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Zusammenfassung

Die vorliegende Arbeit beschaftigt sich mit der Dotierung organischer Diinnfilme mittels
Alkalimetall-Interkalation sowie deren Einfluss auf die elektronische Struktur der Filme.
Untersucht wurden zu diesem Zweck die polyzyklischen aromatischen Kohlenwasser-
stoffe Picen, Pentacen und Coronen. Berichte iiber aulerordentliche Eigenschaften wie
Supraleitung und elektronische Korrelationen in Alkalimetall-dotierten Verbindungen
der genannten organischen Halbleiter liefern die Motivation fiir diese Arbeit.

Die elektronische Struktur sowohl der reinen Filme als auch ihrer dotierten Verbindungen
wurde unter Verwendung von Photoelektronenspektroskopie untersucht. Rumpfniveau-
und Valenzband-Spektren der reinen Filme spiegeln deren hohe Qualitat wider. Die
Dotierung mit Alkalimetallen &uflert sich fiir die drei untersuchten Probensysteme
auf eine iiberraschend einheitliche Art und Weise in der elektronischen Struktur: In
Diskrepanz zu Berichten aus der Literatur iiber Metallizitdt oder gar Supraleitung in
Alkalimetall-dotiertem Picen, Pentacen und Coronen zeigen alle Filme isolierendes Ver-
halten mit einer Energieliicke in der Groflenordnung von einem Elektronenvolt. Dieses
Verhalten tritt unabhéngig von der Dotierkonzentration und der Art des Donators
(Kalium, Césium oder Natrium) auf. Basierend auf dem Zusammenspiel schmaler Band-
breiten in organischen Halbleitern und hoher Coulomb-Abstoung der Elektronen auf
den Molekiilen wird die beobachtete Nicht-Metallizitat dem starken Einfluss elektroni-
scher Korrelationen zugeschrieben. Im Fall von Picen wird diese Annahme durch theo-
retische Betrachtungen bekraftigt, wobei Rechnungen im Rahmen einer Kombination aus
Dichtefunktionaltheorie und dynamischer Molekularfeldtheorie durchgefiihrt wurden.
Neben den Ausfiithrungen hinsichtlich elektronischer Korrelationen werden in dieser Ar-
beit weitere interessante Beobachtungen adressiert. So hat das Wachstum diinner Picen-
Filme die Entstehung eines Nicht-Gleichgewichts zwischen Substrat und Filmoberfléache
zur Folge: Auf Grund der nur schwachen van der Waals-Wechselwirkung zwischen den
Molekiillagen der Filme wird die Ausbildung eines homogenen chemischen Potentials
erschwert. Dies fiihrt zu der unerwarteten Beobachtung von spektralem Gewicht ober-
halb des chemischen Potentials des Referenzsystems. Des Weiteren konnte gefunden
werden, dass die Akzeptanz zusatzlicher Elektronen in Pentacen limitiert ist. Wahrend
Picen und Coronen in der Lage sind, bis zu drei weitere Elektronen aufzunehmen, ist
die entsprechende Grenze bei Pentacen schon fiir ein Elektron erreicht.

Abschlielend wurden weitere extrinsische Effekte aufgeklart, die im Zusammenhang
mit der Alkalimetall-Dotierung auftraten. Zum einen fithrt die Reaktion von Kalium-
Atomen mit molekularem Sauerstoff im Restgas der Ultrahochvakuum-Apparatur zur
Bildung von Kaliumoxid. Dies auflert sich deutlich in der elektronischen Struktur von
Alkalimetall-dotiertem Picen und Coronen. Des Weiteren zeigte hier die verwendete
Rontgen- sowie UV-Strahlung deutliche Auswirkungen auf die Photoemissionsspektren.
Beide Effekte spielten im Fall der Studien an Pentacen keine Rolle.






Abstract

The present thesis is concerned with the impact of alkali metal-doping on the elec-
tronic structure of semiconducting organic thin films. The organic molecular systems
which have been studied are the polycyclic aromatic hydrocarbons picene, pentacene,
and coronene. Motivated by reports about exceptional behavior like superconductivity
and electronic correlations of their alkali metal-doped compounds, high quality films
fabricated from the above named molecules have been studied.

The electronic structure of the pristine materials and their doped compounds has been
investigated using photoelectron spectroscopy. Core level and valence band studies of
undoped films yield excellent photoemission spectra agreeing with or even outperforming
previously reported data from the literature. Alkali metal-doping manifests itself in a
uniform manner in the electronic structure for all probed samples: Opposed to reports
from the literature about metallicity and even superconductivity in alkali metal-doped
picene, pentacene, and coronene, all films exhibit insulating nature with an energy gap
of the order of one electron-volt. Remarkably, this is independent of the doping con-
centration and the type of dopant, i.e., potassium, cesium, or sodium. Based on the
interplay between narrow bandwidths in organic semiconductors and sufficiently high
on-molecule Coulomb repulsion, the non-metallicity is attributed to the strong influence
of electronic correlations leading to the formation of a Mott insulator. In the case of
picene, this is consolidated by calculations using a combination of density functional
theory and dynamical mean-field theory.

Beyond the extensive considerations regarding electronic correlations, further intriguing
aspects have been observed. The deposition of thin picene films leads to the formation of
a non-equilibrium situation between substrate and film surface. Here, the establishment
of a homogeneous chemical potential is hampered due to the only weak van der Waals-
interactions between the molecular layers in the films. Consequently, spectral weight is
measurable above the reference chemical potential in photoemission. Furthermore, it has
been found that the acceptance of additional electrons in pentacene is limited. While
picene and coronene are able to host up to three extra electrons, in pentacene the limit
is already reached for one electron.

Finally, further extrinsic effects, coming along with alkali metal-doping, have been scru-
tinized. The oxidation of potassium atoms induced by the reaction with molecular
oxygen in the residual gas of the ultra-high vacuum system turned out to significantly
influence the electronic structure of alkali metal-doped picene and coronene. Moreover,
also the applied X-ray and UV irradiation caused a certain impact on the photoemission
spectra. Surprisingly, both effects did not play a role in the studies of potassium-doped
pentacene.
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1 Introduction

Carbon forms the key component for life on earth. Most molecules and compounds
mainly consisting of carbon are thus summarized in the class of organic substances (well-
known exceptions are the inorganics diamond, graphite, and graphene). The dedicated
scientific discipline dealing with these materials is organic chemistry. However, the task
of organic chemistry is the analysis of substances and their reactions on a macroscopic
scale. The interest in more profound properties of a substances’ basic constituents on a
microscopic, atomic scale creates the link to physics. Quantum physics provides access
to, e.g., the atomic and electronic structure of organic molecules as well as single crystals
and thin films fabricated thereof. In this way, a deeper understanding of composition,
behavior and properties can be gained, which allows finding, understanding and control-
ling the fascinating nature of a manifold of materials. Exploiting the intriguing physical
properties of organic molecules nowadays sets the focus essentially on their application in
future electronics [1, 2]. Most attractive features are the flexibility of organic devices [3]
and the practical ability of being printed [4], leading to the development of, e.g., new
innovative kinds of displays.

Besides the efforts in applied physics, organic compounds are also a debated topic in
basic research. In particular, the remarkable property of becoming superconducting
attracts considerable attention to many organic materials. Since the discovery of super-
conductivity in layered organic charge transfer salts in the late 1970s [5], a large variety
of organic superconductors have been reported with critical temperatures ranging from
a few Kelvins to values as high as 38 K in the case of alkali metal-doped fullerenes [6].
Recently, a new ‘family’ of organic molecules, viz., the polycyclic aromatic hydrocar-
bons, joined this ‘illustrious community’ of organic superconductors. Upon intercala-
tion with alkali metal or alkaline earth metal atoms, powder samples of the aromatic
molecules picene, phenanthrene, coronene, and dibenzopentacene have been reported to
exhibit a pronounced Meissner-Ochsenfeld effect below impressive transition tempera-
tures as high as 30 K [7-11]. For potassium-intercalated picene, additionally, a second
characteristic feature of superconductivity has been claimed by the observation of zero
resistivity below the critical temperature [12]. It is noteworthy that in each case the oc-
currence of superconductivity is achieved by intercalation with either three alkali metal
atoms or 1.5 alkaline earth metal atoms per molecule. Both imply doping with three
electrons. Whether superconductivity is driven by electron-phonon interactions or by
electronic correlations has been a subject of intense debate in the last decade, and in-
deed a significant fraction of organic systems are presently being discussed as correlated
materials [13, 14]. Consequently, the issue of electronic correlations also plays a role in
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the context of aromatic molecules. In 2009, a Mott metal-to-insulator transition has been
reported for potassium-intercalated pentacene based on conductivity measurements [15].
Insulating behavior has been found despite a half-filled conduction band. This is the ba-
sic characteristic of a Mott insulator. Moreover, non-metallicity has also been observed
in photoemission for a vast zoo of semiconducting organic molecular systems intercalated
with alkali metals, manifested by a clear gap in the photoemission spectra. Here, the
copper phthalocyanines, Alqs, and PTCDA are only a few examples [16-26]. Besides
an interpretation in terms of polaronic effects, again electronic correlations have been
taken into consideration.

Setting out to fully characterize the properties of pristine and doped organic compounds,
the configuration of the electronic structure is of general interest. Hence, the impact of
potassium-doping on the electronic structures of three selected aromatic hydrocarbons,
namely picene, pentacene, and coronene (all semiconductors), has been studied within
this thesis. Thin films fabricated from the respective molecules have been comprehen-
sively investigated by means of photoelectron spectroscopy. Furthermore, the results
for picene have been compared to calculations from a combination of density functional
theory and dynamical mean-field theory.

Outline of the Thesis

The present dissertation is structured as follows. Chapter 2 deals with the theoretical
approach to the physics of electronic correlations. After a phenomenological entry into
Mott physics, the one-dimensional Hubbard model is introduced. Furthermore, a little
insight into the theoretical methods of density functional theory and dynamical mean-
field theory is given. The basic principles of the mainly applied technique, photoelectron
spectroscopy, are depicted in Chap. 3. Moreover, the relevant quantitative aspects used
in the course of this thesis are described there. In the main part the organic materials
under investigation and the corresponding results are presented. Chapters4, 5, and 6
report about picene, pentacene, and coronene, respectively, as well as their alkali metal-
doped compounds. Finally, a short summary is given in Chap. 7.

Remarks

Two important remarks, which have to be kept in mind, shall be made at this point.
(1) In this thesis, the term Fermi level (Er) will appear several times. Although, strictly
speaking, the Fermi level is only defined for T=0, this notation will be used contermi-
nously with ‘chemical potential’. In the context of photoemission experiments, this is a
common practice.

(2) Doping is generally achieved by alkali metal-intercalation. Doping concentrations, =,
quantified in this thesis always mean concentrations of intercalated alkali metal atoms.
This has to be distinguished from the actual concentration of electrons donated to the
conduction band.



2 Theoretical approach to Mott
physics

For the majority of existing materials it is sufficient to consider the electrons in the solid
as non-interacting particles in order to describe the electronic structure. These electrons
reside in energy bands in k-space which are formed due to the orbital overlap of adjacent
atoms in real space. In this non-interacting particle picture mainly two scenarios can
occur depending on the filling of the bands at the Fermi level. On the one hand, the
bands can be partially filled, i.e., the solid is a metal. On the other hand, the bands can
be completely filled resulting in an insulator. One distinguishes between a real insulator
having a large band gap (> 2eV) and a semiconductor displaying a small band gap
(< 2eV) [27]. Transitions between metallic and insulating states are easily achieved
by varying the band filling via electron or hole-doping. If structural modifications are
absent, the different fillings typically manifest themselves in rigid shifts of the electronic
band structure with respect to the chemical potential. By applying physical or chemical
pressure or by causing structural changes, deviations from such a rigid band behavior
can occur without affecting the non-interacting character of the electrons.

However, for many materials the simple conception introduced above reaches its lim-
its. Already in the early days of experimental solid state physics, samples exhibiting
insulating behavior despite half band filling have been observed. The following sections
will address the physics behind such deviations from a non-interacting particle picture.

2.1 Mott physics

The profound principle causing deviations from a nearly-free electron picture is the
mutual repulsion between two negatively charged electrons. It was already realized
in the 1930s that the insulating behavior of some materials, although having partially
filled outer shells, has to be ascribed to electron-electron interactions [28, 29]. The
most prominent example is NiO but also various other materials with partially filled d
and f shells (particularly transition metals and their oxides and rare earth compounds,
respectively) exhibit such unusual behavior [30]. Based on a gedanken experiment by
N. F. Mott [31], the underlying fundamentals can be phenomenologically described with
the help of Fig. 2.1. Imagine a square lattice with lattice constant a. Every site shall be
singly occupied with an electron represented by the spin in Fig. 2.1. The spin orientation
(up or down) is arbitrarily distributed.
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Figure 2.1: (a) Sketch of a square lattice with singly occupied sites separated by the lattice
constant a. Electrons are represented by the spins with arbitrarily distributed orientation. Hopping
between two sites is determined by the hopping parameter t, the on-site Coulomb repulsion between
two electrons is denoted by U.

Now, two mechanisms are of importance:

(1) An electron can move to a neighboring empty or singly occupied site, described by
the hopping parameter t. This process is associated with an energy gain.

(2) The formation of a doubly occupied site implies that the electrons experience their
mutual Coulomb repulsion. Thus, double occupation means an energy cost of U.

Note that the spin orientation plays an important role in the hopping process which
will be addressed at the end of Chap. 2.2. In the original gedanken experiment Mott
increased the lattice constant a, moving from a metallic solid with itinerant electrons —
which is due to the band formation by orbital overlap — to an insulating arrangement
of single atoms with localized electrons. In a solid the same effect, i.e., the transition
from itinerant to localized electrons, can be achieved by the appropriate choice of U and
t. Thus, by continuously varying U/t, the system passes a metal-to-insulator transition.
If the Coulomb repulsion is small compared to the hopping parameter, U/t < 1, the
solid is a metal. For the other extreme, U/t > 1, where electron-electron interaction is
large, one obtains an insulator, commonly termed Mott insulator. U/t 2 1 represents
a special range describing a so-called correlated metal. With this, Mott found an easy,
phenomenological way to explain the insulating nature of materials with partially filled
outer shells. Beyond this description, the physics of electron-electron interaction will be
addressed more thoroughly from a theoretical view in the following.



2.2 The Hubbard model

2.2 The Hubbard model

The most simple model describing systems with strong electron-electron interactions is
the Hubbard model [32-34]. Note that, if the electron-electron interactions are strong
and cannot be described within Hartree-Fock, they are commonly referred to as electronic
correlations. Two assumptions are made which are that all interactions are purely
local as well as that only a single (half-filled) band is involved. Since in many Mott
insulators indeed only one or few bands cross the Fermi level and participate in low-
energy excitations, the Hubbard model is very powerful in describing their effective
low-energy and low-temperature properties despite the simplifications mentioned above.
In the second quantization formalism the Hubbard Hamiltonian can be written as [32]

HHubbard = T+ U=-—t Z (CIUCJ‘U + C}L'UCZ'U> + U Z AU ZA (21)
(ig),o i

where the indices i, j denote lattice sites, (ij) terms the summation over nearest neigh-
bors only (avoiding double counting), and o =1, | represents the spin. The operator cjo
creates an electron with spin o in a Wannier state ¢(r— R;)! at the lattice site i, whereas
Ci» is the corresponding destruction operator. Furthermore, n;, = c}acw is the number
operator. The Hubbard Hamiltonian in Eq. 2.1 is characterized by the competition of
its two parts, the kinetic energy term, 7, and the interaction term, . They contain
the relevant parameters (see Chap.2.1), which are the band filling n, the hopping inte-
gral ¢, and the Coulomb repulsion U, commonly referred to as Hubbard U. Regarding
the kinetic part 7T, it is convenient to switch to momentum space since T is diagonal in
momentum space when expressed in terms of Bloch waves. The corresponding T can be
obtained by Fourier transformation, resulting in

7- = Z €knk7g s (22)
k,o

where ¢y, is the k-dependent band energy. In a D-dimensional cubic lattice with lattice
constant a (see Fig.2.1), the band energy is represented by the tight binding energy

D
e(k) = —2thos kja . (2.3)
j=1

From the tight binding approach the bandwidth, W is known to be connected with the
hopping integral via W = 4Dt. If a different form of the band energy ¢ is available
from, e.g., band structure calculations, it has to be projected onto a tight binding form
by downfolding before it can be applied to the Hubbard model.

"'Wannier orbitals, ¢(r — R;), are used as wave functions in order to correctly describe the desired
locality of the involved interactions. Note that Wannier orbitals are no real atomic but rather fictive
orbitals. Basically, they can be expressed in terms of a linear combination of an orthogonal Bloch wave
basis.
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Figure 2.2: (a) Sketch of the processes in photoemission (PES) and inverse photoemission (IPES)
leading to the formation of a lower Hubbard band (LHB) and a upper Hubbard band (UHB).
(b) Representation of the electron removal and electron addition spectral function containing LHB
and UHB. The peak maxima are separated by the Hubbard U. (c) Schematic phase diagram of the
Hubbard model (U/t versus the band filling). The Mott-insulating region (marked in blue) occurs
at half filling (n=1). Depicted by the red arrows are the paths of bandwidth-controlled MIT and
filling-controlled MIT, respectively.

In contrast to the kinetic part, the interaction term U is diagonal in real space applying
the Wannier orbital description. It accounts for the interaction of electrons sharing the

same Wannier orbital due to the Coulomb repulsion. The interaction parameter U is
defined as

2

U - /drldm 6(ry — Ry 6(rs — R . (2.4)

71— 72
Additionally, the Hubbard U can be derived in a more descriptive way considering an
electron removal or electron addition experiment, viz., photoemission (PES) or inverse
photoemission (IPES). Such an experiment represents the energy difference between

removing an electron from a singly occupied site and adding an electron to such a site.
U thus reads [32]

U(d") = E(d" ")+ E(d"™) - 2E(d") (2.5)

with n > 1 (where n = 1 means half filling). The situation is illustrated in Fig. 2.2 (a)
by the removal and the addition of an electron in the processes of PES and IPES,
respectively. Figure2.2 (b) sketches the resulting spectrum. At this point it is necessary
to emphasize that in systems with strongly interacting electrons the density of states
(DOS) loses its significance. While in non-interacting systems the DOS reasonably
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Figure 2.3: Spectral functions from DMFT for several steps of a metal-to-insulator transition.
(a) BC-MIT for varying U. The critical parameter is U, ~ 3.3. Data from Ref. 35. (b) FC-MIT for
different band fillingsn =1 — 6 above U, (U = 3.2 and U, ~ 2.94). Data taken from R. Bulla [36].
In both cases U is given in the units of W/2 with W being the bandwidth.

describes the energy-dependent occupation of states, this is not valid any longer in
interacting systems. In order to correctly reproduce the particle removal or addition
spectrum of an interacting system, one has to switch to the spectral function, A(k, F)
(see also Chap.3.1). The spectral function in Fig. 2.2 (b) consists of two ‘bands’ which
are related to the electron removal and addition, respectively. These are named lower
Hubbard band (LHB) and upper Hubbard band (UHB) with their maxima separated by
the Hubbard U. Opposed to coherent quasiparticle bands, they are denoted incoherent,
explicitly expressing their correlated, local nature (see also Chap.3.1). Note that the
LHB and the UHB are not semiconductor-like bands as known from band theory. As
the existence of the UHB, e.g., depends on the population of the LHB, they are no
independent bands. In fact, their origin is purely of correlated nature.

Turning back to Mott’s original intention of explaining metal-to-insulator transitions
(MIT) by the competition between hopping integral ¢ and Coulomb repulsion U now
allows the following considerations. In principle, there are two ways to achieve such
a MIT: Either one can modify the interaction strength, U/t o U/W by changing the
bandwidth, e.g., by applying (chemical) pressure. Or one can vary the band filling n
away from (or approaching) half filling. The different paths, describing a bandwidth-
controlled (BC) and a filling-controlled (FC) MIT, respectively, are indicated by the red
arrows in the schematic phase diagram (U/t vs. n) in Fig. 2.2 (c). The Mott insulating
phase is restricted to the line of half filling, indicated by the blue mark. Far away from
the Mott phase the system is a metal. Furthermore, the gray-shaded region indicates a
fluctuation regime where an intermixing of metallic and insulating phases occurs.
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In order to follow the evolution of the spectral function by traversing a BC-MIT or
a FC-MIT, a powerful calculational method is dynamical mean-field theory (DMFT,
see Chap.2.3.2). Regarding a BC-MIT, corresponding results from Ref.35 are plotted
in Fig.2.3 (a). The lowest curve represents the Mott insulating state with the incoher-
ent Hubbard bands separated by U. Lowering the correlation strengths U/W leads to
the formation of a coherent quasiparticle peak as soon as the correlation strength has
dropped below a certain critical value (described by U.). Here, spectral weight is trans-
ferred from the Hubbard bands to the quasiparticle peak. A further decrease of U/W
results in a broadening of the quasiparticle peak concomitant with the convergence of
LHB and UHB.

For comparison, the evolution of the spectral function from DMFT for the case of a
FC-MIT is shown in Fig. 2.3 (b) according to results from R. Bulla [36]. The metallic
state is reached via hole-doping, n = 1 — §. Again the lowest curve depicts the Mott
insulating state. Hole-doping is accompanied by the emergence of a quasiparticle peak
getting broader for larger . Moreover, a shift of the chemical potential is observed.
Regarding the FC-MIT, the changes in the Hubbard bands as well as the behavior of
the quasiparticle peak appear asymmetric due to the broken electron-hole symmetry.

Concluding this section, a final remark about magnetic properties included in the
Hubbard model shall be made. Since double occupation is only allowed for electrons
with opposite spin, hopping between two sites will only occur if the spins of neighbor-
ing electrons are aligned antiferromagnetically. This implies that an antiferromagnetic
coupling is energetically favored in Mott-Hubbard like systems. However, the actual
ground state is not per se a Néel state. For the limit of high correlations, U > t,
one can rather derive an antiferromagnetic Heisenberg spin Hamiltonian to describe the
low-lying excitations [27]. Here, the exchange constant is J = 4t%/U.

2.3 Computational methods

As mentioned in the previous section, dynamical mean-field theory (DMFT) is a powerful
calculational method for describing the electronic properties of materials with strongly
interacting particles. Using the Hubbard model as an ansatz, the kinetic part in the
Hubbard Hamiltonian is usually gained from further calculational methods. One of the
most prominent techniques is density functional theory (DFT). A combination of both
(DFT+DMFT) has been used for calculations which are part of this thesis. Hence, a
short introduction into DFT as well as DMFT will be given in the following.

2.3.1 Density functional theory

Density functional theory facilitates the calculation of, e.g., the total energy of an N
electron system. Its major benefit is the ability to compute this energy without requiring
an analytical solution of the N particle problem. Instead, the basic quantity of DFT is
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the charge carrier density, n(r), with a defined spatial dependence. Using a variational
principle, the ground state density, ng(r), is calculated. Moreover, from the resulting
no(r) principally all ground state properties of the N electron system can be gained.
The basis of density functional theory are the Hohenberg-Kohn theorems [37]:

(1) A universal functional for the energy E[n(r)] can be defined in terms of the charge
carrier density.

(2) The exact ground state is the global minimum value of the functional E[n(r)].

