for p—polarized light, as it is expected for excitations into regular unoccupied 7
orbitals.

The findings for the NEXAFS favors the following scenario the influence of x—ray
irradiation on the alkyl/Si SAM. For low radiation doses the SAM is particularly
modified at the alkyl/Si interface, so that the spectral weight of the IDIS is in-
creased, which suggests that it extends further into the molecular layer. With
increasing irradiation 7 orbitals are formed within the SAM, which are not related
to the interface. Furthermore, it appears reasonable that the modifications of the
SAM occur at first at the interface as they are primarily due to secondary electrons
from the substrate.

The influence of the interface interaction can also be observed in the C 1s data
in Fig. E.7. The spectra were recorded for a pristine Ci;gHs; and CioHos SAM
with 335 eV and 700 eV photon energy in order to vary the surface sensitivity.
In all spectra there is a main peak located at Eg = 285.2 ¢V (denominated Cc)
which corresponds to the carbon species in the alkyl chains. [| Additionally a weak
signal contributes at Eg = 284 eV. For the Ci;gHs; SAM its relative intensity
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Figure E.6: Illustration of the DOS at the organic—inorganic interface in alkyl/Si
SAMs.

with respect to the C¢ peak increases with increasing bulk sensitivity, and it con-
tributes even more for the Ci5Hos SAM. Therefore this signal can be attributed to
the alkyl/Si interface, in particular to the Si-C bonds. [321,322] Note that after
investigating carefully the influence of irradiation on the C 1s spectra it can be
excluded that the discussed effect is due to radiation—induced modifications of the
SAM.

In Fig. E.8 the valence spectra of a Ci9Ho;/Si(111) and a CygH37/Si(111) SAM are
plotted for 60 ¢V and 150 eV photon energy in order to vary the surface sensitivity.
Additionally the corresponding spectra for a hydrogen terminated Si(111) crystal
are depicted, which gives a good estimate for the silicon bulk contribution. There-
fore the difference between the spectra for the alkyl/Si(111) SAM and those for
the H/Si(111) surface can be attributed to the contribution from the SAM and the
alkyl/Si interface. Accordingly, in spectrum (i) which was recorded with less surface
sensitivity the SAM contributes significantly for binding energies larger than 1.9 eV.
However, spectrum (iii), which was recorded for a comparatively thick SAM with
higher surface sensitivity, has only significant SAM contributions for Ez > 3.0 eV.
Consequently, the electronic states between 1.9 eV and 3.0 eV binding energy are
located at the alkyl/Si interface. This is corroborated by the observation that
these states contributed significantly to the spectrum (ii) which was recorded for
a considerably thinner SAM. Consequently, this signal can be associated with the
occupied IDIS.
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Figure E.7: C sl core level spectra of a Ci2Ha5/Si(111) and a CigHg7/Si(111)
SAM with high surface sensitivity (hv=335 V) and lower surface sensitivity
(hv=T700 eV).

Furthermore, in angle resolved valence spectra the signal from the IDIS can also
be distinguished from the silicon bulk signal. In Fig. E.9 two spectra are depicted
for a CyoHas/Si(111) SAM, which were recorded with 130 eV and 150 eV photon
energy, respectively. They are normalized to the intensity of the C 2p band between
5 eV and 9 eV binding energy. In the spectrum on the left hand side of Fig. E.9
three parabola shaped signals can be clearly identified between 1.5 eV and 5.5 eV
binding energy. They can be assigned to the silicon band structure because of their
strong dispersion. Moreover, for 2 eV < Ep < 5 eV the intensity between these
silicon signals is significantly higher than for Ez < 2.0 eV.! This is exactly the
energy range in which the IDIS contributes. The same effect is observed for the
spectrum on the right hand side of Fig. E.9. This finding is in agreement with the
scenario where the localized electronic states of a single impurity hybridize with
a continuum of substrate states as it was discussed in section 4.1. Because the
hybrid states are also quite localized at the impurity there is no dispersion relation
E(k) for these states. Therefore they contribute to a nondispersing photoemission
signal.

!Note that for a detailed analisis of the angle-independent photoemission signal one needs to
take scattering of photoelectrons into account.
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Figure E.8: Valence spectra of (o) a C12Hg5/Si(111) and a C15Hs7/Si(111) SAM for
60 eV and 150 eV photon energy. Valence spectra of (¢) a hydrogen terminated
silicon surfaces H/Si(111) for 60 eV and 150 eV photon energy.
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Figure E.9: Angle resolved valence spectra of a Cy12Hg5/Si(111) SAM on the left
hand side for 130 eV photon energy and on the right hand side for 150 eV
photon energy. The spectra are normalized to the region between 6 eV and 9 eV
binding energy. The dispersion of the silicon valence band is indicated by white
lines as guide for the eyes. Note that only raw data is shown.

E.4 Brief summary

The UPS study of the valence regime of the alkyl/Si(111) SAMs with variable pho-
ton energies indicates significant dispersion in the signal from the SAM. Addition-
ally a strong density of states effect is observed, which is partially due to the finite
alkyl chain length and partially due to a distribution of molecules with slightly dif-
ferent orientation. It was shown, that even for the comparatively short alkanes the
electronic band structure is very similar to that of polyethylene. Moreover, it was
demonstrated that in general the band structure can be well determined with the
help of a quantum well approach in combination with a technique that provides the
molecular orbitals and the energy of the relevant electronic states, e.g. calculations
or PES for molecular orbital tomography. [150,309] Furthermore, the signal from
the alkyl/Si interface can be identified in the NEXAFS, core level and valence spec-
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tra. The data indicate that an IDIS is formed at the alkyl/Si interface due to strong,
covalent interaction. Additionally, it was shown that moderate x—ray irradiation in-
creases the IDIS. This effect is in particular interesting for charge transport through
the SAM, because it allows to modify the tunnel barrier. [39,294,300,301,A2] More-
over, one could imagine that in combination with suitable x—ray optics this effect
can be of use for nano—patterning.
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