In brief, the message of the theorems is that the ground state energy is given by a
functional of the ground state density, Ey = E[ng|. For any different density the energy
is higher, E[n # ng] > Ey. Note that particle number conservation, N = [ n(r)dr,
always has to be fulfilled. In the following, the description of the basics of DFT is
mainly based on Kotliar et al. [38]. The total energy can be written as:

E[n(r)] = Tn(r)] +/Vext(r)n(r)d3r +%/%d3rd3r’+l§m[n(r)](2.6)
= Epin[n(r)] + Eeut[0(7)] + Erartree[n(r)] + Egc[n(r)] . (2.7)

Altogether, the equation contains three parts: the kinetic energy of a non-interacting
system, Fy;, = T; the potential energy of the electrons in the ionic background V.,
as well as the Hartree contribution to the Coulomb interaction between the electrons;
and all other contributions included in the exchange and correlation energy, F,.. In the
Kohn-Sham formalism n(r) is assumed to be the density of non-interacting particles
moving in an effective potential, i.e., in a static mean field [39]. Based thereon, mini-
mizing Eq. 2.6 by the use of the variational principle leads to the Kohn-Sham equations

h2V?2
2m

+ Vis(r)| i = et (2.8)

which have the form of one-particle Schrédinger equations with the effective (Kohn-
Sham) potential Vixg(r). 1; represent the one-particle wave functions of electrons in
the static mean field. ¢; are Lagrange multipliers to ensure that the wave functions
are orthonormal. They can be identified as real one-particle energies. The Kohn-Sham
potential can be determined from the self-consistency condition

nr) s, SEsdn(r)]
lr — 7’| on(r)

%Mwﬂ=%Mﬂ+/

With Eqgs. 2.8 and 2.9 the ground state density can be calculated by

n(r) = 3 FEli(r)? (210)
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where f(g;) is the Fermi distribution. Finally, from the ground state density one can
determine the ground state energy E[n(r)].

Since in the above considerations the exchange and correlation energy term FE,. is
unknown, certain approximations are necessary. A widely used approach is the local
density approximation (LDA) which assumes a locally homogeneous electron gas in order
to determine E,. [37, 39]. Although this is a very rough approximation, the results from
LDA are able to correctly reproduce the ground state energies of various materials. A
more exact approach is the generalized gradient approximation (GGA) [40]. It also
accounts for local density fluctuations by including the derivative of the density in the
determination of E,.. GGA has been used in the calculations which will be presented
later in this thesis.

2.3.2 Dynamical mean-field theory

While DFT is a well-established method for the calculation of, e.g., ground state total
energies of systems with weakly interacting electrons, further efforts are necessary to
correctly describe systems where electron-electron interactions play a crucial role. A
powerful tool is dynamical mean-field theory (DMFT), a non-perturbative approach for
the treatment of local interactions of electrons, originally developed by Metzner and
Vollhardt [41]. Its great advantage is the access to the intermediate range of electronic
correlations between the two extreme cases of independent and fully localized electrons.
The following introduction into the basics of DMFT is mainly based on Kotliar et al. [38].
In general, a mean field theory reduces a many-body lattice problem to a single-site
problem with effective parameters. Here, one imagines a local single atom existing in
a bath of electrons which can interact with the single atom. Electrons can hop from
the bath to the atom and vice versa. Taking the Hubbard model as many-body lattice
model, four situations can occur. The local site is empty, it is singly occupied with
either spin up or spin down, or it is doubly occupied. All interactions between site
and bath are described by the hybridization Vj which contains the information given
by ¢ and U in the Hubbard model. The quantum impurity model which implements
the transition from the Hubbard lattice model to a single-site problem is the Anderson
impurity model (AIM). This model yields the exact local Green’s function in DMFT if
Vi fulfills a self-consistency condition. The Green’s function describes the probability to
create an electron with spin o (1 or ) at a site ¢ at time 7/ and destroy it at the same
site at a later time 7.1 In the AIM, the Hamiltonian reads

Hamni = Hatom + Z Ezathnzi’;h + Z(chgﬂazﬁh + h.c.), (2.11)
k,o k,o
where Hgom describes the single lattice site and ezath includes all remaining degrees of
freedom of the electron bath with the number operator npah. cg and ¢y allow hopping
IThe Green’s function is defined as G (7 — 7') = —(cio (7)cl (1')).

10
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from and to the bath via the hybridization Vi which accounts for the coupling between
the atomic (co) and the bath electrons (ap"); h.c. means the Hermitian conjugate. The

parameters ep*" and Vj, are connected in the hybridization function

|Vie|”

Aw)=> — (2.12)
which plays the role of the mean field [42]. The frequency dependence makes it a dynamic
mean field. Since the electrons described by the bath are the same as on the local lattice
site, the relevant self-consistency condition in DMFT is to reproduce the local Green’s
function from the impurity Green’s function by applying an effective mean field (given

by A(w)):

GIAW)] = ; R Al(w)] —. (2.13)

Y[A(w)], the self energy, has the meaning of a frequency-dependent potential and #j is
the Fourier transform of the hopping parameter ¢;; in the solid. The self energy is the
basic quantity determined by DMFT. By the aid of 3[A(w)] the spectral function can
be calculated and directly compared to photoemission spectra. Note that an important
approximation has been made regarding the lattice self energy by equating it with the
impurity’s self energy. Spatial fluctuations of the lattice self energy are neglected, which
becomes exact for infinite dimensions. This implies that DMFT results are exact if
lattice sites with an infinite number of neighbors are considered.
Furthermore, similar to pure DFT, total energies can be computed by

E[n(r),G] = T[n(r),G]+/Vm(r)n(r)d3r

L fn(r)n(r’) 5 3

In the case of DMFT, T'[n,G] and E,.[n,G] significantly deviate from their representa-
tion in DFT due to the dependence on the Green’s function. Owing to the inclusion of
electronic correlations, DMFT is able to provide an explicit approximation for F,..

11






3 Photoelectron spectroscopy

One of the most powerful tools to study the electronic structure of solids, molecules or
atoms is photoelectron spectroscopy (PES) [43]. It is nowadays a well-established and
widely used method to explore the occupied electronic states of complex solids [44, 45].
Its main advantages compared to other techniques are the ability to quantify element
ratios, providing access to a sample’s stoichiometry, and the possibility of identifying
the chemical environment of elements present in the sample. Furthermore, PES allows
a direct mapping of the valence band electronic structure. Note that, considering the
investigation of molecular solids, an important shortcoming of PES is its destructive
influence on the (electronic) structure of the molecules [46, 47]. Within this thesis this
aspect will play a crucial role.

In principle, depending on the energy of the excitation source (E.,), one can roughly
distinguish between (soft) X-ray photoelectron spectroscopy (XPS, 100 < E, < 1500eV)
and ultraviolet photoelectron spectroscopy (UPS, E, < 100eV). Moreover, using exci-
tation energies F, > 1500eV, one commonly speaks of hard X-ray photoelectron spec-
troscopy (HAXPES). Due to the element-specific nature of the photoelectrons they can
be used in electron spectroscopy for chemical analysis (ESCA), revealing, e.g., the com-
position and stoichiometry of unidentified samples [48]. However, it is important to
keep in mind that PES is a very surface sensitive method. In the following, the basic
principles of the photoemission process as well as a description of the spectral function
and some important aspects of quantitative analysis will be addressed.

3.1 Basic principles

Photoemission spectroscopy is based on the photoelectric effect, describing the ejection
of electrons from a sample irradiated with monochromatic light [49]. An electron in a
bound state in the sample absorbs a photon and gets excited into a free state in the
vacuum. Depending on the excitation energy, the emitted photoelectrons will possess
a certain kinetic energy, Fiy;,, which can be associated with the binding energy of the
electron in the solid, Eping, using the Einstein equation [50]:

Ekin = hv — |Ebind’ — . (31)

Here, hv is the energy of the incident light and @ is the energy difference between
the Fermi energy and the vacuum level, representing the work function (typically of
the order of a few eV). According to Eq. 3.1, which complies with energy conservation,

13
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Figure 3.1: Basics of the photoemission process. (a) Energy schematics in the solid and re-
sulting photoemission spectrum after excitation with light of the energy hv. (b) Experimental
setup. Sketched are the incoming photon and the emitted photoelectron which is collected by a
hemispherical photoelectron analyzer. Here, ¥ is the angle between sample surface normal and
analyzer.

the photoemission process is sketched in Fig.3.1(a) containing the energetic situation
in the sample as well as the resulting photoemission spectrum. The core levels are
represented by d-peaks in the solid where they are located at a defined energy. Due
to the finite lifetime of the core holes they correspond to peaks with a finite width in
the photoemission spectrum reflected in a Lorentzian peak shape. Besides the lifetime
broadening, the core level peaks suffer a resolution broadening expressed by a Gaussian.
In total, the core level spectrum is described by a Voigt profile which is generated by the
convolution of a Lorentzian and a Gaussian. In most cases the description by a Voigt
profile is sufficient. However, depending on the complexity of the investigated system,
further line shapes can be involved. One example is the Doniach-Sunjic line shape,
accounting for interactions of the photoelectron with the conduction electrons [51]. For
an exact treatment more sophisticated theories have to be applied [52]. Turning to
the valence band, in a single particle picture the corresponding photoemission spectrum
directly reflects the density of states (DOS). Note that this is only valid if matrix-
element effects are neglected. The spectrum is cut off by the Fermi function and gets
lifetime and resolution broadened. In addition to the considerations in energy phase
space, in Fig. 3.1 (b) the real space experimental setup of PES is sketched. It illustrates
the incoming photon as well as the ejected photoelectron which is collected by the
hemispherical analyzer. The emission angle of the photoelectrons with respect to the

14
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surface normal under which they are detected is denoted . By varying ¢} at a constant
excitation energy, one can gain information about the electronic dispersion F(k) of
valence band electrons in angle-resolved PES (ARPES).

Depending on the emission angle ¢, the momentum of an electron in vacuum P = hK
parallel and perpendicular to the sample surface can be expressed as

hK| = +/2mEyy,sind
hK, = +\/2mE;, cos? (3.2)

where m is the electron mass. In terms of conducting ARPES experiments, K and
K| given in Eq.3.2 are the relevant momenta. In order to learn about the electron
momentum in the solid p = Ak from the momentum in vacuum, both momenta have to
be brought into relation. Since for excitation energies < 100eV the photon momentum
can be neglected [53], the electron excitation in the solid corresponds to a vertical tran-
sition in a reduced zone scheme with k; — k; = 0 (f: final state, i: initial state). Note
that in a repeated zone scheme the momenta can also differ by an integer multiple of
the reciprocal lattice vector G resulting in ky — k; = G. Considering the transition of
the photoelectron from the solid into the vacuum, the momentum parallel to the sample
surface is conserved, leading to

hk” = ﬁK” =\ 2mE;m-n sin 9. (33)

On the contrary, this is not the case for the momentum perpendicular to the sample
surface. In order to understand this fact in a more descriptive way, one usually splits
the photoemission experiment into three distinct and independent processes described
in the three-step model [43]. The three involved steps are

(1) the photoexcitation of a bound electron in the bulk,
(2) the transport of the excited electron through the solid to the surface,

(3) and the transition of the photoelectron into the vacuum.

The point of matter is the last step where translational invariance along the surface
normal is broken while parallel to the surface it is conserved. Thus, it is advantageous
to study one-dimensional and two-dimensional systems by ARPES, since in these cases
K| can be neglected. Otherwise the change in k; has to be taken into account. Since
this is not of relevance for the present study, it will not be considered any further.
While the three-step model provides a descriptive way to understand the photoemis-
sion process by splitting in into three parts, the one-step model considers the whole
process as one part. Its underlying principles will be presented in the following, mainly
based on the review article by Damascelli [44]. Usually, the transition rate w between
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two states induced by the interaction with a certain perturbation is described by Fermi’s
Golden rule [43-45], obtained from first-order perturbation theory:

wyi = 2% (U | Hine 0|0 (EY = EY — ). (3.4)

Here, EN = EN"' — EF

kg and BY = E}V ~!+ By, represent the energies of the N particle
initial and final states U and W%, respectively, where i = 0 defines the ground state.
Ek ., is the binding energy of an electron with momentum k and Ej;, = h*k*/2m is the
kinetic energy of a final state free electron. Moreover, (\I/?[ |Hine|UN) is the N particle
transition matrix element. Note that at this point a common simplification comes into
play which is the so-called ‘sudden approximation’. It assumes that an electron is in-
stantaneously removed from the solid and the effective potential of the system changes
discontinuously at that instant. This implies that the created photoelectron does not
interact with the N — 1 particle system. The perturbation included in Eq. 3.4 is repre-
sented by the electromagnetic field, A(r,t). It is contained in the perturbation operator

H;,, given by
e

2me
where p is the electronic momentum operator. Here, two simplifications have been im-
plemented. The quadratic term in A has been dropped, since for the used excitation
sources the photon densities are sufficiently low, i.e., two-photon processes can be ne-
glected. Furthermore, the Coulomb gauge, VA = 0, has been used, which is fulfilled for
small spatial variations of the light wave relative to the atomic scale. Within the sudden
approximation, the wave functions of initial and final state can generally be factorized
into the wave function of the photoelectron ¢* and of the remaining N — 1 particle
system. Hence, they can be written as UV = ApkUN ! and vy = Agp’Jf\I!ij_l, where
A is an antisymmetric operator accounting for the compliance with Pauli’s principle.
The final state wave function of the N — 1 particle system is chosen as an excited state
with the eigenfunction WN=! and the energy EY~! which is no eigenenergy of ¥V=1. In
order to obtain the total transition probability, one has to sum over all excited states m.
Furthermore, as well-known from the second quantization formalism, the wave function
of the N — 1 particle system can be expressed by the annihilation of one electron in the
N particle system using the annihilation operator cy:

e
Hiny = (A'P+p'A)%m—cA'p, (3.5)

N = AUl | (3.6)
Using this, the matrix element from Eq. 3.4 then can be written as
(UF [ Hi | UT) = (05| Hina ) (07T (3.7)

where the first part represents the one electron transition matrix element (commonly
in the dipole approximation) and the second term describes the N — 1 electron overlap
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integral. Putting all together, one obtains the total photoemission intensity (depending
on k and Ej;,) by summing wy; over all possible states:

[(k, Epn) = ZwﬂocZ\Mﬂ| Z| Comil* 6 (Bpin + EN"V— BN — ), (3.8)
fi

with |em]” = |<\1/7Nn—1|\11£\7—1>’2 describing the probability of the N — 1 particle system

resulting in the excited state m upon the removal of an electron from state ¢. It is
convenient to introduce the energy € = hv — Ej;,. Eq. 3.8 can now be rewritten as:

27T

I(k, En) = | M| Z\ (UN e UMY 5 (e + EN — EN)
I
_ 2%2|M]’§‘2A<(k,e). (3.9)
I

A<(k, €) denotes the one-particle removal spectral function. Particularly for interacting
many-body systems it acts as the central quantity to describe electron emission spectra,
e.g., in photoelectron spectroscopy. The spectral function is defined by the imaginary
part of the one-particle Green’s function G(k,¢).!

A<(kye) = > [WNT e | M) 76 (e + BN - EY)

— _% ImG(k,€)f(e,T) (3.10)
1

Gk ) = p S (3.11)

Here, E(k) is the electron band dispersion and X(k,¢) describes the complex self en-
ergy which contains all contributions from many-body processes in photoemission (see
Chap. 2.3.2), e.g., electron-electron or electron-phonon interaction. While its real part
causes a renormalization of the original energy dispersion, the imaginary part includes
the finite lifetime of the excitations. Figure 3.2 illustrates how the described behavior is
manifested in a photoemission spectrum. Momentum-resolved electron removal and also
electron addition spectra are plotted. Regarding the non-interacting case in Fig. 3.2 (a),
the self energy vanishes, resulting in a Green’s function with a single pole. The spectral
function is thus given by a single d-peak at an energy E(k) showing a certain dispersion.

Switching on the interaction, the electrons now have to be considered as so-called
quasiparticles (in the Fermi liquid picture), i.e., electrons dressed with a manifold of

!The Green’s function G(k,€) is the single-particle propagator.
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Figure 3.2: Spectral function of non-interacting and interacting systems. (a) In the non-
interacting case the momentum-dependent energy E(k) is described by a é-peak like structure
with a certain dispersion. (b) The spectral function of the interacting case consists of an energy-
renormalized quasiparticle (coherent) peak and an interaction-induced incoherent structure at a
different energy. Figure reprinted from Ref. 44 with permission from A. Damascelli. Copyright
(2013) by The American Physical Society.

excited states. As for the non-interacting system, the excited states are characterized
by poles of the Green’s function, now with renormalized energy and mass as well as a
finite lifetime. This leads to coherent peaks which are located at a different energy and
exhibit a larger width compared to the non-interacting case. Additionally, incoherent
spectral weight is found at higher binding energies which can completely be ascribed to
the interactions of the particles in the system. This illustrates the characteristic behavior
of systems with interacting particles playing a crucial role in this thesis.

3.2 Quantitative aspects

After the short introduction into the basic principles of photoemission, the present sec-
tion deals with quantitative aspects which will be needed and used later in this thesis.
Therefore, shortly the methods XPS, UPS, and PEEM will be introduced. Further-
more, details about relevant corrections, viz., background and satellite corrections, of
the recorded photoemission spectra as well as the possibility to use PES for chemical
analysis in terms of ESCA will be addressed.
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3.2.1 Experimental methods
X-ray photoelectron spectroscopy (XPS)

Photoemission measurements involving the excitation with X-rays have been conducted
in the home-laboratory in Wiirzburg equipped with an Omicron XM1000 X-ray source.
Here, the Al K, radiation is used, monochromatized by a crystal monochromator. The
resulting excitation energy is hv = 1486.6 eV with a line width of Ahv = 0.85eV. Pho-
toemission spectra have been recorded using an Omicron EA125 hemispherical analyzer.
The total energy resolution at room temperature was chosen to be AEgrt = 0.7¢eV. Ad-
ditional measurements presented in this thesis have been performed at T = 40 K with
an energy resolution of AFE,x = 0.3eV.

Ultraviolet photoelectron spectroscopy (UPS)

For the excitation with UV light a ThermoVGScientific He gas discharge lamp was
available emitting non-monochromatized Hel radiation with an energy of hv = 21.2¢€V.
In case of UPS the total energy resolution (using the Omicron EA125 analyzer) was
chosen to be AEgT = 0.1eV at room temperature and AFE x = 0.04eV at T = 40 K.

Photoemission electron microscopy (PEEM)

Photoemission electron microscopy experiments have been performed at the beamline
UE49-PGM-A-SPEEM at the Berliner Elektronensynchrotron (BESSY) providing radi-
ation generated by an insertion device (undulator). The energy could be varied between
90 and 1800€V. For data acquisition an Elmitec PEEM equipped with a photoelectron
analyzer was used. The spatial resolution of the microscope was Ax ~ 15nm, the to-
tal energy resolution regarding the spectroscopic experiments was AE = 0.3eV. All
measurements were performed at room temperature.

3.2.2 Relevant corrections

The use of photoemission spectra (mainly from XPS) for a quantitative analysis of the
sample under investigation requires the implementation of certain corrections. Inherent
to the photoemission process is the generation of secondary (inelastically scattered) elec-
trons. Hence, in order to gain information from, e.g., photoemission peak intensities, the
spectra have to be corrected for the secondary electron background. A standard method
for this correction, which is used in the course of this thesis, has been developed by D.
Shirley [54]. Within this method it is assumed that the background at a certain energy,
E, is proportional to the total number of electrons at a higher kinetic energy, £’ > E.
Consequently, the background itself is described by the convolution of a constant loss
function with the intrinsic core level spectrum. Regarding the photoemission experiment,
the measured intensity of a core level spectrum, I™®(E), is composed of the intrinsic
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3 Photoelectron spectroscopy

core level spectrum, I(FE), and the background signal. As shown in Eq. 3.12, I(E) can be
determined following an iterative procedure which uses the measured spectrum [™(E')
as a starting point for the unknown intrinsic spectrum [54]:

g 1M (E)
ZE’>E [meas(E'/) .
Here, € represents the limit on the lower kinetic energy side for the iteration. Commonly,
only a few iteration steps (n ~ 5) suffice to generate well-converged results.

Beside the core level spectra, also for the valence band spectra obtained by UPS the
secondary electron background has to be taken into account. According to Ref. 43, this
background exhibits a strong increase in the energy range between 0 and -15¢€V relative
to the chemical potential which can be approximated by an exponential slope towards
higher binding energies. Low binding energy features in the spectrum are superimposed
to the background. For quantitative analysis of valence band spectra, thus, an exponen-
tial background has been subtracted prior to further data evaluation.

A further necessary correction to avoid misinterpretations of valence band spectra
is the subtraction of Helg and Hel, satellite contributions to the photoemission spec-
trum. Considering the emission of a He gas discharge lamp, the main contribution is
given by Hel, radiation with hv = 21.2eV. However, also the Helg and Hel, lines
at hv = 23.1eV and hry = 23.7¢eV contribute 1.2 — 1.8% and 0.5% to the spectrum,
respectively. In a second order approximation the intrinsic spectrum I(FE) is obtained

by

I"MYE) = I™(E) — I™(¢)

(3.12)

I(E) =I"(E) + (=1)'(b-I™(E+ AEj) +c- I"(E + AE,))
+ (=1)? (b - I™™(E + AEg) + ¢ - I™™(E + AE,)) , (3.13)

where b and c are the above given contributions of Helg and Hel,, and AEz = 1.9¢V
and AE, = 2.5¢eV are the energy differences of the satellites to the HeI, main line. In
most practical cases, already the first order of the approximation yields adequate results.

3.2.3 Inelastic mean free path

An important intrinsic property of photoelectron spectroscopy, which has to be kept
in mind, is its surface sensitivity. It is founded in the small inelastic mean free paths
(IMEP), A, of the electrons in the solid. The IMFP represents the distance electrons can
travel through the solid before being scattered (mainly) by other electrons. Depending
on the electron kinetic energy, it is only of the order of a few nm. Remarkably, the
energy dependent electron IMFP follows a universal behavior for the most elements and
solids, reflected in the so-called ‘universal curve’ [55], displayed in Fig. 3.3. The dominant
scattering process is the excitation of a plasmon which represents the collective oscillation
of the electron gas relative to the cationic background of the solid. The corresponding
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Figure 3.3: ‘Universal curve’ of the electrons’ inelastic mean free path depending on their kinetic
energy. Note the v/ E-dependence for energies > 50 eV. According to Ref. 55.

energy of the oscillating electron gas, the plasma energy E,, is proportional to /n (with
n being the electron density). n, in turn, shows only marginal variations for different
materials, which leads to the observed universal behavior. Regarding typical laboratory
light sources as described before (AlK,, Hel), A\, ranges from 0.1 — 30nm. While for
energies > 50 eV the universal curve approximately exhibits a v/ E-dependence, it shows
a E~1/2 trend for E < 50eV.

Since a small IMFP implies that the detected electrons in photoemission only stem
from a narrow, surface-near region of the sample, it is crucial to ensure atomically
clean surfaces in order to exclude the investigation of only the surface contamination.
This fact necessitates an ultra-high vacuum (UHV) environment to perform meaning-
ful photoemission experiments. The investigation of a particular material for which no
experimental IMFPs are available calls for the ability to calculate A.. While the IMFP
cannot be determined from fundamental physical relationships, several empirical ap-
proaches exist, which succeed in well reproducing the experimental observations [55-57].
A widely used possibility to calculate A, is the empirical equation by Tanuma, Powell,
and Penn (TPP-2M) [56, 58]:

\ = E
C B [B-m(vE) - (5) + (&2)]
Here, E, is the plasma energy, 3, v, C, and D are material specific parameters. Neces-

sary input for the calculation of these parameters are the density, the atomic or molecular
weight, the number of valence electrons per atom or molecule, and the band-gap energy.

(3.14)
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3 Photoelectron spectroscopy

For the case of inorganic solids, the universal behavior from Fig. 3.3 is reproduced by
Eq. 3.14. On the contrary, for organic materials the calculated A, is significantly larger,
due to the comparatively low densities of the organic compounds. To give an exam-
ple, electrons with FEy;, = 1200eV exhibit a A, of 3 — 4nm in different organics [56].
Nonetheless, the basic energy dependence of Eq.3.14 is retained.

By the aid of A\ one can estimate the probing depth for the respective sample under
investigation in PES. Assuming exponential damping caused by the scattering processes,
the measured photoemission intensity depending on the vertical position in the sample
(i.e., regarding the depth) is given by

I1(2) x exp <— . CZOW), (3.15)

where 9 is the angle between sample surface normal and photoelectron emission again
[see Fig.3.1(b)]. Defining a particular depth z such that 95% of all emitted photo-
electrons stem from the volume between surface and this particular depth reveals the
information depth z = 3A.cosv. From this it becomes obvious that the information
depth can be easily varied by either using different excitation energies or changing the
angle between sample surface normal and photoelectron analyzer. This procedure re-
presents a widely used technique to perform depth profiling. In order to better compare
XPS with corresponding UPS data, valence band measurements have been conducted in
normal emission geometry, whereas for core level analysis a photoelectron emission angle
of ¥ = 50° has been chosen. Note that UPS is nonetheless significantly more surface
sensitive.

3.2.4 Electron spectroscopy for chemical analysis

Owing to the fact that XPS is a highly element specific technique, it is often used for the
identification of a sample’s stoichiometry. The possibility to gain quantitative informa-
tion from XPS is based on the direct proportionality of the background corrected core
level intensity from photoemission I and the concentration of the corresponding element
within the analyzed sample volume N, I o« N. However, the element’s concentration
leading to a certain photoemission intensity is renormalized by several parameters. De-
pending on the specific element, primarily one has to take into account the (excitation
energy-dependent) photoionization cross-section, o(hr). Further input is the asymme-
try function, L(y) = 1+ %ﬂ(hu) (% sin®y — 1), which accounts for the symmetry of
the excited atomic orbital involving the (excitation energy-dependent) asymmetry para-
meter B(hr) and the angle v between light source and photoelectron analyzer. These
parameters are tabulated, e.g., in Yeh and Lindau [59] or Trzhaskovskaya et al. [60].
Furthermore, the photon flux, J(hv), of the utilized light source and the angle § between
light source and sample surface normal as well as the above described (angle-dependent)
IMFP, A\, cos ¢, contribute to the photoemission intensity. Besides, two analyzer specific
parameters influence the photoemission intensity, viz., the detector efficiency, D, and the

22



3.2 Quantitative aspects

analyzer transmission function, 7. By operating an analyzer in the constant analyzer
energy mode, i.e., with a constant pass energy, the detector efficiency is independent of
the electron kinetic energy. The transmission function for the employed analyzer EA125
by Omicron has been determined as T(F) = E~! [61]. In total, the photoemission
intensity can be written as [62]:

I(E) =o(hv)L(y) - J(hv)secd - N - A\e(E)cosv - D(E)T(F) . (3.16)

Since the photon flux and the detector efficiency are unknown, it is not possible to
determine absolute values for N from the background corrected photoemission intensity.
However, relative atomic concentrations of elements A and B can be calculated using
the following equation:

Ni Lios(h)Live)A(Es)T(Es)
No ~ Tn oati)L0ia)h (AT (Ex) (3.17)
_ Laop(h)L(vp)VEa
= Ty oath)La)VEs (3.18)

In Eq.3.18, A\ has been approximated by a v/E-dependence, leading together with
T(E) = E~' to a E~'/2-dependence. Since the IMFPs calculated by Eq.3.14 only
show marginal variations from the v/E-dependence, as in most cases appearing in this
thesis, Eq.3.18 has been used to determine the relative atomic concentrations. The
largest error bars in N4/Np originate from o and /3, since these values are computed for
isolated atoms. Hence, the error bars are estimated to be at least 20 % but may even
exceed this value as can be seen in A.3.
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4 The supposedly superconducting
K picene

Picene, an ‘old’ aromatic molecule, was first synthesized in the early fifties [63]. The
structural properties of picene single crystals have been determined already in the mid-
eighties [64]. Thin films of picene got renewed interest in 2008/2009 due to reported
high charge carrier mobilities in field effect transistors. Remarkably, mobilities up to
1.1cm?/Vs have been achieved [65-70]. Due to its properties very similar to those of the
well-known molecule pentacene, picene can be considered a new promising candidate for
replacing silicon-based devices in future electronics. In 2010, picene gained even more
attractiveness when Mitsuhashi et al. reported a pronounced Meissner-Ochsenfeld effect
in polycrystalline samples of K5 gpicene. They concluded on superconductivity at tran-
sition temperatures as high as 18 K [7]. Very recently, Teranishi et al. provided further
evidence of superconductivity by the observation of zero resistivity in Kspicene pellets
below 7 K [12], supporting the observations from Mitsuhashi et al. The original findings
triggered a multitude of theoretical studies trying to explain the origin of superconduc-
tivity in this polycyclic aromatic hydrocarbon. While several groups performed basic
density functional theory (DFT) calculations [71-74], other groups focussed on electron-
phonon coupling [75-81] as well as electron-electron interaction [82, 83]. Most of the
calculations reveal metallic conduction bands for Kspicene which would host the super-
conductivity below the critical temperature. However, also insulating behavior due to
electronic correlations is proposed implying unconventional superconductivity in terms
of a correlated metal close to a metal-to-insulator transition. Also from experimental
view, the picture of the electronic structure has remained controversial. A photoemis-
sion study reported the appearance of metallic spectral weight at the Fermi level for
K;picene [84]. On the contrary, other authors [85, 86| failed to observe a metallic Fermi
edge for a wide potassium concentration range from z = 0.22 to 3.6 and speculated
about the possible role of correlations and polaronic effects [85].

In the following, an extensive photoemission study of K, picene for potassium con-
centrations of x = 0 — 3 is presented, uncovering a series of interesting properties of
this supposedly superconducting molecular material. In particular, X-ray photoelectron
spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS) for core level and
valence band analysis, respectively, have been conducted. Structural quality was checked
by atomic force microscopy (AFM) and X-ray diffraction (XRD).
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4 The supposedly superconducting K, picene

Figure 4.1: (a) Structural formula of a single picene (Ca3Hy4) molecule consisting of five ben-
zene rings. (b) Unit cell structure of a pristine picene crystal containing two inequivalent picene
molecules. (c¢) Structure of K-intercalated picene: Kjpicene (upper panel), Kopicene (mid panel),
and Kspicene (lower panel). Note that the herringbone structure is retained upon dopant atom
insertion. Pictures from Jeschke et al. [87].

4.1 From the parent compound to K, picene

The parent compound picene is a planar, m-conjugated aromatic molecule consisting of
five benzene rings arranged in an armchair fashion as sketched in Fig. 4.1 (a). It is often
referred to as a cutout of a graphene sheet and thus denominated nano-graphene. In the
bulk, i.e., in single crystals or thin films, picene crystallizes in a monoclinic structure
(space group P2;) with the lattice parameters a = 8.480A, b = 6.154 A, ¢ = 13.515A,
and f = 90.46° [64]. Here, the molecules are arranged in a herringbone manner with
two inequivalent molecules per unit cell twisted towards each other by an angle of 58°.
Note that the herringbone arrangement is a common packing motif for aromatic molec-
ular crystals [88]. The unit cell is displayed in Fig. 4.1 (b). In the single crystalline form,
picene behaves as a wide-gap semiconductor with an energy gap of Eg.p, opt = 3.3 €V [65].
The given value is the optical gap, which has been confirmed by electron energy loss
spectroscopy (EELS) [89]. From the same measurements, the transport gap has been
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4.1 From the parent compound to K,picene

Table 4.1: Lattice parameters for doped picene from the literature. A and B denote structures
with different positions of the K atoms in the lattice depending on the initial position of the K
atoms before relaxation. Lattice constants marked with | are the basis for further calculations
within this thesis.

a(Ad) b(A) c((A) B (°) source

Ki(A) 7.267 7.387 12698  95.79 73]
Ki(B) 8234 6554 12.807  94.65 73]
K 7237 7506  12.624  94.20 73]
K,K;, 8776 6394 13.346  94.03 73]
K3(A) 7421  7.213  14.028 10453 73]
K;(B)  7.408 7.223  14.116  105.93 73]
K, 7511  7.058 14230  102.96 73]
Ks 7359  7.361  14.018  105.71 [72]
Ky 7248 7312 13149  102.3 87]
Ky 7306  7.348 1274 9259 87]
K 7462  7.302  13.975  103.28 87]

estimated to be ~ 4eV, substantiated by calculations in the GW approximation® re-
vealing a gap energy of 4.08eV. In contrast to DFT based calculations, GW does not
underestimate Ejy,, but is able to predict gap energies close to the experimental values.

For K-intercalated picene (K, picene with z = K concentration) only an insufficient
structural characterization from experiment is available in the literature. For the particu-
lar case of Kspicene, powder X-ray diffraction reveals the lattice parameters a = 8.707 A,
b=>5912A, ¢ =1297A, and § = 92.77° [7], implying a shrinking of the unit cell. In
contrast to K-intercalated pentacene, in which the K atoms are inserted between layers of
upright standing molecules (see Chap. 5.1), in K, picene the additional atoms are placed
within the layers (intralayer insertion). Concerning pentacene, the interlayer insertion
is directly reflected in an expansion of the c-axis lattice constant, whereas in picene c
remains largely unaffected or rather gets compressed. In addition to the experimental
findings, several theoretical studies provide calculated lattice parameters by structural
relaxation within DF'T taking into account forces and stress. All results substantiate the
assumption of an intralayer insertion. These are summarized in Tab.4.1. Considering
the calculated lattice parameters for K; and K3 by Kosugi et al. [73], two different
starting points for the relaxation have been chosen. Thus, the resulting structures differ
from each other by the exact position of the K atoms in the lattice (denoted A and
B, respectively). I mark lattice constants obtained by Jeschke et al. [87] which are

In the GW approximation, the self energy is approximated by the product of the Green’s function
G and the screened Coulomb repulsion W.
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4 The supposedly superconducting K, picene

the basis for more profound calculations presented later in this thesis. For the determi-
nation of the crystal structure of K, picene (z = 1,2, 3) by structural relaxation within
DFT the generalized gradient approximation (GGA) has been used by Jeschke et al.[87].
Here, the projector augmented wave basis was used as implemented in VASP (Vienna ab
initio simulation package)[90-93] with additional van der Waals corrections included in
the relaxation process. A subsequent analysis of the electronic structure was performed
with the full potential local orbital code, FPLO [87]. The resulting structure is plotted
in Fig.4.1(c). It is noticeable that for # = 1 and x = 2 the molecules exhibit a slight
torsion due to the presence of a positive ion in between. This torsion mainly vanishes
for x = 3, where the cations are more homogeneously distributed in the empty space
of the molecular crystal unit cell. Furthermore, the angle between the two inequivalent
molecules in the unit cell (herringbone angle) increases upon insertion of foreign atoms
as will be discussed in detail in Chap.4.4.4.

4.2 Growth and structure of pristine picene films

Regarding the analysis of K-intercalated picene by means of photoelectron spectroscopy
it is advantageous to use in vacuo grown thin films instead of single crystals for two
reasons. On the one hand, picene is a very expensive material. The required amount
of pure picene powder in order to grow a sufficiently large picene single crystal would
cause enormous costs. Moreover, due to the high reactivity of potassium, the growth of
K-intercalated picene single crystals proves fairly difficult. So far, only the fabrication
of polycrystalline powder was achieved as, e.g., used by Mitsuhashi et al. [7]. For
photoemission experiments, in turn, usually single crystalline samples are preferred. On
the other hand, in ultra high vacuum (UHV) the contact of pure picene films as well as
K intercalants to ambient air is avoided between fabrication and investigation. Already
small quantities of oxygen in the residual gas may hamper the formation of pure K, picene
as will be discussed in Chap. 4.4.3. Due to the high reactivity of potassium, special care
has to be taken in handling K-intercalated picene.

In the framework of this thesis picene films have been fabricated on several substrates,
namely natively oxidized silicon (denoted SiOs), the 7 x 7-reconstructed (111)-surface of
silicon (Si-7x7), thin bismuth films grown on Si(111)-7 x 7 (Bi/Si) as well as strontium
titanate (SrTiOj3) and zinc oxide (ZnO). Film growth was carried out by evaporating
purified picene powder from a low-temperature effusion cell constructed by MBE Kom-
ponenten GmbH (organic material effusion cell, OME). For this purpose, a separate UHV
chamber with a base pressure < 5x 10~? mbar was available, not exceeding 3 x 1078 mbar
during evaporation. Intercalation of the films with alkali metal (in particular potassium,
but also sodium and cesium) atoms was achieved by subsequent evaporation of the re-
spective material from a current heated commercial SAES getter source onto the films
in the analysis chamber. Here, the base pressure was < 5 x 107 mbar and did not
change during evaporation. Structural characterization of most of the pristine films was
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4.2 Growth and structure of pristine picene films

performed by atomic force microscopy (AFM) and X-ray diffraction (XRD), both in
ambient atmosphere. For recording the surface images a Veeco AFM was used. It was
operated in the non-contact tapping mode. The diffractograms were taken using X-rays
from a CuK, source with a wavelength of 1.5418 A in a simple 6 — 26 geometry.

Figure4.2 shows 5 x 5 um? AFM images of picene films grown on the different sub-
strates. Nominal film thicknesses are 15nm (on Si-7x7, SrTiOjs), 20nm (on Bi/Si),
and 30nm (on SiO2, ZnO). These nominal values are obtained from monitoring the film
growth with a quartz crystal microbalance (QCM). They are only a rough estimate of
the deposited thickness, since one assumes the same sticking coefficient for all substrates.
Moreover, these sticking coefficients are supposed to be equal to the sticking coefficient
of the quartz crystal. In the surface morphology images the deviations between nomi-
nal and actual thickness become obvious (see below). A major unique feature observed
for films on all substrates is that picene obeys the Vollmer-Weber (3D, island) growth
mode. This is manifested in the formation of crystallites with their (a,b)-plane per-
pendicular to the substrate surface normal. Furthermore, the films are composed of
rotational domains. The island size varies from 500 nm to more than 1pum depending
on the substrate.

Picene films on SiO, and ZnO have a very similar form of appearance. While they
differ in island size (on SiOy: ~ 500nm, on ZnO: ~ 1pum), the shape of the islands
is dominated by characteristic domain angles of 120° in both cases. Here, the occur-
rence of rotational domains can be directly observed by the arbitrary distribution of the
characteristic domain angles across the substrate plane. The angle can be identified in
the AFM images as denoted in Fig.4.2 (a) and (c). Additionally, corresponding height
profiles recorded along the solid lines, indicated in the morphology images, are shown.
From the height profiles an average island height of 50 — 60 nm can be inferred for the
picene films on SiOy and ZnO. A more detailed analysis of the island heights is given in
A.2. Deduced from the AFM images, film coverages of 75 — 79% (SiO,) and 76 — 88%
(ZnO) have been reached. From film coverage and average island height a film thickness
corresponding to a homogeneously covered surface can be deduced. It will be termed
‘effective’ film thickness in the following and can be compared to the nominal thickness
obtained by QCM monitoring. Based thereon, the effective thickness of picene films on
both substrates, SiO, and ZnO, amounts to ~ 40nm, which is by 30 % larger than the
nominal value from QQCM monitoring.

Two further substrates on which picene shows similar growth behavior are Si-7x7
and Bi/Si. Corresponding AFM images are displayed in Fig.4.2 (b) and (e). In both
cases the islands have a size of ~ 1 um or even exceed this value. The surface is more
homogeneously covered than on SiO; and ZnO and the islands partially coalesce. Note
that the bright, washed-out spots distributed over the surface of Bi/Si are not caused by
picene but are a remnant of the bismuth film beneath. Ideal Bi growth on Si(111)—7x7,
i.e., a homogeneously covered surface, could not be established within the framework of
this thesis. The surface of the Bi films always exhibited such bright spots determined
by high, tower-like clusters aggregating on the surface during growth. However, also
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Figure 4.2: 5 x 5um? AFM images of picene films grown on (a) SiO,, (b) Si-7x7, (¢) ZnO,
(d) SrTiOs, and (e) Bi/Si. Below each surface morphology image a corresponding line profile is
plotted, recorded along the solid line in the image. (f) X-ray diffractograms of picene films on
SiOq, Si-7x 7, and SrTiOs. Inset: rocking curve of a picene film on SiO,. Details see text.
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between the clusters the surface is covered with Bi, since in XPS no signal of the Si
substrate could be detected. In the area between the clusters the morphology of the
picene films is similar to the morphology of films on Si-7x 7. In this case, no characteristic
domain angles are observable. The islands rather form a dendrite-like structure, whereas
the dendrite arms are not as pronounced as, e.g., in pentacene films on SrTiOjz (see
Chap.5.2). The respective height profiles (measured along the solid lines indicated
in the AFM images) again allow an estimate of the average island height. It yields
~ 30nm and ~ 15nm for films on Si-7x7 and Bi/Si, respectively, confirmed by the
height distributions in A.2. Taking into account the film coverages of ~ 96 % (Si-7x7)
and 88 — 93 % (Bi/Si), the effective film thicknesses, comparable to the QCM values,
result in ~ 30nm (Si-7x7) and ~ 15nm (Bi/Si). In the case of Si-7x7, the film is
twice as thick as estimated by the QCM, the film on Bi/Si is thinner and the thickness
deviates by 25 % from the nominal value.

Finally, a slightly differing growth behavior can be observed for picene films on
SrTiO3. The films on SrTiO; exhibit the highest coverage of all substrates (~ 99 %)
and, similar to picene on Si-7x7, the islands partially coalesce. However, the islands
have no dendrite-like edges but rather have a round shape. Islands of a size between
500nm and 1pum can be found in the morphology image. Deduced from the height
profile, the average island height is ~ 40 nm, corroborated by the height distribution
analysis in A.2. Thus, the effective thickness of picene films on SrTiO3 shows the largest
deviation from the nominal thickness obtained from the QQCM monitoring. 40nm of
effective thickness front a nominal value of 15 nm.

In-plane, the islands are rotated arbitrarily and have no preferred overall orientation.
However, along the c-axis the films are highly ordered, demonstrated by the XRD pat-
terns in Fig. 4.2 (f). Diffractograms in the g,-range of 0.3 — 1.5 A~" are displayed for
picene films on SiOg, Si-7x7, and SrTiO3. All observable peaks can be identified as
(001) Bragg peaks, indicating a c-axis lattice spacing of (13.5 & 0.1) A. This value per-
fectly agrees with the lattice spacing of picene single crystals from the literature [64].
Furthermore, the narrow rocking curve [inset in Fig. 4.2 (f)] indicates the well-defined
alignment of the crystallites along the surface normal with an average tilting angle of
only +0.03°. The measurability of only the Bragg reflections of the c-axis lattice spacing
indicates a film growth in which the molecules arrange with their long molecular axis par-
allel to the substrate surface normal (standing mode). For elongated organic molecules
this is a common growth mode when the molecule-molecule interaction overweighs the
substrate-molecule coupling (see also Chap. 5.2) [94, 95].

In summary, picene forms islands with a size varying from 500 nm to 1 ym for growth
on the different utilized substrates. The films differ in the shape of the island edges
but on all substrates the islands represent rotational domains with arbitrary in-plane
arrangement. Out-of-plane, the films are highly ordered with a c-axis lattice parameter
of 13.5 A, indicating film growth in standing mode. The nominal film thicknesses given
in the following have to be handled with care, since they deviate from the effective film
thicknesses to a certain extent.
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Figure 4.3: (a) Band structure of undoped picene obtained by DFT (LDA) from Kosugi et al.
Zero energy is set to the conduction band minimum. (b) Blow-up of the four lowest unoccupied
bands in (a) marked by the shading. Figures (a) and (b) reprinted from Ref. 71, Copyright (2013),
with permission from The Physical Society of Japan. The results from DFT (dots) are compared to
a tight-binding fit (red solid lines). (c) Picene Brillouin zone: the important high symmetry points
are labelled. (d) The four lowest unoccupied molecular orbitals of picene from band structure
calculations within DFT (GGA) (red dots) in combination with a tight binding fit (solid blue
lines) from Ref. 87.

4.3 Electronic structure of pristine picene films

In this section, the electronic structure of pristine picene films examined experimentally
by means of photoelectron spectroscopy will be reported. For this purpose, core level and
valence band analyses have been conducted using monochromatized AlK, (1486.6eV)
and Hel (21.2eV) radiation, respectively. Most of the measurements have been per-
formed at room temperature with a total energy resolution of 0.7 eV for XPS and 0.1eV
for UPS. Exceptions are described in the corresponding section.

4.3.1 Important aspects from the literature

To get first insight into the electronic structure, or more precisely, the electronic band
structure from a theoretical view, density functional theory (DFT) calculations are a
helpful tool. Basic ab initio calculations in the local density approximation (LDA)
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Figure 4.4: (a) Valence band region of photoemission spectra of a pristine picene film grown on
a gold substrate in comparison with the electron DOS calculated from DF'T (LDA) as well as the
k-integrated spectral function obtained from the GW approximation. (b) EELS spectra (recorded
in two different measurement geometries) of a pristine picene film compared to calculations of the
loss function within RPA. Figures reprinted from Ref. 89 with permission from F. Roth. Copyright
(2013) by IOP Publishing.

within DFT for pristine picene have been accomplished by Kosugi et al. in 2009 [71].
The resulting band structure is shown in Fig.4.3 (a) for energies ranging from —4.5
to 2.5eV. The Fermi energy (in this case Fr = 0eV) has been set to the conduction
band minimum. Note that for an ideal semiconductor it would be at the middle of
the band gap. From the calculations a band gap of 2.36eV can be extracted, notedly
underestimating the real size of the gap, which is a well-known shortcoming of DFT
calculations. A small cutout of the band structure, containing the four lowest unoccupied
bands, is displayed in Fig. 4.3 (b) together with a tight binding fit. Here, an energy region
of ~ 0.4eV is covered. The corresponding high symmetry points are indicated in the
sketch of the picene Brillouin zone in Fig. 4.3 (¢). For comparison, the same energy region
of the picene band structure calculated in the general gradient approximation (GGA)
within DFT by Jeschke et al. [87] is shown in Fig. 4.3 (d). These results are the basis for
more detailed calculations presented later in this thesis. The seeming difference between
the two band structure plots is only due to different paths through the Brillouin zone
chosen by the authors. In general, both band structures perfectly coincide. Basis of the
illustrated calculations is solid picene with the experimental lattice constants determined
by De et al. [64] and reproduced by Mitsuhashi et al. [7]. The atomic positions are
relaxed within DF'T, retaining the experimental lattice parameters.

Beside the underestimation of the energy gap, another shortcoming of DFT is the
correct determination of the electron density of states (DOS) near the Fermi level for
molecular systems like picene. A different approach providing a more exact description
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of the energy-dependent DOS, or more precisely of the k-integrated spectral function, is
the GW approximation. The k-integrated spectral function of pristine picene calculated
in the GW approximation is plotted in Fig. 4.4 (a) together with the DOS resulting from
DFT (LDA) and a measured photoemission spectrum [89]. In the range of 1 to 5eV with
respect to the Fermi energy the GW results agree very well with the measured data. On
the other hand, the LDA DOS is not able to reproduce the exact energetic positions of
the peaks in the low binding energy region.

Additional insight in the electronic structure of pristine picene can be obtained by
electron energy loss spectroscopy (EELS). Corresponding data from the literature are
shown in Fig.4.4 (b). Again, the experimental results are compared to calculations.
Here, the loss function has been calculated within the random phase approximation
(RPA). From the experiment a well-structured loss function is attained in which the
single peaks are assigned to molecular electronic levels of picene. The electronic levels
are also in agreement with the electronic DOS from photoemission in Fig.4.4 (a). The
authors ascribe the peak maxima from EELS to excitations between the energetically
close-lying first occupied and unoccupied electronic states of picene [89]. Apart from
an underestimation of the band gap and the resulting underestimation of the peak po-
sitions, the calculations agree well with the experimental data. The deviations are due
to GW corrections and excitonic effects not included within the presented calculations.
Conclusively, both PES and EELS reveal a gap energy of ~ 4eV in accordance with the
value gained from the GW calculations. Considering the photoemission spectrum, the
Fermi energy is assumed to lie in the middle of the gap. The small structures appearing
at excitation energies lower than 4 eV in the loss function are ascribed to the occurrence
of excitons, as the first peak at ~ 3.2eV matches the optical gap of 3.3eV from Ref. 65.

4.3.2 Electronic structure from photoemission

Turning to the photoemission spectra recorded on pristine picene films grown on different
substrates as described above, the corresponding results are plotted in Fig. 4.5. The inset
of Fig. 4.5 (a) shows two spectra of the entire valence band for films on SiOy and Si-7x7,
respectively, which are in good agreement with the literature [84, 85, 89]. Spectra
for films on SrTiO3; and Bi/Si are similar to the present spectra and thus not shown
separately. Most interesting is the energy region close to the chemical potential. Hence,
spectra of picene films on the utilized substrates are displayed in Fig.4.5(a) for an
energy interval ranging from 0.5 to —4.5eV with respect to the experimental chemical
potential (fiexp). The experimental chemical potential jiey, of the spectrometer has been
determined by measuring the Fermi cut-off of a sputtered gold foil. For all spectra three
major structures can be observed and are ascribed to the photoemission from the three
highest occupied molecular orbital (HOMO) derived bands. As shown in the topmost
curve, for picene on SiO, these bands are located at —2.2 (H), —2.8 (H-1), and —3.5eV
(H-2) relative to fiexp. Depending on the substrate, the whole spectrum shifts to higher
binding energies such that the exact positions of H, H-1 and H-2 differ from the ones

34



4.3 Electronic structure of pristine picene films

Q

— on Si0,
M on Si-7x7

intensity (arb. units)

— normal emission
— 50° off normal

D 0 4 3 2 - 0
E- Hexp (eV) E- Hexp (eV)

Figure 4.5: Photoemission spectra of pristine picene. (a) Spectra for films grown on different
substrates, viz., SiO,, Si-7x 7, Bi/Si, and SrTiOs. The three highest occupied molecular orbitals
are labelled H, H-1, and H-2, respectively. Inset: Valence band spectra over full energy range.
(b) HOMO region spectra of pristine picene recorded in normal emission and 50° off normal
emission to visualize the angle-dependent changes of the HOMO. Inset: Zoom into the relevant
energy range.

of picene on SiO,. The origin of this behavior will be shortly discussed at the end of
this section. Besides, the substructure of H-2 is considerably better resolved for picene
on Si-7x7 and Bi/Si compared to the films on SrTiO3 and SiO,. Most likely, this is
due to a better ordering of the molecules depending on the substrate surface cleanliness
influenced by the pre-growth substrate preparation (for details of preparation see A.1).
Irrespective of these two points, all spectra have the same shape and coincide with or
even outperform the spectra reported in the literature [84, 85, 89, 96].

In Chap.4.2 it has been shown that the picene films grow in standing mode with
their long molecular axis parallel, or at least with a small tilt, to the surface normal.
Such a behavior can also be seen in the valence band structure by measuring spectra
for different photoelectron emission angles. It is empirically well-known that picene
films display the same valence band structure independent of whether the molecules are
standing or flat-lying on the substrate [85, 96]. The electronic structures only differ
in the relative intensities of H and H-1 due to matrix element effects (angle-dependent
cross-sections). Spectra produced by films consisting of standing molecules and recorded
with an emission angle far off normal emission in UPS are similar to the corresponding
spectra gained from lying molecules in normal emission. Figure4.5 (b) shows the HOMO
region of a picene film on SiO; recorded at normal emission and 50° off normal emission.
It can be clearly seen that the intensity ratio between H and H-1 changes, implying the
same trend as going from standing to lying molecule. The spectra conclusively confirm
that the fabricated films grow in an upright standing manner. Hence, the film-substrate
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interaction is minimized, permitting a good comparability with picene single crystals.

In order to supplement the information gained from valence band photoemission,
a Cls core level spectrum is plotted in Fig.4.6 (gray curve). The Cls peak with
a full width at half maximum (FWHM) of 0.9eV is located at a binding energy of
Fyina = 284.7€V, perfectly agreeing with the literature [85]. Since the C1s core level
is the only core level accessible with AlK, radiation, no further information can be
deduced from XPS.

K,picene C1ls

K 2p and C 1s core levels
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Figure 4.6: K2p and C1s core level photoemission spectra of K,picene for various K-doping
concentrations (0 < x < 3). K-doping is reflected in a shift of the C'1s and an intensity gain of the
K 2p line. Note that the concomitant decrease of the C1s peak maximum intensity is misleading
since the integrated intensity is retained due to the peak broadening.

Earlier in this section it has been presented that the recorded valence band spectra
of picene films grown on different substrates exhibit a certain shift depending on the
utilized substrate. This varying HOMO offset (with respect to jtexp,) will be mentioned
briefly in the following. Many organic materials exhibit only a weak van der Waals-
coupling between molecular layers. Regarding the formation of layered structures on
any substrate the system is not able to establish a thermodynamical equilibrium which
would come along with the alignment of the chemical potential. Instead, similar to
the investigation of single molecules the energy level alignment rather takes place via a
vacuum level alignment [97, 98]. Thus, depending on the work function of the substrate
and the ionization energy of the molecule, the HOMO position relative to ftey, may vary.
This fact will play a crucial role in Chap.4.4.1 and will be discussed in detail there.
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Figure 4.7: Valence band photoemission spectra of K picene in a range of ~ 5eV of the HOMO
region for various K-doping concentrations. Spectra are shown for x = 0 — 3. (a) As measured,
(b) energetically aligned on the spectral features of the x = 3 compound. Details see text.

4.4 K-doping: Extrinsic vs. intrinsic contributions
to the electronic structure

The picene films illustrated in the previous sections are now the basis for further inves-
tigations of the influence of potassium-doping on the electronic structure. Doping was
achieved by subsequent evaporation of potassium onto the pristine films. The resulting
K-doped picene (K,picene) was probed by PES. All but one films of this series were
grown on Si0O,, the film with x = 3 was grown on Si-7x7. The essential behavior of
K, picene films is the same for the substrates SiOq, Si-7x7 and Bi/Si. Differences come
into play for Sr'TiO3 and ZnO, which will be discussed in detail in Chap. 4.4.3. K concen-
trations given in the following are obtained from a quantitative analysis of the potassium
and carbon core levels. A detailed description of the determination is presented in A.3.
Parts of the following contents have been published in Physical Review Letters [99)].
Regarding the core level analysis, doping picene with electrons by intercalation of
potassium manifests itself in two respects. First, in a shift of the C 1s peak. Second, in
the appearance of spectral weight originating from the photoemission of the K 2p core
level (see Fig.4.6). For low K concentrations the C 1s peak progressively shifts to higher
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Figure 4.8: Spectral weight of K picene in the vicinity of the chemical potential for doping
concentrations of (a) x = 0.1, (b) x = 0.6, and (¢) * = 0.8. Each spectrum contains the Fermi
cut-off of a gold reference sample.

binding energies saturating for large z at AE = 1.5eV. The observed shift is owing to an
upshift of the chemical potential upon introducing additional electrons into the system.
Furthermore, due to the increasing amount of K, an increasing intensity of the K2p
core level is observable. The spin-orbit split components are located at Eyi,q = 297.5eV
(K2p1/2) and 294.8eV (K 2ps)5).

Turning to the valence band analysis, the influence of K-doping is reflected as follows.
In Fig.4.7 (a) spectra for doping concentrations in the range from x = 0 to 3 are plotted
from top to bottom. Considering the HOMO peaks H, H-1 , and H-2, one can observe
a continuous shift away from the chemical potential towards larger binding energies.
Moreover, a diminishment of spectral structuring and a smearing out of the HOMO
region occur for larger x. The most prominent feature is a new peak appearing in the
vicinity of fiex, (denoted Fy), starting at = 0.1 and progressively increasing upon
doping and shifting the same way as the HOMO-related features. Furthermore, two
more new peaks (Fy, F3) arise beginning at x = 0.8 and = ~ 1.5, respectively. At
first glance, the spectral weight at the chemical potential for low doping concentrations
might signal a metallic behavior of the films, as anticipated from the calculations or
expected intuitively for a slightly doped semiconductor. Though, having a closer look
at the corresponding spectra for z = 0.6 and 0.8, as depicted in Fig.4.8(b) and (c),
one can see that the spectral onset is far too broad to account for a sharp Fermi edge,
even considering thermal and instrumental broadening. Going further to even lower
doping concentrations [z = 0.1, see Fig. 4.8 (a)], it becomes evident that spectral weight
is not only present at fix, but apparently also above. In a thermodynamical equilibrium
situation such curious behavior is not possible. Thus, the occurrence of spectral weight
above iy, must originate in a non-equilibrium scenario.

Altogether, there are four interesting phenomena occurring in the present series of
K,picene spectra, namely three new features F;, Fy, and F3, as well as indications for
non-equilibrium behavior. Their origins — either of extrinsic or intrinsic nature —
will be clarified in the following sections.
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4.4.1 Surface photovoltage vs. van der Waals-interaction

Firstly, the phenomenon of spectral weight above the chemical potential will be clarified.
Since in thermodynamical equilibrium such a behavior is not physical, the underlying
system obviously resides in a non-equilibrium situation. Non-equilibrium behavior allows
deviations of the measured local chemical potential from the fixed Fermi level fiey, of
the spectrometer as obtained by a gold reference sample. In principle, there are two
mechanisms which can explain the observed behavior: The inefficient electron exchange
between substrate and film surface hampering the formation of a homogeneous chemical
potential or the so-called surface photovoltage (SPV) effect induced by the incident
UV-light used for photoemission analysis. While the latter effect has been discovered
by Horn et al. on thin metal films deposited on semiconducting substrates [100], the
former mechanism has been proposed by Koch et al. for Cs-doped para-sexiphenyl [101].
Essentially, this mechanism is more probably also the cause of the non-equilibrium in
K-doped picene. In Ref. 101 the occurrence of a SPV effect has been ruled out by means
of Kelvin probe measurements. Since for the studies within this thesis no Kelvin probe
was available, the occurrence of a SPV effect has to be ruled out by the aid of the
photoemission results. A detailed quantitative analysis will be given in the following
assuming the SPV effect as responsible mechanism for the non-equilibrium.

Discovered in the early nineties, the SPV effect is well-known to influence the appear-
ance of surface analysis photoemission spectra. The point of matter is a finite potential at
the surface enforced by the separation of afore created electron-hole-pairs [100, 102-104].
Moreover, band bending at the interface plays a crucial role in this scenario. The local
Fermi level of the interface is not equal to the reference Fermi level and the measured
spectral weight thus may lie above the reference Fermi level. A similar situation can be
created by the evaporation of dopants onto organic semiconductors, like for potassium-
doped picene. The first prerequisite for the occurrence of a SPV effect is that initially
the pristine film is in thermodynamical equilibrium with the substrate.! This implies
the alignment of the Fermi levels of substrate and molecular film. A second necessary
prerequisite is a K concentration gradient at the surface of the films which is naturally
given by the intercalation conditions. As potassium is subsequently evaporated onto
the deposited pristine films, for typical evaporation times of a few minutes and conse-
quently low K amounts the potassium atoms cannot diffuse sufficiently deep into the
film. Thus, they accumulate in the surface region leading to a K concentration gradient
as it is sketched in Fig. 4.9 (a). The presence of a K gradient is reflected by the intensity
changes of the K 2p core level spectra depending on the photoelectron detection angle.
Corresponding spectra are shown in Fig.4.9 (b). The spectra are normalized to the in-
tensity of the neighboring C 1s core level and clearly show different intensities for surface
and ‘bulk’ sensitive measurements.

Based on the K concentration gradient, a simple model is developed in the following
according to Horn et al. to describe the origin of the observed SPV effect. A sketch

'In the SPV scenario, the prerequisite of thermodynamical equilibrium is assumed to be fulfilled.
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Figure 4.9: (a) Sketch of the depth-dependent doping concentration in K,picene. The arrows
denote the regions for surface and ‘bulk’ sensitive measurements in XPS. (b) Corresponding K 2p
and C1s core level spectra for surface (91 = 50°) and ‘bulk’ (Y2 = 0°) sensitive measurements
which illustrate the K concentration gradient.

of the corresponding band diagram is plotted in Fig.4.10 (a). Within the model, the
pristine picene films grown on the SiO, surface display semiconducting band behavior
with the Fermi level lying close to the band gap center. Note that the Si-SiO,-interface
is sketched according to the well-known band alignment of semiconductor-insulator con-
tacts but is not relevant for the present discussion. Approaching the surface region, the
bands are bent downwards due to the concentration gradient of positive K ions and are
even crossing the Fermi level. Thereby, occupied states at the surface are generated. Al-
ready drawn in the sketch are the potential barrier height, @;,, and the HOMO offset, Ay,
which will become important later. The irradiation with light during photoemission now
creates not only photoelectrons but, mainly due to multiple scattering of the photoelec-
trons, also electron-hole-pairs. Due to the internal field gradient, the electron-hole-pairs
get and remain separated [Fig.4.10(b)]. This is supported by an effectively reduced
recombination rate due to asymmetric charge carrier mobilities for holes and electrons
in picene [65-68]. Following the potential drop, the holes drift towards the SiO, inter-
face, whereas the electrons accumulate at the surface forming a negative potential. The
negative potential bends the HOMO- and LUMO-bands upwards and thus counteracts
the initial down-bending caused by the K concentration gradient [Fig.4.10 (c¢)]. Since
the effect is a non-equilibrium effect (dynamical equilibrium), fiey, no longer needs to be
constant across the picene layers. One obtains a local dynamical equilibrium chemical
potential piqyn for the thin surface region which is not equal to the reference level but may
lie above. Increasing the amount of potassium leads to a rise of the spectral feature in
the vicinity of jiex, as well as a decrease of the SPV effect. The latter is discernible from
the shift of the spectrum to higher binding energies while the relative peak distances
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Figure 4.10: Band diagram for SPV effect, description see text. (a) Band situation for low K
concentration. (b) Electron-hole-pair creation by incident light in the photoemission experiments
and subsequent electron-hole separation. (c) Modification of the initial situation by a negative
potential due to charge accumulation at the surface leading to a local non-equilibrium chemical
potential. (d) Equilibrium situation for the highest K concentration.

remain unchanged. For an increasing x and concomitant longer diffusion times, the K
atoms are allowed to distribute more homogeneously throughout the entire film. Due to
the more shallow concentration gradient and the related band bending taking place over
a larger film depth, the barrier height is reduced. The reduction of @, in turn, causes
the decrease of the SPV effect. Finally, a near-equilibrium situation is reached for the
highest K concentrations achieved as sketched in Fig.4.10 (d). The relative shift of the
spectral feature at fiexp is a measure of the size of the associated photovoltage where
the x = 3 spectrum is assumed to correspond to equilibrium, i.e., zero photovoltage.
Extracted from Fig.4.7 (a), the positions of peak maxima are plotted with respect to
the intercalation level in Fig. 4.11. For the highest K concentration the feature at lowest
binding energy is located at —1.05eV, as can be extracted from the PES data. Assuming
this energy to be the position of the peak for an equilibrium situation, the photovoltage
is obtained to be V,, = 1.22¢eV from the experiment for z = 0.1.

In a simple model, this value for the photovoltage can be determined as it was proposed
by Horn et al. for metal-semiconductor junctions (see above) [100, 102]. Considering
a photocurrent j,. induced by the incident light opposed to a thermionic current j,,
which contains the photovoltage V;,, as well as a recombination current j,.., one can
calculate V;, by solving jpe = jin + jrec. Tunneling and leakage currents are assumed to
be negligible. The respective currents are described in detail by Eqs.(4.1)-(4.3):

, hv-e —aA(n
Jpe = éphot : E.— (1 A )) ) (41)
gap
eVp
Jo = A*-T*. e . (e Gl 1), (4.2)
e = el A(n). (4.3)
.
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Here, A\(n) is the width of the depletion layer depending on the charge carrier con-
centration, n. It can be calculated with adequate formulas taken from textbook semi-
conductor physics [105]. The absorption coefficient « is estimated to be in the range
of 8 -10°cm™1[106, 107], A* is the effective Richardson constant of the films, calcu-
lated according to Scott and Malliaras [108]. % is the recombination rate of electron-
hole-pairs where the lifetime is typically in the range of pico- to nanoseconds for or-
ganic semiconductors [109]. n, is the intrinsic carrier concentration of the organic
semiconductor which is negligibly small for pure compounds. Due to the vanishing
n;, Jrec can be mneglected in total. The most important parameters in this model
are the effective charge carrier concentration n, defined by the K intercalation con-
centration and the potential barrier height &,, given by the K concentration gradi-
ent induced band bending. The barrier height is calculated from the position of the
HOMO with respect to fiex, regarding a pristine film, Ay [see Fig.4.10(a)] and from
the position of the new feature in the vicinity of fiey, in the final equilibrium situa-
tion at maximum K concentration, Ay [see Fig.4.10(d)]. Taking into account the size
of the band gap, E.,, the barrier height yields ¢, = 1.8eV. For the starting point
of the intercalation series, viz., a concentration of 0.1 potassium atoms per picene
molecule, a photovoltage of V,,x = 1.20eV can be obtained from the model. This
value perfectly agrees with the one extracted from the photoemission measurements.
Considering the assumption of a decreasing
barrier height as well as the increasing carrier

1.2; photol\/0|tagell_; conce.ntration, the model results in the pro-

i = exp. ; gression (?f the photovoltage plotted as solid

S 0.8F model ] line in Fig.4.11. At first glance, the model
o . ] output agrees well with the measured evolu-
5 i tion of the photovoltage and confirms the sug-
>€0-4;‘ gestion of a surface photovoltage effect in K-
E intercalated picene films. However, a further

0.0E— : parameter with strong influence on the SPV
010 1.0 20 3'(') effect was not mentioned yet: the tempera-

K-conc. x ture. According to the model, cooling the sam-

ple to 100 K should increase the photovoltage

Figure 4.11: Measured values for the pho- Ty (.4eV. In fact, cooling experiments did not

tovoltage from UPS [markers, cf. Fig.4.7(a)] ohow any variations. Hence, despite the re-

and curve obtained by the model calculations .

(solid line). markable agreement of model and experiment

at room temperature the explanation of the

observed non-equilibrium in terms of a SPV

effect has to be ruled out based on this quantitative analysis. Instead, the responsible
mechanism is the first one introduced at the beginning of this section.

It is as striking as simple. The point of matter is a lack of thermodynamical equilibrium

due to an inefficient electron exchange between substrate and film surface. As the picene

films consist of layers of standing molecules, as sketched in Fig. 4.12 (a), they experience a
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Figure 4.12: (a) Interactions between molecules in layered films within the layers (horizontal
arrow) and between the layers (vertical arrow). (b) Energy diagram of K, picene on SiOs. Scenario
with equilibrated chemical potential. (c) Non-equilibrium situation and corresponding vacuum
level alignment. Valence band maximum (VBM) and conduction band minimum (CBM) of SiOq
as well as the highest occupied and lowest unoccupied molecular orbitals (HOMO, LUMO) of
picene are labelled. Likewise, the Fermi energy (Er) and the vacuum level (Ey,.) are marked. The
doping-induced spectral feature F; is sketched by the red peak. Adapted from Ref. 101.

large m-orbital overlap of adjacent molecules within the layers (denoted by the horizontal
arrow). However, perpendicular to the substrate surface (vertical arrow) the layers are
only weakly van der Waals-coupled. Hence, in such a situation, charge fluctuations
are strongly suppressed, thereby preventing the formation of a well-defined chemical
potential. Similar behavior has earlier been found for alkali metal-doped para-sexiphenyl
films by Koch et al. [101]. In Fig.4.12 (b) and (c), the band situation for an equilibrium
as well as a non-equilibrium scenario is schematically sketched according to Ref.101.
The thick solid black and gray lines symbolize the HOMO and LUMO of the picene
overlayer and accordingly the valence band maximum (VBM) and conduction band
minimum (CBM) in the case of the SiO, substrate. Furthermore, the vacuum level (Ey,.)
is represented by the thin black line, the Fermi energy (Er) of the reference system is
depicted by the dashed line. For a film consisting of covalently bond atomic or molecular
layers, a homogeneous chemical potential would build up between substrate and film
surface. By introducing a doped surface layer a bending of all corresponding bands, i.e.,
HOMO, LUMO bands and vacuum level would occur as displayed in Fig4.12 (b) due
to the Fermi level alignment. The doping-induced spectral feature F; is sketched by
the red peak. The exact kind of band bending, e.g., curved or simply slanted, is not
relevant for the present discussion. Hence, the sketch is kept as simple as possible. For
the weakly van der Waals-coupled films, in particular picene and K,picene, the setting is
completely different. Here, the energy alignment does not refer to the chemical potential
but rather to the vacuum level. It thus strongly depends on the work function of the
substrate, @, and the ionization energy of the molecular overlayer, Ig. In addition, the
subsequent potassium deposition results in a concentration gradient which decays from
the surface into the film. Low K dosage then leads to a doped K, picene surface layer
with little or even no K present deeper in the film, maintaining the non-equilibrium
situation. The combination of the SiOy work function (¢ = 4.5¢V [110]) and the picene
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ionization energy (/g = 6.4eV [89]) results in a situation with a doping-induced feature in
the HOMO-LUMO gap seemingly above the chemical potential in photoemission. Note
that this is the chemical potential of the spectrometer, indicated by the dashed line in
Fig.4.12 (c). Upon further alkali metal-doping, charge fluctuations induced by doped
electrons will now drive the system into a thermodynamical equilibrium. For higher K
concentrations, the film will become doped throughout, hence establishing a well-defined
chemical potential. In the presented films, the equilibrium situation is reached not later
than for a doping concentration of x = 3. Here, the energetic position of F; exhibits no
further shift. In supplemental measurements (not shown here) the equilibrium position
of F; could be approved in low-doped films with considerably longer diffusion times.
Further confirmation was obtained by the use of thinner films where the occurrence of
a non-equilibrium is less pronounced [85]. With this knowledge, the spectra are now
realigned on the positions of H and H-1 for the x = 3 spectrum, which incidentally fixes
also the doping-induced features at constant energies showing gapped behavior for all K
concentrations. The corresponding series of spectra is plotted in Fig. 4.7 (b). Based on
these realigned spectra, the origin of Fy, Fy, and F3 will be discussed in the following.

Note that the observation of spectral weight at the Fermi level reported by Okazaki
et al. [84] for a nominal doping of = 1 is probably due to the non-equilibrium behavior
of peak F; described above. This also explains, why a clear Fermi edge could not be
identified in that study.

4.4.2 Electronic correlations do the job

After realignment of the spectra it becomes clear that all spectra show similar behavior
upon K intercalation. The most remarkable point is the absence of spectral weight at
the chemical potential for all probed K concentrations together with the formation of
the spectral feature F;. In a simple picture the K atoms donate their 4 s-electron to a
neighboring molecule in the molecular solid. An electron transfer implies the filling of
unoccupied bands in the organic semiconductor. For odd or non-integer numbers of K
atoms — and thus electrons — the doped semiconductor then is expected to show metal-
lic behavior. Indeed, a filling of formerly unoccupied bands can be observed, however,
metallicity is never achieved. Most surprising is the observation that even the z = 3
phase, for which superconductivity has been claimed, remains gapped. Nonetheless, this
is in agreement with two previous PES studies [85, 86]. As one possible explanation
polaronic effects have been suggested [85], which may cause a pseudogap at the Fermi
level as has been observed, e.g., in oxides [111]. However, such a pseudogap exhibits
an exponential decay towards the Fermi energy [112], which is not consistent with the
present observation. Alternatively, the gap may originate from strong electronic cor-
relations. In fact, in a Hubbard model-type description the intramolecular Coulomb
energy U in organic solids is often comparable or even larger than the bandwidth from
intermolecular hopping [74, 113], which can drive half-filled bands into a Mott insulating
state. Electronic correlations have been claimed to play a crucial role in, e.g., K-doped
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pentacene [15] and Alqgs [114] as well as Cgo [115]. For the particular case of picene,
several theoretical groups report a LUMO bandwidth of 0.3 — 0.8eV from calculations
[71-73, 82, 83, 89]. Additionally, a bandwidth of 0.5eV has been obtained from angle-
resolved photoemission [96]. On the other hand, also the Coulomb repulsion has been
determined from calculations (second-order Mgller-Plesset) yielding a U of 0.85 —1.7eV
[82, 83] in good agreement with U = 0.85¢V from EELS [116].

In order to further explore the scenario of electronic correlations, the electronic proper-
ties of the DFT-relaxed crystal structures of K,picene (x = 1,2, 3) have been studied by
a combination of DFT with dynamical mean-field theory calculations (DFT+DMEFT),
which include correlation effects beyond the GGA approximation in DFT [117]. Start-
ing with the electronic structure for pristine and K,picene obtained within GGA, the
corresponding DOSs are plotted in Fig.4.13 (a), (b), (d) and (f). A metallic state can
be observed for odd x as well as a semiconductor band gap for x = 2, as has also been
found in previous DFT calculations.

In DFT+DMFT the kinetic part of the Hamiltonian, Hg, in Eq. 4.4 is obtained from
the DFT calculations by considering the tight-binding approach. Since the DFT results
indicate some hybridization between the bands derived from LUMO and LUMO-+1 of
the pristine picene molecules, for the DMFT calculations a two-orbital Hubbard model
with a Coulomb interaction U and Hund’s coupling J, as well as an on-site hopping
parameter ¢ | between molecular orbitals on the same site is considered. The Hamiltonian
which is solved is H = Hx + H; where

+
E t jmg’c’bmo' - tL E 6210'0220'

(ijymo 1o

=U Z Nt Momi), + Z - 2<] anO'nQ’LO'+ (44)

+ (U — 3Jz)n1ian2w]-

Bands which are away from the Fermi level are not expected to be significantly renor-
malized by correlations and to save on computational effort they are ignored in the
DMFT calculations. As an impurity solver for the DMFT equations the weak-coupling
continuous time quantum Monte Carlo method was employed. The shown results are
obtained for T' = 0.025eV, U = 1.6eV and J, = U/8. This choice of interaction pa-
rameters was guided by recent quantum chemistry [83] and constrained random phase
approximation (cRPA) estimates [74]. Note that for Kspicene, the metal-insulator tran-
sition was found to be between U = 0.6 eV (metallic) and U = 0.8 eV (insulating). The
analytic continuation of the converged impurity Green’s function to real frequencies was
performed with the maximum entropy method. The resulting spectral function for these
two orbitals is shown in Fig.4.13 (c),(e) and (g), embedded into the DFT-DOS of the
non-interacting bands.

For better comparison with the experimental data, the two correlated orbitals calcu-
lated by DET+DMET are plotted besides the spectra from UPS in Fig.4.14 (a) and (b).
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Figure 4.13: Density of states of pristine and K-doped picene. (a) DF'T DOS for pristine picene
with the part of the spectrum arising from LUMO and LUMO+1 levels of picene marked by gray-
shading. (b), (d), (f) DFT DOS of the region close to the Fermi level for K picene, Kypicene and
Kjspicene, respectively. (c), (e) and (g) DEFT+DMFT DOS of the same compounds. For details

see text. Figure from Ref. 99.
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Figure 4.14: (a) Orbital resolved and total DMFT spectral functions of (i) Kj picene, (ii) Kapicene
and (iii) Kspicene. In each case both involved orbitals have Mott insulating character. (b) Va-
lence band photoemission spectra showing the evolution with K-doping for various near-integer
concentrations. The doping-induced features in the former bandgap are assigned by Fi, Fs, and
F3. All spectra are energetically aligned at the spectral features of the x = 3 spectrum, for which

the existence of an equilibrium chemical potential can safely be assumed (see Chap.4.4.1). Figures
from Ref. 99.

The DMFT spectral functions show a clear Mott gap not only for doping levels of x = 1
and x = 3 but also for x = 2 which in bare DFT is a band insulator with a small
gap. A closer look at the DOS of Kapicene [Fig.4.14 (a)(ii)] shows that — contrary to
the expectation of a filled picene LUMO derived band and an empty picene LUMO+-1
derived band — a Mott gap opens in both orbitals. Interestingly, energy positions and
gap size do not seem to depend much on the actual doping level, except for the spectral
weight transfer from upper to lower Hubbard bands. They correspond favorably with
the experimental spectra, except for some fine structure at higher x not resolved in pho-
toemission. The origin of the Mott gap for K, picene with x = 1,2, 3 lies not only in the
on-site Coulomb interaction U and the Hund’s coupling J, but also in the interorbital
hybridization ¢, .

The good qualitative agreement between photoemission and DFT+DMFT is also il-
lustrated in Fig.4.15. It is evident that the fine structure of the spectral function from
theory is not seen in the experiment. However, the important aspect of a gapped be-
havior is well reproduced by the calculations. Furthermore, regarding the first order
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moment of the DMFT spectral function, also the peak positions of photoemission and
theory are in good agreement. Both, experiment and theory thus arrive at the same
conclusion that K,picene films are (Mott-)insulating for all compositions with integer x,
including the nominally superconducting phase x = 3. This leaves two open questions:

(1) What is the electronic groundstate for non-integer z, and

(2) how can the insulating behavior of the x = 3 phase be reconciled with the obser-
vation of a Meissner-Ochsenfeld effect as well as zero resistivity?

Concerning the first question, it must be
e reetreeererrrrr  DoOted that in a Mott-insulator deviations from
spectral function from DMFT integer band-filling are normally expected to
& UPS data lead to a metallic phase with electron- or hole-
type carriers [118]. Note, however, that the
doping concentration determined in the pho-
toemission experiments is a macroscopic quan-
tity, averaged over the extension of the pho-
ton spot (~ lmm) and may be composed
of phase-separated integer-filled domains. In
fact, a recent Raman study [119] has observed
that K, picene decomposes into x = 0, 2 and 3
phases, while a defined x = 1 signal could not
be detected, indicating that this phase is not
stable. One can thus understand the photoe-
mission spectra as a superposition of differ-
ent integer x phases. Because the shape and
gapped behavior of the corresponding theo-
retical spectra is very similar, the main dop-
ing effect will consist in the appearance and
increasing spectral weight of the LUMO and
LUMO+1 derived lower Hubbard band, as in-
deed reflected by the behavior of feature F; in
the experimental spectra.
The second question is more puzzling. The
. _ ) present results are in line with the general
Figure 4.15: Spectral functions for K; picene, . . .
K,picene, and Kspicene from DMFT in di- observation that alkali metal-doped organic
rect comparison with the photoemission spec- Semiconductors are mostly insulating 24, 101],
tra from UPS. with K-doped fullerene (K3Cgg) being one of
the rare exceptions [120]. On the other hand,
in the original paper by Mitsuhashi et al. it has been reported that in Ky gpicene the
diamagnetic (i.e., superconducting) phase is reached from a Pauli paramagnetic, hence
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metallic phase [7]. This is supported by the observation of zero resistivity from transport
measurements [12]. Reconciling the room-temperature results with these observations
would require an insulator-to-metal transition somewhere between 300 and 25 K (the
highest measured temperature in Ref. 7). The Mott-Hubbard scenario derived from our
DFT+DMEFT calculations does not provide any mechanism for such a transition but
would rather stabilize the gap towards low temperatures. A confirmation of this as-
sumption is given in Fig.4.16 where a spectrum of Kspicene recorded at a temperature
of 40K is shown in comparison with a room temperature spectrum. Except for a small
shift (0.1eV) of the low temperature spectrum to higher binding energies both spectra
are similar. The occurring shift might be due to slight charging effects of the insulating
film at low temperatures. However, no significant changes in the spectrum are observable
which would point to an insulator-to-metal transition as described above.

Kspicene

intensity (arb. units)

E- HUexp (eV)

Figure 4.16: Valence band spectrum of Kspicene at 40 K in comparison with a spectrum at room
temperature. Apart from a slight shift due to charging, the spectra show no temperature-dependent
variations. Both spectra exhibit a clear gap.

Another important aspect is that so far all evidences for superconductivity have been
obtained from intercalated compact picene powder [7, 12, 119], in contrast to the in
vacuo grown thin films used in the framework of this thesis. It is possible that both sets
of samples differ in subtle structural details accounting for the conflicting findings. On
the other hand, the DFT4+DMFT calculations are based on a DF'T-relaxed bulk structure
which one would expect to be relevant for the polycrystalline powder, at least for the
interior of the powder grains. It is thus tempting to speculate about the possibility of
the superconducting phase actually being located at the grain boundaries, which may
have structural and/or electronic properties different from the bulk. Certainly more
clarifying work needs to be done in this direction. Note that Kim et al. also report
on Mott insulating behavior in K-doped picene from a very recent DFT4+DMFT study,
confirming the results presented in this thesis [121].
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Figure 4.17: (a) Evolution of the HOMO region of a picene film grown on SiOs upon K-doping
and exposure to oxygen. In the inset a cutout of the relevant energy range is plotted. It is clearly
visible that Fy increases while Fy decreases. For details see text. (b) Spectra in a wider energy
range of Ky 4picene (i) and oxidized Ks 4picene (ii). The difference spectrum (ii)-(i) is compared
with literature data of potassium oxide taken from Ref. 122.

4.4.3 The delicate role of oxygen

The next step is unraveling the occurrence of Fs in the former HOMO-LUMO gap. While
only and exclusively F; is of correlated nature, Fy does not result from the occupation
of a molecular orbital upon doping but is the consequence of a reaction of the K atoms
with oxygen. Oxygen is still existent also in the residual gas of a UHV system at a base
pressure of < 5-1071%mbar. A distinct correlation between oxidation and Fy becomes
evident from Fig.4.17.

Figure4.17 (a) shows the HOMO region of a picene film grown on SiOy as charac-
terized above [curve (i)], which has been doped to Ks 4picene (ii) and subsequently
exposed to different amounts [(iii): 0.1, (iv): 0.2, (v): 0.8L] of pure molecular oxygen
(purity > 0.999). Additionally, in the highest oxidized case the film was stored in UHV
for 12 hours before exposure to oxygen and subsequent measurement to allow for a bet-
ter structural relaxation. An increase in intensity of Fy is obvious upon the controlled
oxidation. The growing amount of oxygen in the films has been monitored by XPS as
shown in Fig. 4.18 where the O 1s (a) as well as both the K 2p and the C1s (b) core level
spectra are plotted. In Fig.4.18 (b) the spectra are normalized to the C1s peak height
to better compare the changes in the K 2p core level photoemission. The pristine picene
film displays a typical C 1s line shape known from the literature [85, 86] as well as O 1s
emission induced by the substrate surface. For the initially doped film the K2p and
C 1s core levels again agree well with the literature [85, 86]. Furthermore, at a binding
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Figure 4.18: (a) O1s core level spectra of a pristine and K-doped picene films before and after
exposure to different amounts of oxygen. The substrate is SiOy. (b) Corresponding K 2p and C'1s

core level spectra. The spectra are normalized to the C 1s peak height to illustrate the significant
changes in the K 2p spectrum.
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Figure 4.19: (a) Valence band photoemission series of controlled oxidation for a picene film grown
on Si-7x 7. In the inset the spectra are plotted in a range close to fiexp. (b) Corresponding K 2p
and Cls core level spectra. Again the spectra are normalized to the C1s peak height. The inset
shows O 1s core level spectra.
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energy of 531eV already a tiny amount of oxygen is measurable, which considerably
increases upon providing oxygen. According to Qiu et al. this can be attributed to the
formation of potassium peroxide (K9O2) [122]. Details concerning different oxidation
states of potassium can be found in A.4. Simultaneously, a shift of the K2p core level
peaks to lower binding energies is observable which can be ascribed to a chemical shift
upon oxidation [123], confirming the presence of potassium oxide.

A further striking aspect is a strong increase of the K2p intensity for the highest
oxidized case [see Figs.4.18 (b) and 4.19 (b)]. This points to an accumulation of K5O,
clusters at the surface or a KO, surface layer. An assumption of the underlying picture
is that K atoms first diffuse into the film and donate their 4s-electron to the neighboring
picene molecule. Under strong oxidation conditions, they segregate to the surface where
they react with the oxygen which is present in the immediate vicinity of the surface.
This requires that a reaction with oxygen forming potassium oxide is energetically more
favorable than being placed in the lattice transferring the outer s-electron to a molecule.

In order to strengthen the information gained from XPS, a larger energy region of the
valence band is displayed in Fig. 4.17 (b). Here, the spectra of the initially doped (i) and
the maximally oxidized film (ii) are shown. Not only Fy evolves upon oxidation but also
a feature at an energy of —6eV relative to the chemical potential arises which can be
clearly seen in the difference spectrum (ii)-(i). A comparison with a reference spectrum
obtained from measurements on pure potassium oxide from Ref. 122 shows that both
features can definitely be attributed to the formation of potassium oxide.

Beside films grown on SiO,, a similar
. . . study has been conducted on films grown
- . on Si-7x7 with essentially identical re-
sults. The corresponding HOMO region
series is displayed in Fig.4.19 (a). Again,
spectra are plotted for the pristine (i) and

+{ % il K-doped film (ii) as well as for the K-

- + . doped film exposed to a varying amount

i % e o of oxygen [(iii): 0.1, (iv): 0.2, (v): 0.6L)].

+{ guide to the eye | As in case of the film on SiO,, the sam-

' ' ple was stored in UHV for 12 hours before

the final oxidation step to allow again for

a better structural relaxation. Also the

Figure 4.20: Quantitative relation between oxygen core level spectra [Fig. 4.19 (b)] exhibit es-

amount and spectfal weight of Fy. It clearly illus- sentially identical behavior, i.e., the grow-
trates the connection between Fs and oxygen. The . . .

straight yellow lines serve as a guide to the eye. ing intensity of the Ols core level peak

reflects the increasing amount of oxygen.

However, one distinction can be seen in

the O 1s spectra. Initially, for the pristine film no peak is observable since the film

is grown on completely oxygen-free Si-7x7. Furthermore, similar to the primarily de-

scribed film, a shift of the K 2p core level peaks to lower binding energies originates from

F, intensity (arb. units)

O 1sintensity (arb. units)
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K, opicene on SrTiO;

oxygen related features
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Figure 4.21: Valence band spectrum of a K; opicene film on SrTiOs with pronounced features
originating from the formation of potassium oxide. Note that the observable behavior occurs
without intentional oxidation.

a chemical shift owing to the oxidation of potassium.

To get a more quantitative view, the amount of spectral weight residing in F5 is plotted
against the amount of oxygen in the surface-near layers in Fig.4.20. For this purpose,
the area below the O 1s core level peaks as well as below Fy has been determined. The
spectra have been normalized to equal acquisition time for UPS and XPS, respectively.
In each case a Shirley background has been subtracted to account for the secondary
electrons in the further analysis. Also the effect of surface segregation of K atoms has
been taken into account. From Fig.4.20 it becomes obvious that an increasing amount
of oxygen leads to an increase of Fy. The straight yellow lines serve as a guide to the
eye. Consequently, the formation of Fy is directly connected to the presence of oxygen.
It is thus a purely extrinsic feature and is not related to the occupation of a molecular
orbital of the picene molecules.

The discussion of the influence of oxygen on the electronic structure of K,picene
was based on the substrates SiOs and Si-7x7 so far. For Si-7x7 initially no oxygen is
involved, for SiO, the oxygen is strongly bound to the surface and thus only marginally
affects the formation of K,picene. However, using SrTiO; (or ZnO) as a substrate is
not suitable for investigating organic films upon K doping. In SrTiO3 oxygen can easily
diffuse through and leave the solid [124] and is then available for the oxidation of K. The
actual strength of this effect is illustrated in Fig. 4.21. It shows a valence band spectrum
of K spicene fabricated on SrTiOs measured directly after preparation. Although no
controlled oxidation has been applied, the spectrum strongly resembles the spectrum of
a heavily oxidized sample. Both characteristic features which stem from the formation
of potassium oxide are observable (gray shaded areas). Moreover, the whole spectrum is
shifted to lower binding energies displaying spectral weight above fiey,. As described in
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~90°

Figure 4.22: Unit cells of pristine picene and Kspicene illustrating the reorientation of the two
inequivalent molecules in the unit cell upon K intercalation. The herringbone angle changes from
initially 61° in (a) to ~ 90° in (b).

Chap.4.4.1 this can be attributed to the absence of a homogeneous chemical potential
throughout the entire film. Since the effect of K oxidation already occurs for freshly
prepared films, SrTiOj3 is not an appropriate substrate for investigations of K, picene.

To shortly summarize, in the valence band spectrum of K, picene Fy gains intensity
upon oxidation with a concomitant decrease of F; due to the electron transfer from the
molecules to the oxygen. Since Fy does not evolve from the filling of a molecular orbital
its origin is completely of extrinsic nature. Note that already without controlled exposure
to oxygen the K-doped picene films show a similar behavior owing to the oxygen in the
residual gas of the UHV system and the high reactivity of potassium. Hence, special
care has to be taken to work as oxygen-free as possible.

4.4.4 Structural relaxation

Besides the features F; and F5, which have been extensively discussed in the previous
sections, a third feature, F3, develops in close proximity of the unreacted HOMO of
pristine films. It shall only shortly be covered here. In analogy to other alkali metal-
doped organic semiconductors [101, 125] F3 is assigned to what is called relaxed HOMO,
induced by the reorientation of the molecules upon the insertion of K atoms. As pro-
posed by structural calculations [71] the herringbone angle between the two inequivalent
molecules in the unit cell opens from the initial 61° to 114° leading to a renormalization
of the HOMO energy. In a more recent theoretical study the same authors report a
herringbone angle of ~ 90° upon K insertion [73] which is in perfect agreement with
the calculations of Jeschke et al. [87]. A sketch of the unit cells of pristine picene and
Kspicene is displayed in Fig. 4.22 illustrating the reorientation of the two inequivalent
molecules in the unit cell upon K intercalation. The intensity of F3 increases with dop-
ing, while the decreasing (but still visible) contribution of the H and H-1 peaks in Fig. 4.7
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4.5 Lateral homogeneity of K-doping

reflects the diminishing fraction of uncharged molecules upon doping.
With that, the four major effects occurring in the electronic structure of picene films
upon potassium-doping can be unambiguously assigned and are summarized in Tab. 4.2.

Table 4.2: Major effects appearing in the electronic structure of picene upon K-doping.

effect origin

spectral weight above fexp non-equilibrium behavior

x-dependent Fy, but no metallicity | filling of LUMO, electronic correlations
slightly visible Fy oxidation of K atoms

F3 for large x relaxed HOMO

4.5 Lateral homogeneity of K-doping

In Chap.4.4.1 it became clear that in K, picene the concentration of K atoms is not
distributed homogeneously throughout the entire picene film. Instead, it gradually de-
creases from surface to substrate due to the subsequent evaporation of dopant atoms onto
the film. A corresponding sketch and angle-dependent K 2p and C 1s core level spectra
are shown in Fig. 4.9. Besides, it is known from Kambe et al. that K, picene only occurs
in phases with integer x and that observing the K;picene phase is unlikely [119]. In this
regard, it is of interest to investigate if such kind of phase separation is present in the
samples studied here, and if it is a local effect or if larger domains of a fixed phase are
formed. From the reported Raman investigations on polycrystalline powder samples by
Kambe et al. this question can not be solved [119].

Information about the lateral distribution of K atoms can be obtained by photoemis-
sion electron microscopy (PEEM) where a core level analysis of the film composition
is possible with a spatial resolution in the nanometer regime. The corresponding ex-
periments have been performed at the beamline UE49-PGM-A-SPEEM at the Berliner
Elektronensynchrotron (BESSY). For data acquisition an Elmitec PEEM equipped with
a photoelectron analyzer was used. For the microscope the spatial resolution was
Ax ~ 15nm, the total energy resolution regarding the spectroscopic experiments was
chosen to be AE = 0.3eV. All measurements were performed at room temperature.

Besides measuring in photoemission mode, X-ray absorption spectroscopy (XAS) can
be used to obtain spatially resolved element specific information. In order to create the
XA images shown in this section, the total electron yield was measured with spatial
resolution at a fixed excitation energy. Two XA images of a K,picene film (z ~ 2)
on SiO, for different excitation energies are displayed in Fig.4.23. Both images cover
a field of view of 20 um in diameter. The applied excitation energies are 270 and
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hv =270 eV

Figure 4.23: (a) X-ray absorption image of a K, picene film (x ~ 2) on SiOy recorded with an
excitation energy of 270eV. The structuring on the picene film is observable. (b) Corresponding
image measured at hv = 299 eV. No structuring is discernable. Bright areas in the images imply

high intensity of detected electrons.

299¢eV for (a) and (b), respectively. In Fig.4.23 (a) a pronounced structuring is ob-
servable which directly reflects the 3D growth morphology also observed by AFM (see
Chap. 4.2). Since the excitation energy of 270 eV is considerably lower than the binding
energy of the Cls (~ 284eV) and K2p (~ 295 and ~ 297eV for K2ps3/, and K 2p, s,
respectively) core levels, the detected total electron yield originates from the silicon
substrate (binding energies of, e.g., Si2p ~ 99 and ~ 100eV for Si2ps/, and Si2p/s).
The signal is attenuated at positions where picene is present on the substrate surface.

Figure 4.24: X-ray absorption spectrum
of a pristine picene film on SiOs measured
with an excitation energy of 280eV.
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Thus, the high intensity (bright) areas represent
uncovered or sparsely covered parts of the substrate
and the dark regions of the image stand for picene
islands. This can also be observed in pristine picene
films as displayed in Fig.4.24. It shows a 10 um
field of view XA image measured with an excita-
tion energy of 280¢€V, i.e., also below the binding
energy of C1ls. Again, the dark regions in the im-
age reflect the picene islands. In this case, the is-
lands are smaller compared to the doped film owing
to a higher deposition rate during growth.

Changing the excitation energy to hv = 299eV
produces the XA image given in Fig.4.23(b).
Apart from a few exceptions, the structure which
was observable for hv = 270eV is no longer visi-
ble. Since the excitation energy is now equal to the
binding energy of potassium, the measured inten-



4.5 Lateral homogeneity of K-doping
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Figure 4.25: (a) Photoemission electron microscopy image of K, picene recorded for electrons
with a kinetic energy of 97eV (excitation energy 400eV). The yellow squares indicate areas, for
which the spectra are shown in (b). (b) K 2p and C1s core level spectra for one selected square of
each row in (a) indicated by the filled square. In the inset spectra for all squares are plotted.

sity mainly results from the potassium and carbon core levels. Homogeneous intensity
thus implies a basically homogeneous lateral distribution of K atoms. Note that the
bright streaks in Fig. 4.23 (b) are not intrinsic but caused by the apertures of the micro-
scope.

The evidence of a laterally homogeneous K concentration from XAS can be strength-
ened by the use of spatially resolved photoemission. Figure4.25 (a) shows a 15 um field
of view PEEM image measured with an excitation energy of 400eV (the image has been
taken for electrons with a kinetic energy of 97 eV). For the following analysis the electron
kinetic energy range 97 — 116 eV has been scanned. For each energy step one image as
shown in Fig.4.25 (a) has been recorded. To learn about the composition of the films
depending on the position on the sample, the images have been fractionalized into small
squares with an area of ~ 300 x 300 nm?. For each square a spectrum has been generated
to determine x from the K 2p and C 1s core levels. To give a few examples, the spectra
obtained for the yellow squares in Fig. 4.25 (a) are plotted in the inset of panel (b) in the
same figure. All spectra yield a similar K concentration with small deviations of < 10 %.
The average = adds up to (1.81 £ 0.16). Representative for all analyzed positions on
the sample, one spectrum of each row of yellow squares depicted in the PEEM image
is plotted in Fig.4.25 (b). Here, the similarity of the spectra becomes obvious. Conclu-
sively, the results from PEEM also point towards a homogeneous lateral distribution of
K atoms over the film.

At first glance, a homogenous K concentration contradicts the effect of phase sepa-
ration as observed by Kambe et al. and discussed in Chap.4.4.2. However, the phase
separation in the films studied here is assumed to occur on a microscopic scale — only in
the range of one or a few molecules — and cannot be resolved by the PEEM instrument.
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Figure 4.26: HOMO region photoemission spectra of pristine picene in normal emission and 50°
off normal emission measurement geometry before and after 60-minute exposure to X-ray radiation
(hv = 1486.6 eV). Furthermore, spectra of pristine picene only irradiated by UV light are shown
for comparison.

In any case, one should handle the results of the PEEM measurements with care. Two
effects could play a crucial role leading to a misinterpretation of the data. Firstly, the
base pressure in the UHV system hosting the microscope was only ~ 1 - 10~ mbar and
the films showed a high peak intensity of the O 1s core level in a XPS survey spectrum
recorded before finishing the measurements. Hence, it is conceivable that a homogeneous
potassium oxide film formed on the sample surface during the measurements leading to
the observed PEEM images. The importance of oxygen in the residual gas has been
discussed in detail in Chap.4.4.3. Secondly, the exposure to the highly brilliant syn-
chrotron radiation turned out to strongly influence the appearance of the investigated
samples. This poses the question to which extent also the electronic structure changes
upon exposure to irradiation in the X-ray regime and how large this effect is using a
home lab X-ray source. Thus, it will be discussed in the next section.

4.6 Influence of irradiation

The subject of this section is the influence of photon irradiation on pristine and K-doped
picene films. Contrary to the brilliant synchrotron radiation used for the experiments
illustrated in Chap. 4.5, here, radiation generated by standard lab sources, i.e., X-ray
tube and UV-lamp, is considered.

In the case of pristine picene, no noteworthy modifications in the electronic struc-
ture could be observed upon irradiation with UV light from a He gas discharge lamp
(see Fig.4.26). The spectra remain unchanged, also over long measurement periods
(> 60min). The situation is different for the exposure of the samples to X-rays. Its
influence on the shape of the photoemission spectrum is displayed in Fig. 4.26 for mea-
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Figure 4.27: C1ls core level spectrum of pristine picene at the beginning (gray curve) and the
end of a 20 min measurement (orange curve). The spectrum exhibits a shift of ~ 0.1 eV to higher
binding energies.

surements in normal emission and 50° off normal emission, respectively. For each mea-
surement geometry, one spectrum of freshly prepared picene is plotted in gray and a
spectrum for picene irradiated with X-rays for ~ 60 min in orange. The main observa-
tions are a shift of the whole spectrum by 0.65 eV to higher binding energies as well as a
broadening of the HOMO features, getting smeared out and losing the pronounced struc-
ture of the initially measured spectra. Furthermore, a slight increase of the background
owing to inelastically scattered photoelectrons can be observed. The origin of the latter
two effects cannot be completely fixed but is most probably given by the occurrence of
chemical reactions like cross-linking or breaking of bonds in picene, leading to a loss of
m-conjugated character of the molecules and a modification of the chemical nature of
the sample [46, 47]. Although these effects are photon-induced, scattered photoelectrons
and electrons from the secondary electron background are responsible for damaging the
molecules [126, 127]. The cause of the occurring shift in the spectra might be either a
change in the work function or ionization potential or just charging of the films due to
the ejection of electrons [47].

Not only the valence band is affected by the irradiation, also in the C 1s core level non-
negligible effects can be noticed. As shown in Fig. 4.27, the exposure of a pristine picene
film to X-rays for 20 min leads to a slight shift of the C 1s core level by ~ 0.1 eV. However,
the FWHM remains constant at AE = 1eV. Thus, also for the core level, the shift can
be ascribed to possible changes in the work function or ionization potential or positive
charging of the film [47]. The difference in the shift between valence band and core level
(0.65eV vs. 0.1eV) might have two different causes. Either it is due to the different
probing depths given by the excitation energies of the respective measurement method.
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Figure 4.28: (a) Valence band spectra of K 7picene recorded on different spots on the sample
illustrating the influence of X-ray radiation on the electronic structure. (b) Time dependent changes
in the electronic structure upon exposure to UV radiation. In both cases the influence of irradiation
is manifested in the redistribution of spectral weight from F; to Fs.

In XPS, more layers can contribute to a charge balance and thus counteract a stronger
charging. Or, exposure to X-rays during the measurement of the first spectrum has
sufficient influence such that most of the damaging process already happened. Note that
these photon-induced changes are irreversible. The observed photoemission spectrum of
the pristine film does not recover when the sample is shielded from the X-rays for a
certain time.

Turning to K, picene, the observed influence of irradiation is even stronger. Both,
X-rays and UV light now visibly affect the electronic structure. The impact of X-rays
on the valence band structure is illustrated in Fig. 4.28 (a). Typical valence band spectra
are shown, each measured on a different spot of the same sample. Curve (i) represents the
spectrum of a freshly grown picene film subsequently doped with potassium. All common
features can be observed, i.e., in particular, already a small amount of potassium has
been oxidized. In case of curve (ii) the pristine film has been irradiated with X-rays
for 40 min prior to doping. Apart from small deviations both spectra are very similar.
For a better comparison the topmost spectrum is again plotted behind curve (ii). The
inelastic background is larger and also the film is slightly more oxidized at this position
which can be seen by the redistribution of spectral weight from F; to Fy. If the film
gets exposed to X-ray radiation for 60 min after the doping process, the corresponding
valence band spectrum is shaped like curve (iii) in Fig.4.28 (a). Here, the two main
effects become obvious. While F; loses the majority of its spectral weight, Fy gains
in intensity implying a strongly oxidized spot of the film. Furthermore, the secondary
electron background dramatically increases.

Similar behavior, i.e., a redistribution of spectral weight from F; to F5 can be observed
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4.7 Nagpicene and Cs,picene

upon irradiation of the K picene samples with UV light. Figure4.28 (b) displays three
spectra recorded in a time-dependent experiment. It is clearly visible that during the
measurement the spectra change on a timescale of minutes in terms of a decrease of the
intensity of F; with a concomitant increase of the intensity of Fs, again reflecting the
partial oxidation of K atoms. In contrast to pristine picene the exposure to X-rays has
no visible effect on the core levels for K, picene.

In summary, with regard to the irradiation of K, picene with X-ray or UV light the
electronic structure discernibly depends on the sample history. X-rays already influence
the electronic structure of pristine picene whereas UV light has no appreciable effect.
For the case of previously irradiated samples doped with potassium, the consequence
of radiation damage is also visible in the electronic structure of K-intercalated picene.
Furthermore, X-rays as well as UV light directly affect the valence band of K, picene in
terms of expediting the oxidation of K atoms (photon-assisted oxidation). Hence, utmost
caution is necessary in interpreting photoemission spectra if not the complete sample
history is known. The K concentration is no longer a measure of the filling of F, since
the assumption of the transfer of each K 4s electron to the adjacent picene molecule loses
its justification. Besides, long and non-essential exposure to X-ray and UV radiation
should be avoided. To exclude radiation damage and photon-assisted oxidation in the
samples which are the basis for discussion in the previous chapters, all valence band

spectra have been recorded from freshly prepared and subsequently doped films using
UV light.

4.7 Na,picene and Cs,picene

In the major part of this thesis, potassium has been used to achieve doping in picene
films. However, also sodium and cesium, which are further alkali metals, easily donate
their outer s-electron to a neighboring molecule and are thus suitable for doping. Images
of the unit cell of Na,picene and Cs,picene for x = 1,2, 3 are shown in Fig. 4.29 obtained
by relaxation within DFT [87]. In general, both structures are similar and essentially do
not differ from the K,picene structure introduced in Fig.4.1(c). The observed torsion
of the molecules for K;picene and Kypicene is even more distinct for the case of cesium
owing to the larger size of the Cs atoms. In Na,picene (z = 1,2) the effect is less
pronounced. However, here the molecules are slightly bent for x = 3 which decreases
with increasing atomic mass of the intercalants. The resulting electronic structures from
DFT, based on these real space structures are similar to the electronic structures gained
from the calculations for K, picene. Again, metallic and semiconducting behavior is
expected for x = 1,3 and x = 2, respectively.

As elaborately discussed in Chap.4.4.2 the DFT calculations cannot reveal the true
electronic structure of K-doped picene due to the importance of electronic correlations.
A similar situation is found here for doping with Na and Cs. As for K-doping, the pho-
toemission spectra of (Na,Cs),picene films with a concentration z in the range of 1 show
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(a)k:

Na,picene Cs,picene

Figure 4.29: Structures of Na,picene (a) and Cs,picene (b) for x = 1,2,3 each. Images from
Jeschke et al. [87].

no metallic Fermi cut-off. Figure4.30 shows the corresponding valence band spectra.
The observable effects in the spectra are essentially similar to all effects reported for
K,picene in the previous chapters. Starting with the lowest (red) curve in Fig. 4.30, it
represents the spectrum of a Csg spicene film compared to a spectrum of Csg gpicene (or-
ange curve). Similar to K, picene a new feature appears upon Cs intercalation located at
an energy of ~ —1eV which is ascribed to the filling of the LUMO renormalized by the
influence of electronic correlations (denoted F; according to the K, picene spectra). The
shift of the Csgspicene spectrum to lower binding energies originates in the formation
of a non-equilibrium situation as described in Chap.4.4.1. Like potassium, also cesium
diffuses slowly into the picene films leading to a Cs concentration gradient. Due to the
interplay of non-equilibrium and concentration gradient the chemical potential at the
surface of the doped film cannot be identified. Thus, the observed peak apparently has
a different energy position. For a higher Cs concentration of # = 1.4 (blue curves) Fy
gains in intensity. Besides, the relaxed HOMO, reflected by the formation of F3, can
be identified. Upon storage in the UHV system the appearance and increase of Fy can
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4.7 Nagpicene and Cs,picene

be followed owing to the oxidation of Cs atoms supported by oxygen in the residual
gas [122].

Regarding the intercalation with sodium, Na,picene behaves slightly different. The
corresponding photoemission spectrum is shown in Fig.4.30 (topmost, black curve).
Again, F; and Fy occur in the spectrum whereas the fraction of oxidized Na,picene
initially is already higher for a low Na concentration compared to (K,Cs),picene. This
points to a stronger oxidation of the Na atoms, which is expected due to the lower oxida-
tion potential of Na [128]. Furthermore, F is less pronounced in the case of Na,picene
since the molecular reorientation in the unit cell is weaker for smaller intercalant atoms
and the HOMO energy gets less renormalized.

-= Na,picene (x=1.2)
—=— Cs,picene (x=1.4)
24h relaxation

—=— Cs,picene (x=1.4)

F 3h relaxation
3 —= Cs,picene (x=1.4)
Cs,picene (x=0.8)
—=— Cs,picene (x=0.5)

~~
[7) z
= Q
x
5 T,
. o)
o ]
— >
8 o
>
h~
@
c
[0]
9 -
£
()
o
x
=3
> 0
]
>
1]
Lovnabvuat h

5 -4 -3 2 0

Figure 4.30: Valence band spectra of picene films doped with Na and Cs, respectively, for various
doping concentrations. The topmost curve corresponds to Na,picene whereas the other spectra
correspond to Cs,picene.

In summary, picene films doped with K, Na, or Cs behave very similar. All inter-

pretations and explanations given in the previous chapters for K, picene can savely be
applied for (Na,Cs),picene.
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4.8 Short summary

In order to summarize the chapter about picene, its doped compounds, and the resulting
electronic structure, the major outcomes shall be listed here again. As a basis of the
investigations, picene films of high structural quality have been fabricated on various
substrates. Regarding the electronic structure of the pristine films, the valence band
and core level photoemission spectra agree well with what is reported in the literature
up to now. Upon doping the pristine picene films with potassium, four interesting
phenomena occur in the electronic structure whose origins have been elucidated in the
framework of this thesis. Remarkably, not all phenomena stem from intrinsic properties
of K-doped picene. However, intrinsic effects are the emergence of a doping-induced
photoemission feature in the vicinity of the chemical potential (F;) and the appearance
of a further new feature close to the HOMO (F3). F; can be ascribed to the filling of
the LUMO, though, not involving metallicity. Electronic correlations in K, picene lead
to the formation of a Mott insulating state for x = 1,2,3. Owing to phase separation,
the insulating behavior is retained for all K concentrations. On the other hand, due to
the reorientation of the picene molecules in the lattice upon insertion of dopant atoms, a
renormalization of the binding energy of the HOMO is observed. This manifests itself in
the incidence of F3. A third feature appearing in the former HOMO-LUMO gap (F3) is
of purely extrinsic nature. It originates from K oxide, which is formed by the reaction of
the K dopants with molecular oxygen in the residual gas of the UHV system. A further
extrinsic effect leads to the apparent presence of spectral weight above the reference
chemical potential. Considering weakly van der Waals-coupled systems no Fermi level
alignment can be established. The interplay between vacuum level alignment and a K
concentration gradient then allows the appearance of spectral weight above the chemical
potential of the reference system.

Besides, it has been observed that, on the one hand, subsequent K-intercalation leads
to a vertical K concentration gradient in picene films. On the other hand, laterally,
the doping concentration appears homogeneously distributed over the entire film on
a mesoscopic scale, as deduced from spatially resolved photoemission. However, this
does not refute the occurrence of phase separation in K, picene which takes place on a
microscopic scale. Finally, the utilized UV and particularly X-ray radiation turned out
to considerably influence the electronic structure of pristine as well as K-doped picene.
Hence, special care has to be taken in conducting photoemission experiments.
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5 K, pentacene: An exemplary Mott
insulator?

Pentacene, a molecule very similar to the molecule picene introduced in Chap. 4, is one
of the favorite materials in the field of flexible electronics. This is owing to the fact
that, at low charge carrier density, the organic semiconductor pentacene largely behaves
like its inorganic counterparts like silicon or gallium arsenide [129-131]. Mobilities in
the range of 0.3 to 1.6cm?/Vs or even higher [132, 133], which are impressive values
for an organic semiconductor, make it a promising candidate to replace Si-based devices
like, e.g., transistors in future electronics [134, 135]. But not only potential applications
attract the interest on pentacene, also in basic research it represents a debated topic.
One important aspect is the electronic structure. For organic crystals, in the low charge
carrier density regime the electrons are considered as non-interacting particles. However,
electron-electron interaction can play a crucial role in organic semiconductors, particu-
larly upon electron doping. Due to the very narrow band width, W, of ~ 0.5eV already
small on-molecule Coulomb repulsion energies, U, of 1 — 1.5eV suffice to generate the
base for electronic correlations [136, 137]. Charge transfer salts and alkali metal ful-
lerides are only two examples for which the role of electronic correlations has been lively
discussed [113, 138]. In 2009, Craciun et al. reported transport measurements revealing
a metal-to-insulator transition in potassium-intercalated pentacene films depending on
the amount of intercalated K atoms [15]. Conductivity first increases with increasing
potassium amount and then suffers a sudden drop at a K concentration of exactly one
K atom per pentacene molecule. According to their interpretation, for this particular
composition half filling is achieved and the system is driven into a Mott-insulating state.
The goal of this chapter is to elucidate the electronic structure of potassium-inter-
calated pentacene films in a wide range of K concentrations. First, the films have been
structurally characterized using AFM and XRD to prove their high quality. The next
part deals with the investigation of pristine pentacene films by means of XPS and UPS.
In the main section the impact of K-doping on the electronic structure is investigated.

5.1 From the parent compound to K,pentacene

All investigations following in the next sections of this thesis are based on the parent
compound pentacene. Pentacene (CyoHyy4, abbreviated Pn in the following) is a further
type of nano-graphene and very similar to picene. Likewise, it is a planar 7w-conjugated,
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NOOSSS

pristine K-doped

Figure 5.1: (a) Structural formula of a single pentacene molecule. (b) Unit cell structure and
layer formation of pristine pentacene crystals or thin films. (¢) Corresponding unit cell structure
and layer formation of K-intercalated pentacene. In thin films, the molecules grow along the unit
cell c-axis. The images in the lower panels are thus considered as side view. Images in (c) are
reprinted from Ref. 15 with permission from M. Craciun. Copyright (2013) by The American
Physical Society.

aromatic molecule composed of five benzene rings as sketched in Fig. 5.1 (a). Contrary to
picene, in Pn the rings are arranged linearly forming a zig-zag edge. Building up a single
crystal, the molecules crystallize in a triclinic structure (space group P1) with the lat-
tice parameters a = 6.266 A, b = 7.775A, and ¢ = 14.530 A as well as o = 76.475°,
f =87.682°, and v = 84.684° [139]. Like most of the aromatic molecules, Pn ar-
ranges in a herringbone fashion resulting in a unit cell containing two inequivalent
Pn molecules [88]. A sketch of the unit cell is shown in Fig.5.1(b) together with a
side view of the packing motif of Pn. The displayed structure is, however, only valid
for single crystals and thin films grown in standing mode, i.e., in the case when the
molecule-molecule interaction overweighs the molecule-substrate interaction. For, e.g.,
metal substrates the molecules lay down and get covalently bond to the surface [140].
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The resulting structure drastically deviates from the structure shown here. Note that,
exceeding a certain number of layers, the molecules continue growing in standing mode
also on metals [141]. Since all films studied within this thesis have been grown on sub-
strates which fulfill the above condition for growth in standing mode (see next chapter),
only the case of upright standing molecules shall be considered here.

In contrast to picene, different structural phases exist for Pn single crystals and Pn
thin films. They can basically be distinguished by the tilting angle of the long molecular
axis with respect to the substrate surface normal, reflected in different c-axis lattice
parameters [142]. In general, Pn films growing in standing mode can mainly be composed
of two phases. (i) The bulk phase (a-phase), which is similar to Pn single crystals, but
also occurs in thin film growth, and (ii) the thin film phase (S-phase). The latter has
a lower density (ppux = 1.3g/cm?® vs. pam = 1.0g/cm?) and the molecules are less
tilted with respect to the surface normal. For the different phases the unit cell c-axis
parameters are ¢, = 14.5 A and cg =154 A, reflecting the different tilting angles of the
~ 16 A long Pn molecules [143]. Crystallized Pn forms an organic semiconductor with
an optical gap of E,p = 1.8V [144] and a transport gap of Eg.p, = 2.2V [21, 145, 146].

For K-intercalated Pn (K,Pn, x = K concentration) no structural data have been
reported so far. However, it is well known that, upon intercalation with various alkali
metals, the herringbone arrangement of the Pn molecules is preserved and the additional
atoms are placed between the molecular layers (interlayer insertion) [15, 147-150]. This
results in an expansion of the c-axis lattice parameter of the order of the intercalated
ion radii [15]. The a and b lattice constants are only marginally affected. DFT-based
calculations provide the following lattice parameters for K;Pn: a = 6.239A, b = 7.636 A,
and ¢ = 15.682 A as well as o = 76.98°, § = 88.14°, and v = 84.42° [15]. As expected,
except for the c-axis parameter, the lattice constants remain largely unaffected. The
corresponding unit cell as well as the side view of the molecular layers are displayed in

Fig. 5.1 (c).

5.2 Growth and structure of pristine pentacene films

Concerning the film growth, all growth details of picene described in Chap. 4.2 are also
valid for Pn. For Pn, the main motivation for using in vacuo grown thin films is the
interest in improving the film quality in view of the application in thin film transistors.
Moreover, the difficulty of K,Pn single crystal growth due to the high reactivity of
potassium again make the use of thin films preferable. In vacuum, any contact to
ambient air can be avoided between the film growth, the intercalation process, and the
investigation by means of photoelectron spectroscopy.

Hence, Pn films have been fabricated on various substrates, which are natively oxidized
silicon (denoted SiO,), the hydrogen-terminated surface of silicon (Si-H), strontium
titanate (SrTiOj3) and zinc oxide (ZnO) (for details of substrate preparation see A.1).
Furthermore, Pn films have been prepared on Bismuth-templates on Si(111)-7 x 7, for
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which no detailed characterization data are available. For thin film growth purified Pn
powder was evaporated from a commercial effusion cell (Tectra) in a separated chamber
at UHV conditions. Here, the pressure was kept below 5 x 10~%mbar. Deposition
was carried out at room temperature. Subsequently, potassium was evaporated onto
the films from a current heated commercial SAES getter source in UHV at a base
pressure of < 5 x 107 mbar to intercalate the films with potassium. For imaging the
surface morphology of the pristine Pn films two types of scanning probe microscopes
were used. On the one hand, it was an ex situ Veeco AFM operated in non-contact
tapping mode was. On the other hand, it was an in situ Omicron VT SPM (variable
temperature scanning probe microscope) with an oscillating needle sensor. Furthermore,
diffractograms were recorded by means of XRD in ambient atmosphere using X-rays from
a CuK, source with a wavelength of 1.5418 A in a simple 6 — 26 geometry. Additionally,
low energy electron diffraction (LEED) was employed using an Omicron LEED optics
in UHV.

Beginning with the surface morphology, Figs. 5.2 (a)-(d) show AFM images of pristine
Pn films grown on SiOs (a), Si-H (b), SrTiO; (c), and ZnO (d). The displayed cutouts
have a size of 1.5 x 1.5 um?, 2 x 2 um?, 5 x 5 um?, and 1.5 x 1.5 um?, respectively. All
films have a nominal thickness of 25 — 30 nm, deduced from monitoring the film growth
with a quartz crystal microbalance (QCM), and exhibit a coverage of ~ 95 % each. It is
clearly visible that the growth behavior of Pn on SiO,, Si-H, and ZnO is very similar. As
expected for inert substrates, Pn nucleates in islands, which partially coalesce resulting
in grain boundaries between different domains. The observed surface morphology agrees
well with data reported in the literature [151-155]. On all substrates the islands have a
size ranging from 500 nm to 1 um showing a slight trend to a rhombical shape. While this
points to crystalline ordering of the molecules within the islands, the overall film appears
to be azimuthally disordered. The arbitrary rotation of the islands in the (a, b)-plane
is directly reflected in the LEED pattern in case of a Pn film grown on ZnO. Two
diffractograms recorded at electron energies of ' = 16.4eV and 26.1eV are displayed
in Fig. 5.2 (f). Instead of diffraction spots, as observed for crystalline samples with high
symmetry, rings appear in the patterns. This is owing to the superposition of diffraction
spots of all arbitrarily rotated islands within the area of the electron beam (& ~ 1 mm).
Quantitative inspection allows the assumption that the circles with high intensity in
each image may be attributed to the (2,2) diffraction spot and the low intensity circle
in the £ = 26.1eV image might originate from the (0,2) diffraction spot. Note that, in
general, electron diffraction experiments on organic systems are very delicate to handle,
since the incoming electron beam strongly influences the electronic structure. Origin
of the occurring damages are chemical reactions like cross-linking or breaking of bonds,
leading to a loss of m-conjugated character of the molecules and a modification of the
chemical nature of the sample [46, 47| (see discussion for picene in Chap. 4.6).

For Pn films grown on SrTiOj3, the film properties are basically similar to the previ-
ously presented films. However, on SrTiOg3, Pn tends to form larger, dendrite-like islands
with island sizes exceeding a few microns. Altogether, on all films the roughness on the
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Figure 5.2: Surface morphology images from AFM and diffractograms from LEED of pristine Pn
films grown on different substrates. (a) 1.5 x 1.5 um®> AFM image of Pn on SiOs. (b) 2 x 2 um?
AFM image of Pn on Si-H. (¢) 5 x 5 um? AFM image of Pn on SrTiOsz. (d) 1.5 x 1.5 um? AFM
image of Pn on ZnO. (e) Corresponding line profiles indicated by the lines in (a) and (c). (f) LEED

patterns of a Pn film on ZnQ. For details see text.
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5 K,pentacene: An exemplary Mott insulator?

terraces remains below 0.1 nm, thus one can assume that the terraces are molecularly
flat. Considering the surface morphology images of the Pn films grown on the different
substrates combined with the film coverage leads to effective average film thicknesses of
~ 20, 15, 15, and 25nm for SiO,, Si-H, SrTiO3, and ZnO, respectively. To do so, in
particular the height distributions in the films have been taken into account (find details
of the height distributions in A.2). Similar to picene, the average film thickness of Pn
partially drastically deviates from the nominal value obtained from QCM moni-toring
depending on the substrates. Again, this may be due to the different sticking coefficients
for different substrates not included in the considerations. Thus, the nominal QCM val-
ues have to be handled with care. Usually, they only give a rough estimate of the film
thickness.

Along the c-axis, on all substrates the
molecules aggregate in standing mode, re- (@) o S SN S S :
flected in the line profiles (i) and (ii) in \J 002y
Fig.5.2(e). The line profiles trace the P on SFH
surfaces of the Pn films on SiOy and
SrTiO3 along the blue and red line, re- IO TP
spectively, as indicated in (a) and (c). The '
well-resolved single steps have a height of
~ 16 A, which, within the accuracy of the
utilized AFM, corresponds to the c-axis : :
lattice parameter of Pn thin films. Growth \/
in standing mode can also be deduced on SO
from X-ray diffraction. Figure5.3(a) dis-
plays the diffraction data of three Pn films o e e e
on Si-H (1), SiO2 (2), and SrTiO; (3). For ag; (A1)
each film the (001) and (002) Bragg peaks ‘ '
are shown. Using the Bragg relation one
obtains a lattice spacing of (15.4 4 0.1) A
for each film from the (002) peak, in
perfect agreement with the value for the
[-phase. Additional features can be ob-
served in the # — 260-scan of the film grown .
on Si-H, corresponding to the Bragg re- -1.0 -05 0.0 0.5 1.0
flection of a film component with a lattice
spacing of (14-4 + O~1) A. Thus, it can be Figure 5.3: (a) X-ray diffractograms of Pn films on
assigned to the a-phase, which partially Si-H (1), SiOy (2), and SrTiOs (3). Each diffrac-

occurs in thicker films. Besides Bragg re- togram shows the (001) and (002) Bragg peaks.
(b) Rocking curve of a Pn film on Si-H. Note the

narrow rocking width of only 0.04°.
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flectivity, rocking curves were measured,
yielding a narrow rocking width in the
range of A = 0.04°. A rocking curve
recorded from Pn on Si-H is plotted in Fig. 5.3 (b). The narrow rocking width manifests
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high order along the c-direction with only a small tilting of +0.02°. The non-negligible
background in the rocking curve arises from diffuse scattering due to screw disloca-
tions [156].

Conclusively, pentacene essentially behaves the same on all used substrates, forming
stepped islands of 500 nm to 1 um in size, which are azimuthally rotated with respect
to the other islands. Out of plane, the films are highly ordered with a step height of
~ 16 A, corresponding to the length of an upright standing Pn molecule. The films are
in good agreement with the literature and, thus, are appropriate for investigations using
photoelectron spectroscopy.

5.3 Electronic structure of pristine pentacene films

The following sections will cover the investigations on the electronic structure of Pn and
the evolution of this electronic structure upon intercalation with potassium by means
of photoelectron spectroscopy. To this end, home-laboratory equipment containing a
monochromatized X-ray source (AlK,,1486.6eV) and a He gas discharge lamp (Hel,
21.2eV) were used for core level and valence band analysis, respectively. Before dis-
cussing the influence of K-intercalation on the electronic structure of Pn, it is helpful
to start with a look at the electronic structure of the pristine system. Hence, firstly, a
short insight into previous valence band photoemission studies from the literature will
be given, followed by the results gained within the framework of this thesis. Topping off
this section, the relevant photoemission core levels will be considered.

5.3.1 Aspects from the literature

In order to learn about the electronic structure of a certain system, it can be helpful
to have predictive calculations from, e.g., DFT revealing the band structure. From
this band structure, the DOS can be obtained which, in turn, is comparable to angle-
integrated photoemission data. Exemplary calculations of the band structure of Pn
in the thin film phase are displayed in Fig.5.4 (a). Here, ', X, Y, Z, M, and M’ are
the respective high symmetry points of the triclinic lattice. In contrast to an ideal
semiconductor for which the Fermi energy Ef is located in the middle of the band gap,
in this case Fr has been set to the valence band maximum with £ = 0eV. Moving
away from the ['-point, the calculations reveal a considerable dispersion in most of
the directions in k-space. Note that in I'-Z direction no dispersion is observable. I'-Z
corresponds to the direction of molecular stacking in real space where only van der
Waals-interactions play a role. Each pair of bands is derived from one molecular orbital
reflecting the existence of two inequivalent Pn molecules in the unit cell. In the defined
energy range one can identify the HOMO-1, HOMO, LUMO, and LUMO+1 derived
bands with the two bands in the vicinity of the Fermi energy representing the HOMO
bands. Note that the calculated band gap is strongly underestimated, which is a well-
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5 K,pentacene: An exemplary Mott insulator?

known shortcoming of DFT. Contrary to the experimental value of Fg,, = 2.2eV the
calculations provide a band gap of < 1eV [157, 158].

For a better comparison with the experiment, the k-integrated DOS (convolved with
a 0.2eV Gaussian) of Pn in the thin film phase is plotted in panel (i) of Fig.5.4 (b).
Besides, the k-integrated DOS of Pn in the bulk phase is displayed in (ii). The large
splitting of the two contributing bands manifests itself in a broad two-peak structure
with an energy separation of AE ~ 0.4eV between the two peaks. In the band structure
of bulk phase Pn the dispersion is much less pronounced, reflected in a smaller energy
separation between the single peaks of only AE ~ 0.2eV.
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Figure 5.4: (a) Calculated band structure of Pn in the thin film phase from DFT (in GGA with
PBE functional). (b) Resulting DOS (i) of the thin film phase and (ii) of the bulk phase for
comparison. The calculated points (dotted lines) are convolved with a Gaussian function of 0.2eV
FWHM (solid lines). The energy separation between the two contributing bands is indicated by
the marks. Figures reprinted from Ref. 157 with permission from H. Yoshida. Copyright (2013) by
The American Physical Society.

In order to get a first impression of the photoemission spectra of pristine Pn, Fig. 5.5
shows two examples from the literature [159, 160]. Both illustrate the valence band of
pristine Pn grown on oxidized silicon. While Fig. 5.5 (a) displays spectra for different
oxygen treatments, in (b) spectra have been recorded for various film thicknesses. Most
relevant are in each case the topmost spectra, representing pristine Pn films of 12 nm and
6.4 nm thickness, respectively. Both spectra are in good agreement with the experimental
spectra given earlier by Yoshida et al. [157] and cover a larger energy interval. The
superposition of two peaks claimed by theory can be identified. Additionally, in the
bottom curve of the inset in (a) a larger energy range is covered, providing a survey of
the whole valence band.
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Figure 5.5: Valence band photoemission spectra of pristine Pn films: (a) Spectra for different
oxygen treatment. The relevant spectrum is curve (i) representing a pristine Pn film on SiOs, the
bottom curve in the inset shows a corresponding valence band survey spectrum. Figure reprinted
from Ref. 159, Copyright (2013), with permission from Elsevier. (b) Thickness-dependent spectra
of pristine Pn on SiO,. Figure reprinted from Ref. 160, Copyright (2013), with permission from
AIP Publishing.

5.3.2 Valence band photoemission

In the light of the above, this section is dedicated to the photoemission results of pristine
Pn films grown on various substrates. Figure 5.6 shows four valence band photoemission
spectra (as measured) of Pn films fabricated on Si-H, SrTiO3, ZnO and Bi/Si, respec-
tively. All films have a thickness of ~ 25 — 30 nm, as described in Chap.5.2. Note that
spectra of films for which SiOy was used as a substrate, appear to be identical to the
spectra of Pn on Si-H. Concerning the spectral shape, all spectra are in perfect agree-
ment with reported data from the literature [26, 157, 159-163]. Moreover, partly the
quality of the spectra even exceeds the quality of previously measured data in terms of
statistics and shape. In addition, the valence band survey spectrum displayed in the
inset of Fig.5.6 (a) also agrees well with the literature [see Fig. 5.5 (a)]. Immediately
noticeable in Fig.5.6 (a) is a variation of the exact peak positions depending on the
substrate, reflected in a shift of the entire spectrum. This behavior originates from the
fact that by deposition of several layers of weakly van der Waals-coupled molecules on
any substrate no equilibration of the chemical potential can be established. Instead,
the energy level alignment is determined by the vacuum level (see end of Chap.4.3.2).
Hence, depending on the molecular ionization energy and the substrate work function,
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Figure 5.6: Valence band photoemission spectra of Pn thin films on the substrates Si-H, SiOs,
SrTiOs, ZnO, and Bi/Si. (a) Data as measured. Spectra for Pn on Si-H and SiOs are basically
identical and plotted on top of each other. The inset shows a valence band survey spectrum of
Pn on Si-H over a larger energy range. (b) Data aligned on the peak positions of the Pn on Si-H
spectrum (black curve) for better comparison.

the energetic positions of the molecular orbitals may vary with respect to the chemical
potential of the reference system (determined by the Fermi cut-off of a gold foil).

For better comparison, the spectra have been aligned to the peak positions determined
by the spectrum of Pn on Si-H [see Fig.5.6 (b)]. The splitting of the HOMO can be
clearly observed even though it cannot be completely resolved. Referring to the spectrum
of Pn on Si-H, the peak positions of the HOMO (H) are —1.15eV and —1.55eV with
respect to flexp. Besides, two further pronounced structures appear in the spectrum at
—2.35eV and —2.9eV which are assigned to the HOMO-1 (H-1) and HOMO-2 (H-2),
respectively. Additional orbitals can be localized at —3.4 eV and —4.1 eV which gradually
vanish in the secondary electron background.

5.3.3 Core level photoemission

Concluding the section about pristine Pn, the relevant core levels recorded by XPS are
addressed. In the case of simple molecules like Pn, this is only a single core level, viz.,
C1s. A respective spectrum of a pristine Pn film in standing mode grown on Si-H, as
characterized in Chap. 5.2, is displayed in Fig.5.7. The peak maximum is located at a
binding energy of Eying = 284.75¢eV, agreeing perfectly with the literature [164, 165]. As
one Pn molecule is composed of six inequivalent carbon atoms, indicated by positions
1 — 6 in the inset in Fig. 5.7, the C1s core level spectrum contains contributions of six

74



5.3 Electronic structure of pristine pentacene films

O data from XPS
— Voigt fit

intensity (arb. units)

___________ o R R R R R R R B R S S A I HT RS HN N
288 287 286 285
binding energy (eV)

Figure 5.7: Cls photoemission core level spectrum of a pristine Pn film on Si-H together with
a Voigt fit curve consisting of three single Voigt profiles for different binding energies. The inset
sketches a Pn molecule for which the inequivalent atoms are labelled by the numbers 1 — 6.

different electron binding energies. Here, the binding energies of atoms 1 and 3, 2 and 4,
as well as 5 and 6 are almost equivalent [164]. In order to fit the spectrum it is sufficient
to use a combination of three Voigt profiles accounting for the different binding energies.
The three peaks then have to exhibit an intensity ratio of 3:4:4.) A corresponding fit
profile is illustrated in Fig.5.7. The peak positions and relative energy differences are in
very good agreement with theoretical calculations for gas phase Pn as well as previous
experimental observations of gas phase and thin film Pn [164-166].

From the similarity of the film spectrum to a gas phase spectrum — except for a certain
broadening due to the embedding of the single molecules in a solid — it can be assumed
that the molecules are only affected by the m-orbital overlap of adjacent molecules within
the layers and the weak van der Waals-interaction between the layers. Moreover, this
indicates that the molecule-substrate coupling is almost negligible also in the sparsely
covered regions between the islands. Molecules which show a certain interaction with
the substrate, e.g., Pn lying on a Cu surface, display a significantly different C1s core
level peak shape [164]. Both facts point to a growth in standing mode confirming the
results from the structural analysis. A small amount of molecules interacting with the
substrate is reflected by the shoulder in the C 1s spectrum at a binding energy of 285.7 eV
denoted by the arrow in Fig.5.7. Alternatively, the shoulder can be attributed to the
contamination of the surface by other carbon compounds like CO, [165].

!The ratio of 3:4:4 is easily obtained by counting the number of inequivalent atomic positions of
carbon atoms in the molecule.
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Figure 5.8: K2p and Cls photoemission core level spectra of a K-intercalated Pn film on Si-H
for 0 < x < 1.76. (a) Energy range covering both core levels illustrating the increase of K amount.
(b) Zoom into the C 1s core level revealing changes in the line shape upon intercalation.

5.4 K-doping: Inducing a Mott transition?

Pristine Pn is, in principle, well-examined up to now, since it plays a crucial role in
the research on organic transistors. The Pn films grown for this thesis are state of the
art and offer a good basis for further investigations. Particularly with regard to the
observations of Craciun et al. in 2009, reporting a Mott metal-to-insulator transition in
K-intercalated Pn [15], it is of great interest to learn about the electronic structure of Pn
being electron-doped, e.g., by the intercalation with alkali metals. Besides the mentioned
study, several other groups report conducting behavior of Pn films doped by alkali metal-
intercalation [147, 148, 150]. In the following, the focus is on probing the electronic
structure of potassium-intercalated Pn by means of photoelectron spectroscopy and, in
particular, having a look at the evolution of the spectral function upon doping.

5.4.1 Core level photoemission: impact of K-doping

First, the relevant core levels shall be addressed. For K, Pn, these are the core levels of
carbon and potassium. In the accessible energy range limited by the AlK, radiation,
it is advantageous to consider the K2p and C1s core levels. Both are located in an
energy window of only 20eV where the electron IMFP and the analyzer transmission
only differ marginally. As for picene, also in the case of Pn these core levels have been
used to determine the K concentration z, calibrated as described in A.3. A representa-
tion of the above mentioned energy window is given in Fig.5.8 (a) containing the K 2p
and C 1s core levels for several steps of K intercalation (0 < z < 1.76) for a Pn film on
Si-H. Most obvious from the spectra is that, for the first doping step, the C1s peak is
shifted by ~ 1€V to a higher binding energy of Fyi,q = 285.8eV. This is directly related
to a shift of the chemical potential caused by the additional electrons inserted into the
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5.4 K-doping: Inducing a Mott transition?

system. Furthermore, K intercalation is accompanied by the occurrence of the spin-orbit
split K 2p core levels at 297.6eV (K 2p, /) and 294.8eV (K 2ps/5), respectively. Initially,
for low K concentrations the C1s line shape remains largely unmodified. For higher
amounts of dopant atoms, reflected by the intensity increase of the K2p core level, a
distinct change can be observed. A closer look at the C1s level is taken in Fig. 5.8 (b)
for which the change in the line shape is clearly visible. Considering the highest reached
K concentration the asymmetry in the C 1s line shape is most pronounced, even resem-
bling a two-peak structure with the second peak being located at 285.1eV. Comparable
changes in the line shape of the C1s core levels have been observed in the past for
different organic molecular systems upon K intercalation [20, 22].

On the one hand, this can be explained by a spectral redistribution due to screening of
the core holes by itinerant electrons now hosted in the former LUMO (fLUMO). For the
case of Pn on metal surfaces where screening plays a crucial role, several groups have
reported such a behavior [164, 167]. Moreover, one has to consider that the positive
charge of K ions in the vicinity of Pn molecules can have a significant influence on the
C 1s electrons (e.g., change of the Madelung potential) [22]. Owing to the placing of K
atoms in the lattice via interlayer insertion the electrons of atoms 5 and 6 (see inset of
Fig.5.7) are strongly affected.

5.4.2 Evolution of the spectral function

While in the previous section the influence of K doping mainly on the C1s core level
has been discussed, now the impact of the inserted dopant atoms on the valence band
electronic structure in the vicinity of the chemical potential will be examined. The
spectral evolution of the valence band upon doping is illustrated in Fig. 5.9 for Pn films
grown on Si-H (a) and SrTiO3 (b). In principle, the behavior of Pn films upon K doping
does only differ marginally depending on the substrate. Figure5.9 (a) shows a series of
spectra for K concentrations in the range of 0 < z < 1.76 covering an energy region
down to -3.4€V relative t0 plexp. In Fig. 5.9 (b) a larger energy cutout to a maximum
binding energy of 5eV is displayed for a K concentration varying from 0 < x < 1.44.
The topmost curve in each panel represents the spectrum of the pristine Pn film, as
described in detail in Chap. 5.3.2. Doping the system with potassium manifests itself in
three respects:

(1) For low K concentrations the HOMO peak exhibits a slight shift to higher binding
energies.

(2) A new doping-induced feature appears in the former gap, which increases in in-
tensity until saturation sets in at a certain K concentration.

(3) No spectral weight is detectable at fiex, for any doping step, implying insulating
behavior for any composition of K,Pn.
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Figure 5.9: Series of valence band spectra illustrating the influence of K doping on the electronic
structure of Pn films. (a) K;Pn on Si-H with0 < z < 1.76. (b) K,,Pn on SrTiO3 with0 < z < 1.44.
Details see text.

Besides these major effects caused by doping, it is noticeable that up to large K
concentrations H, H-1, and H-2 still appear fairly pronounced in the spectra. This
points to a only weak reorientation of the Pn molecules upon insertion of the K atoms
leaving the molecular orbitals largely unaffected. As presented in Chap.5.1 the well-
established structure model of K,Pn assumes interlayer insertion of K atoms and, thus,
an unmodified (a, b)-plane [15, 158]. In turn, the measured photoemission spectra are
derived by the m-orbital overlap in the (a,b)-plane and are not influenced by a c-axis
modification. Hence, the obtained results confirm of the mentioned structure model. On
that base, the three doping-induced effects will be discussed in the following.
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HOMUO energy shift

The first effect takes place for low K concentrations between x = 0 and 0.2 in terms of
an initial shift of the spectra by 0.9 — 1eV. In the previous section it has been shown
that the C1ls core level gets shifted by the same amount. While in Pn on Si-H the
spectrum instantaneously jumps to the final position [Fig. 5.9 (a)], in Pn on SrTiO3 for
very low K concentrations (0 < x < 0.2) the spectra progressively shift to the given value
where they saturate [see Fig. 5.9 (b)]. However, this is not a contradiction, since the first
doping step in Fig. 5.9 (a) corresponds to a K concentration for which the shift already
has reached saturation in (b). Moreover, the observed behavior is fully consistent with
the report of Bussolotti et al. [26].

A comparison of the data obtained within
the framework of this thesis and data from

1.Q T T Y
the literature is given in Fig.5.10. It dis- 3
plays the shift of the HOMO peak posi- _ 0'82: +HAP ot e
tion plotted against the K concentration x. i'i 0_65_ ;
Additionally, the data points from Ref. 26 - ?
have been renormalized according to the g 0'4§ E
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Bussolotti et al. used only the calculated
cross-sections from Ref. 59 for the deter-
mination of . The renormalized data Figure 5.10: Shifts of the HOMO energy position

points are also included in Fig.5.10. Ex- from photoemission. Shown are the own data points

. extracted from Fig. 5.9 (a) in comparison with the
cept a steeper slope of the data points, the data from Bussolotti et al. [26]. Furthermore, the

HOMO energy shifts observed for the films data from Ref. 26 have been recalibrated according
under investigation in this thesis exhibit to the determination of 2 described in A.3.
similar behavior as the shifts reported in

the literature. Saturation is reached for x ~ 0.2, while the data from Ref. 26 approach
the maximum value more slowly and finally reach it for  ~ 0.3 (renormalized value).

K concentration (x)

Bussolotti et al. propose an interpretation of this behavior based on a gradual up-shift
of the chemical potential upon increasing the K concentration [26]. However, it is more
likely that a lack of thermodynamical equilibrium and a K concentration gradient are
the cause of this behavior, as it is the case for K-doped picene (see Chap.4.4.1). The
effect of a non-homogeneous chemical potential was already observable for the spectra
of pristine Pn in Chap. 5.3.2. While in K, picene the non-equilibrium behavior is obvious
due to the appearance of spectral weight above the chemical potential, the effect is less
pronounced in K,Pn. It only occurs for low K concentrations (z < 0.3). The saturation
for already small x is probably due to a better diffusion of the K atoms into the films
leading to a faster cancelation of the doping concentration gradient.

79



5 K,pentacene: An exemplary Mott insulator?

T T T T _ T T T
@1of 757 ] { )1 SrTiO, 1
% | 1.0F I 1
0.8f 7 H——
o) o 0.8 _
g 06._ T T T T T "‘. - g ;
T i 15F ’.’,' i T 0.6 T T T T p
Iy o i oy - 12+ el
o 0.4f Z 10t | 00.4_ £ 12_ o
= M 1 = <08 ; i
o] Z o5k Rt i ] M //
= 0.2f : 4 & Z 04f ]
g 0.2 -
0.0 A' L L | Lol a 0.0 1/ 1 1 1 N
0.0 0 5 10 15 20 | 0.0h—w 0 4 8 12
evaporation time (min) ' | evaporation time (min)
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
Nk / Npp Nk / Npp

Figure 5.11: fLUMO-HOMO-ratio deduced from the valence band spectra plotted against the K
concentration © = Ng/Np, for a Pn film on (a) Si-H and one on (b) SrTiOs. The inset in each
panel shows the K concentration depending on K evaporation time.

LUMO filling

After the saturation of the HOMO peak shift, the most prominent impact of K doping
becomes obvious by the appearance of a new peak in the former band gap. Depending
on the substrate, it appears at -1.0 (-1.1) eV for Pn on Si-H (SrTiO3). Upon further
doping (0.5 < z < 1) the feature gains intensity and displays a slight shift to an energy
of -1.1 (-1.2) eV with respect to flexp. For an even higher amount of K atoms (z > 1)
the intensity of the new feature saturates and the spectra show no further changes.
The arising new feature is assigned to the photoemission of the fLUMO (fL), getting
progressively filled by electrons. In order to get a better idea of its filling, the ratio of
the integral intensity of fL to H has been extracted from the valence band spectra.! To
do so, the spectra have been corrected for Helg and Hel, satellites. Additionally, an
exponential background has been subtracted to account for the inelastically scattered
photoelectrons. Note that not necessarily all corrections have been applied to the data
shown in Fig. 5.9. The integrated peak areas used for the determination are illustrated in
Fig.5.9 (a) by the different shading (H: blue, fL: orange). From the thus deduced areas
the fLUMO-HOMO-ratio was calculated. In Fig.5.11 the results are plotted versus the
amount of K atoms per Pn molecule, © = Nk /Np,. Note also the linear relationship
between evaporation time and potassium concentration, as shown in the insets of both
Figs.5.11 (a) and (b). Regarding the K concentration, in the regime of 0 < x < 1 the
intensity ratio between fL. and H increases linearly. For the film on Si-H saturation clearly
sets in at N /Np, = 1 [see Fig. 5.11 (a)]. Also in Fig.5.11 (b), a trend towards saturation
is identifiable for x = Nk /Np, close to 1 (x = 1.2). Note that the f{LUMO-HOMO ratio
as well approaches the same value in the saturated regime. However, the value of 1
must not be misinterpreted as a complete filling of the fLUMO, since due to unknown

IThis corresponds to a normalization of fL to the filled HOMO.
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photoionization cross-sections of HOMO and fLUMO this value is no absolute measure
for the actual filling. Nonetheless, the value Nk /Np, can be taken for granted. Assuming
the transfer of one electron from each K atom to the neighboring Pn molecule, z = 1
corresponds to half filling in K,Pn. The saturation of {[LUMO/HOMO thus suggests that
Pn can only host one additional electron, agreeing with the literature [15, 168, 169]. On
the other hand, this immediately poses the question about what happens with the excess
potassium atoms which has to be clarified in the future.

Absence of metallicity

Directly related to the just before described effect is the most striking result of the
presented measurements. Despite the gradual filling of the fLUMO, in none of the
recorded spectra a finite intensity at piex, could be observed. This implies that the K-
doped Pn films do not reach a metallic state for any doping level. All spectra rather
show a true gap of about 300 meV. This unexpected behavior will be unraveled in the
next section.

5.4.3 Towards electronic correlations

Remarkably, the occurrence of a new feature in the former HOMO-LUMO gap upon
doping, together with the absence of spectral weight at the chemical potential is charac-
teristic for a great variety of alkali metal-doped organic semiconductors investigated by
photoelectron spectroscopy [16-26]. In order to illustrate the fact of lacking metallicity
more thoroughly, valence band spectra of K,Pn on different substrates are displayed in
Fig.5.12, each for the particular case of x = 1. Under the assumption of a transfer of
the 4s-electron from potassium to the neighboring Pn molecule, in a simple band picture
x = 1 is equivalent to half filling of the fLUMO band. Thus, in this scenario K;Pn is
expected to be metallic, which is also claimed by basic DFT calculations [15, 158]. From
Fig.5.12, however, unambiguously no metallicity is observable.

Searching for an explanation, one might first think of electron-phonon interaction
playing the decisive role in this system. Note that in the case of organic thin films one
should more precisely speak of electron-molecular vibration interaction. A metallic DOS
at flexp Would be suppressed due to the energy loss of the ejected photoelectrons by the
simultaneous excitation of lattice or molecular vibrations. The renormalized spectral
function would follow an exponential decay towards the chemical potential, resulting in
a pseudo-gap [112, 170]. Such polaronic effects showing pseudo-gap behavior have been
observed, e.g., in oxides [111]. However, the recorded spectra do not only lack spectral
weight at the chemical potential, i.e., metallic behavior but they exhibit a true gap of
at least 300meV. To underline this, the onset of the fL. feature is depicted by the solid
black line in each spectrum in Fig. 5.12. A corresponding polaronic scenario thus has to
be excluded.

81



5 K,pentacene: An exemplary Mott insulator?
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Figure 5.12: Valence band spectra of Ki1Pn on various substrates in the vicinity of piexp. The
onset of each spectrum is depicted by the solid black line. Note that in the case of Bi/Si x ~ 0.8.

Based on both, the ansatz of Craciun et al. [15] and the similarity to K,picene, the
focus now shall be put on an interpretation in terms of electronic correlations. Since
the reported behavior is depending on the doping concentration, the insulating state
is expected to be reached by a (band) filling-controlled metal-to-insulator transition
(FC-MIT). Here, owing to the interplay of high on-molecule Coulomb repulsion and
narrow band width, the insulating state is defined by a Mott insulating state. To un-
derstand the underlying physics, first, the evolution of the spectral function expected
for the scenario of a (Mott) FC-MIT is sketched. It is displayed on the left-hand side of
Fig.5.13, according to Imada et al. [118].

82

e The spectral function of pristine Pn basically consists of the completely filled

HOMO [Fig.5.13 (a)]. For an ideal semiconductor the chemical potential y is
located in the middle of the HOMO-LUMO gap at T=0.

Slight doping leads to a partial filling of the former LUMO, the chemical potential
shifts and spectral weight emerges at i induced by the electrons doped into the
conduction band [panel (b)]. This is accompanied with a finite conductivity in
transport measurements.

For a doping concentration approaching half filling, electronic correlations come
into play and lead to the formation of a correlation induced incoherent band,
the lower Hubbard band (LHB), at higher binding energy. Additional to the
spectral weight of the LHB, a quasi-particle (QP) peak arises (coherent weight) at

pt [panel (c)].
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Figure 5.13: Evolution of the occupied part of the spectral function of K-intercalated Pn in a
simple Hubbard approach [panels (a-e)] and for the recorded photoemission data [panels (f-j)].
Details see text.

e For half filling, which corresponds to one additional electron per Pn molecule, the
quasiparticle peak vanishes and the complete spectral weight resides in the LHB
[panel (d)].

e Further doping beyond half filling involves the appearance of the upper Hubbard
band (UHB) and a further shift of the chemical potential [panel (e)]. Now, ad-
ditional electrons are donated into the UHB, and again conductivity should be

measurable. Note that a QP will also develop for doping concentrations slightly
larger than half filling (cf. Chap.2.2).

On the right-hand side of Fig.5.13 the evolution of the measured spectral function is
sketched for comparison.

e The situation for the pristine film is the same [panel (f)] and for slight doping also
a shift of peyp, is observable [panel (g)].

e However, no spectral weight occurs at the chemical potential at any doping level.
Instead, a new peak develops in the former energy gap [panels (g,h,i)] and in-
creases until a saturation of intensity and energy position is reached for high K
concentrations [panel (j)].
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Despite the observed discrepancies, the observations reported in this study hint at the
great importance of electronic correlations in K-intercalated Pn. For the particular case
of Nx/Np, = 1 insulating behavior is observed. Under the assumption of a transfer
of one electron per K atom to the molecules, x = 1 corresponds to exactly half filling.
Thus, K;Pn can be classified as a Mott insulator displaying a LHB in photoemission.
Assuming the chemical potential to lie in the middle of LHB and UHB the energetic
position of the new peak yields a Hubbard U of 2.2eV between the maxima of LHB and
UHB. This is in good agreement with the estimated value of U = 2eV from Ref. 26 and
the calculated U = 1.5eV from Ref. 15. Apart from Pn, similar behavior has been found
in K-doped picene with a U of 1.6eV (see Chap.4.4.2) and Alqs (U = 1.5eV) [114].
Furthermore, various other alkali metal-doped compounds such as Cyq [17], Cg4 [16, 18],
CuPc [20, 22, 25], and PTCDA [24] show the same characteristics in photoemission.
This suggests that the formation of a Mott insulator upon alkali metal-intercalation is
an ubiquitous property of many organic semiconductors due to their narrow bandwidths
and the sufficiently high on-molecule Coulomb repulsion.

The deviation from the expected trend in case of higher K concentrations (z > 1) is
easily elucidated. In Fig.5.11 a saturation of the fLUMO-HOMO intensity ratio at a
K concentration of x = 1 has been shown. As claimed before by Craciun et al. this
behavior can be interpreted as the inability of Pn molecules to accept more than one
additional electron [168, 169]. Hence, further doping is not possible. However, this
immediately poses the question what happens to the excess K atoms. Independent of
how the additional K atoms couple, photoemission of the 4 s-level is expected to be
measurable in the valence band region, but is not observable in the accessible energy
range. It is conceivable that the spectral weight of the 4 s-level gets lost in the secondary
electron background of the valence band.

In the doping regime below the transition to a Mott insulator (z < 1), the differences
between expectation and measurement can be explained as follows. For non-integer
doping concentrations the films separate into coexisting domains of either pristine Pn
or K;Pn. Hence, in photoemission a superposition of the two phases, which are both
insulating, is measured. Similar phase separation effects have been observed in K-doped
fullerenes [171] and K-doped picene [119]. However, for K-doped Pn no experimental
data are available pointing to the occurrence of phase separation. A remaining open
point is the question of metallicity in slightly doped Pn for which an increasing conduc-
tivity has been found in various transport measurements [15, 147, 150]. As the reported
conductivities are small it might result from hopping between impurities, which is not
observable in photoemission.

In summary, a model-like filling-controlled metal-to-Mott insulator transition includ-
ing the occurrence of a quasi-particle peak could not be observed. Nonetheless, the
insulating behavior at x = 1 most likely originates from electronic correlations, leading
to the formation of a lower Hubbard band measurable in photoemission. This assump-
tion is supported by a recent DFT+DMFT study, revealing a Mott insulating state for
K;Pn [121].
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Figure 5.14: Valence band survey spectrum of K,Pn for x = 0.22 and x = 1.76, respectively,
to illustrate the negligible influence of K oxidation on the electronic structure. The inset shows a
survey spectrum from XPS indicating the absence of a O 1s signal.

5.4.4 Influence of irradiation/oxygen

Recalling the discussions about K-doped picene, two effects had a non-negligible influ-
ence on the electronic structure which have been disregarded for Pn so far. These are
(1) irradiation damage and (2) the reaction of potassium with oxygen in the residual
gas of the UHV system. Remarkably, both effects do not play a role regarding K,Pn.

Concerning the former, neither crucial time effects have been observed during the
irradiation of the samples with UV light, nor did any changes in the valence band
structure occur after exposure to X-ray irradiation. Both statements are valid for pristine
as well as for K-doped Pn. On the other hand, slight changes in the C1s core level
spectrum of K,Pn upon X-ray exposure have been detected, which might be assigned
to the impact of irradiation. In Fig.5.8 (a) a small doping — and thus time — dependent
‘shoulder’ occurs between binding energies of 287 and 289 eV. This might originate from
different C1s binding energies due to, e.g., breaking of bonds or cross-linking in Pn
caused by the incident X-rays (see also Chap.6.6.2).

Regarding the influence of oxygen in the residual gas on K-doped Pn, its insignificance
is presented in Fig.5.14. Valence band survey spectra (-12 < E < piex,) are displayed
for K concentrations x = 0.22 and x = 1.76, respectively. Characteristic photoemission
features of K oxide should be detectable at about £ ~-2¢eV and -5.8eV. Though, at these
energy positions no distinct changes between a slightly K doped and a massively K doped
Pn film are observable in the line shape. Note, however, that in contrast to picene, Pn
has a smaller band gap. Owing to this smaller gap, K oxide peak A (see A.4) is located
approximately at the same position as the HOMO and thus would be superimposed by
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the stronger emission of H. However, also no indication for the occurrence of K oxide
feature B can be found in the spectra. Furthermore, no signal from any oxygen species
is detectable in XPS, as illustrated in the inset of Fig.5.14. Hence, it can be assumed
that oxygen from the residual gas does not show a significant influence on the samples
under investigation in the case of K-doped Pn.

5.5 Short summary

Concluding the chapter on pentacene and the impact of K-doping on its electronic struc-
ture, the most intriguing results will be summarized. In the framework of this thesis,
pentacene films of high structural quality have been grown on a variety of substrates.
Concerning the electronic structure of pristine pentacene films, the recorded core level
and valence band photoemission spectra are well reproducible and coincide with or even
outperform corresponding spectra from the literature. K-doping influences the electronic
structure of pentacene in three respects. For low K concentrations a shift of the entire
spectrum to higher binding energies is observable. Moreover, upon doping a new photoe-
mission feature appears in the former HOMO-LUMO gap. However, the feature does not
have metallic character, thus, K,Pn remains insulating for any K concentration. Most
likely, the shift can be explained by a lack of thermodynamic equilibrium in combination
with a K concentration gradient in the films which both gradually decrease. Origin of
the feature in the former gap is the filling of the LUMO with electrons. The concomitant
absence of metallicity is ascribed to the crucial role of electronic correlations in K,Pn
coming along with the formation of a lower Hubbard band.

A further remarkable aspect is that in pristine and K-doped pentacene neither the
incident UV and X-ray radiation nor the oxygen in the residual gas of the UHV system
have a significant impact on the electronic structure in photoemission. This is in sharp
contrast to, e.g., picene and coronene, as discussed in this thesis.
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6 A further alleged aromatic
superconductor: K, coronene

In the context of the new ‘family’ of aromatic superconductors, one more polycyclic aro-
matic hydrocarbon (PAH) attracted considerable attention in the nearest past, namely,
coronene. Next to the other PAHS picene, phenanthrene, and dibenzopentacene [7, 8, 11]
it is reported to exhibit a pronounced Meissner-Ochsenfeld effect below T, = 7K when
intercalated with potassium for 2.5 < x < 3.5 (x = K concentration) [10]. Strikingly,
here again three K atoms lay the foundation of reaching the superconducting state. Con-
sidering the electron-intramolecular-phonon coupling, already in 2002 the occurrence of
superconductivity in negatively charged coronene has been proposed [172]. Further-
more, more recent DF'T calculations reveal the formation of metallic bands for K-doped
coronene [173], which could host the superconductivity at sufficiently low temperatures.
In contrast, in photoemission K-doped coronene appears to be an insulator [85], which
is actually not surprising with regard to the photoemission properties of picene and pen-
tacene reported in this thesis. Nevertheless, it is of great interest to extensively explore
the electronic structure of coronene in the pristine state as well as upon doping. Espe-
cially the differing molecular structure makes it interesting to see which differences from
and commonalities to picene or pentacene can be identified.

The electronic structure of pristine coronene and of coronene doped with various
amounts of potassium has been investigated by means of PES in this thesis. To this
end, valence band and core level analyses have been conducted using UPS and XPS,
respectively. In order to structurally characterize the fabricated films also AFM and
XRD results will be presented.

6.1 From the parent compound to K, coronene

Depending on the point of view, the molecule coronene (Cy4H1o, abbreviated Cor in the
following) can be considered as either a ring built up of six benzene rings or a disk made
of seven benzene rings. Both representations appear in the literature [85, 173]. A single
Cor molecule is sketched in Fig. 6.1 (a). Since it is a planar, m-conjugated molecule, it
is often also classified as one of the nano-graphenes. Cor crystallizes in a monoclinic
structure (space group P2;/a) with the lattice parameters a = 16.095A, b = 4.690 A,
¢ = 10.050A, and 8 = 110.79° [174]. Similar to the previously presented materials
picene and pentacene and to most of the aromatics [88], the Cor molecules arrange
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(a)

Figure 6.1: (a) Structural formula of a single coronene (CaoHy4) molecule. (b) Unit cell structure
of pristine coronene crystals or thin films. The molecules are arranged in a herringbone manner
and the unit cell contains two inequivalent Cor molecules. Note that the H-atoms are not included.

in a herringbone manner, ending up with two inequivalent molecules in the unit cell.
Figure 6.1 (b) displays a view onto the (a, b)-plane of the Cor crystal structure. Calcula-
tions of the structure within density functional theory (DFT) are able to reproduce the
given experimental lattice parameters [10, 173]. Furthermore, the herringbone angle 6
(angle between the molecular planes of the inequivalent molecules) has been determined
from DFT to be 95° [173]. Crystallized in the way described above, Cor forms an organic
semiconductor with a transport gap of Eg,, = 3.3—3.6eV [175-177]. The corresponding
optical gap has been determined as Eop ~ 2.8¢eV [176, 177].

Concerning K-doped coronene (K,Cor), no structural data neither from experiment
nor from theory are available up to now. DFT calculations of the superconducting
phase K3Cor only propose a candidate structure for which K atoms are inserted into the
layers as well as between. Consequently, one cannot clearly separate between intra- and
interlayer insertion in the case of K,Cor.

6.2 Fabrication of pristine coronene films

As is the case for picene and pentacene, in vacuo grown thin films have been the first
choice for the present study on coronene. Especially concerning K-doped Cor, the ad-
vantages of thin films opposite to single crystals are the same as for picene and pentacene
(see Chap.4.2 or 5.2). However, very little is known about the growth and the structure
of Cor thin films exceeding the deposition of single molecules or monolayers, which in
general leads to molecules lying flat on the substrate surface [178-180]. Regarding the
growth of Cor films on NaCl(001) substrates, the formation of very small crystallites
(< 1pm) with no preferred orientation has been observed [181]. In the framework of this
thesis, natively oxidized silicon (denoted SiOz) and the 7 x 7-reconstructed (111)-surface
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of silicon (Si-7x7) have been used as substrates for the fabrication of Cor films (see
A.1 for details of substrate preparation). Deposition of Cor molecules was achieved at
room temperature by evaporation of purified Cor powder from a commercial effusion
cell (organic molecular effusion cell, OME, by MBE Komponenten GmbH). All films
were grown in a UHV environment at a pressure of 5-107% not exceeding 1 - 10~® mbar
during growth. The formation of K,Cor was realized by subsequent evaporation of K
from a commercial SAES getter source onto the films in the analysis chamber (pressure
< 5-107"%mbar). For structural film characterization an AFM operated in tapping
mode (Veeco) and XRD using CuK,, radiation (A = 1.5418 A) were employed.

Since the film growth of Cor is not well-established up to now, the films presented here
have to be considered as first attempts towards Cor thin film growth. This is manifested
in the largely undefined structure. For illustration, Fig.6.2(a) shows a 700 x 700 nm?
AFM image of the surface morphology of a Cor film on Si-7x7 with a nominal thickness
of 15 nm as obtained by QCM monitoring. In this cutout, it can be clearly seen that Cor
forms small crystallites with a size of a few hundred nm. The formation of flat islands
or the coalescence of the islands could not be observed. Instead, the islands show the
trend to grow along the substrate surface normal, leading to the creation of elevated
structures. Larger survey images could not be recorded by AFM, since even higher crys-
tallites on the surface hindered a meaningful measurement. As the molecules preferably
arrange out-of-plane, large areas on the substrate surface between the crystallites remain
uncovered. This is pointed out in Fig. 6.2 (b) showing a 350 x 350 nm? zoom into the
surface morphology image from (a), indicated by the dashed square. One can discern a
terraced shape with a step height of ~ 3 A. The step height has been deduced from the
line profile plotted in Fig. 6.2 (d), which has been recorded along the light solid line in
the AFM image in (b). This step height of 3 A perfectly coincides with the step height of
the 7 x 7-reconstructed Si(111) surface [182], thus, implying the observation of the bare
substrate surface. A further hint to the formation of large (out-of-plane) structures can
be gathered from Fig. 6.2 (e). It shows a 1.00 x 0.75 um? image recorded with an optical
microscope. The coarse graining of the deposited film is clearly observable. For compar-
ison, a 1.00 x 0.75 um? image of a picene film on silicon is displayed in Fig. 6.2 (f). Here,
the surface morphology exhibits visibly less coarse graining ascribed to the significantly
flatter islands, which coalesce upon further film growth.

However, the Cor films are not completely disordered but show at least a certain
ordering as can be deduced from the X-ray diffractogram in Fig.6.2 (c). A weak Bragg
peak can be identified at a momentum transfer of ¢, = 0.665A~! corresponding to a
lattice spacing of 9.44 A. Most likely, this represents the Bragg reflection of the Cor
crystal’s c-axis (¢ = 10.05 A) with a slightly higher tilting angle compared to the single
crystal. This implies a growth in standing mode also in the case of Cor (cf. growth
mode of picene, pentacene).

Concerning the film thickness, in the case of Cor no statement is possible, since the
effective film thicknesses could not be scrutinized by AFM. Moreover, due to the insuf-
ficient data situation no reliable information could be gained about the coverage.
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Figure 6.2: Structural characterization of Cor films. (a) 700 x 700 nm?> AFM image of a Cor film on
Si-7x 7. (b) 350 x 350 nm? zoom into (a), indicated by the dashed square. (c) X-ray diffractogram
of a Cor film on SiOy. (d) Height profile along the light solid line in (b). (e) 1.00 x 0.75 um?
optical microscope image of the surface of a Cor film. (f) Corresponding 1.00 x 0.75 ym? image of
the surface of a picene film for comparison. Details see text.
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Figure 6.3: DFT band structure of pristine Cor (solid green curves) and KsCor (black circles).
Zero energy for K3Cor is set to its Fermi level. For better comparison, the origin of energy for
pristine Cor is set for an assumed filling with three additional electrons in a rigid-band shift. For the
definition of the high symmetry points of the monoclinic lattice see Fig. 4.3 (d). Figure reprinted
from Ref. 173 with permission from R. Arita. Copyright (2013) by The American Physical Society.

In summary, the results of the structural characterization presented in this chapter
call for further improvement of the growth conditions to reach a controlled and ordered
growth of Cor films. The films under investigation basically consist of small crystallites
growing largely perpendicular to the substrate surface. Thereby, elevated structures
with abrupt height differences are formed, which make the investigations by means of
AFM highly sophisticated. Nonetheless, some ordering in c-direction as deduced from
XRD is present. Hence, despite some structural deficiencies, the films are assumed to
be adequate for a photoemission study.

6.3 General aspects of the electronic structure of
K .coronene

Apart from the largely unexplored real space structure of Cor films, also the research on
the electronic structure of these films is still in its infancy. Up to now, only a single study
is available, addressing the prediction of the electronic structure of pristine and K-doped
Cor by DFT calculations [173]. The reported band structures are plotted in Fig.6.3 in
which pristine and K-doped Cor are represented by the solid green curves and the black
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circles, respectively. For pristine Cor, the conduction band (located between -0.3 and
0.1eV) consists of four single bands originating from the doubly degenerate LUMOs of
the two inequivalent Cor molecules in the unit cell. Note that in picene, for comparison,
the conduction band only contains two bands. Zero energy has been set to a filling of the
LUMO band with three additional electrons to allow for a better comparison with the
K3Cor band structure for which £ = 0 has been set to the position of the Fermi level.
The z-axis is labelled with the high symmetry points of the monoclinic Brillouin zone
[see Fig.4.3(d)]. Two major aspects can be deduced from the calculations: (1) Upon
doping by alkali metal intercalation a non-rigid band behavior is observed. Thus, Cor
behaves very similar to picene. (2) For the particular case of K3Cor, which is reported to
be superconducting at low temperatures, the DFT calculations reveal a metallic state.
This is similar to picene as well. However, regarding picene, it turned out that the DFT
calculations were not able to describe the doped compound properly. A more detailed
look at the electronic structure of Cor will thus be given in the following.

First experiments on Cor thin films have been conducted by Roth et al. who probed
the electronic structure by means of EELS [177]. The analyzed K-doped Cor films
with a stoichiometry close to K3Cor (determined by core level excitation data) reveal a
reduction in intensity of the lowest-lying C 1s excitation features indicating that potas-
sium addition leads to a filling of the Cor conduction bands. Furthermore, they observe
changes in the electron energy loss spectrum upon doping where a new low-energy feature
is assigned to a charge carrier plasmon [177]. Thus, metallicity of K3Cor is concluded. In
contrast, Mahns et al. provide first photoemission results of K,Cor with 0 < z < 4.74,
yielding insulating behavior independent of the K concentration [85]. Based on these
preliminary results, a detailed study of the electronic structure of pristine and K-doped
Cor films from photoemission will be presented in the following sections.

6.4 Electronic structure of pristine coronene

In order to have a closer look at the electronic structure of K,Cor, suitable films have
been investigated by means of photoelectron spectroscopy within the framework of this
thesis. Core level and valence band analyses have been carried out using monochro-
matized AlK, (1486.6eV) as well as Hel (21.2eV) radiation. All measurements have
been performed at room temperature with a total energy resolution of 0.7eV and 0.1eV
for XPS and UPS, respectively. The spectra are generally plotted with respect to the
experimental chemical potential, ey, Of the spectrometer, determined by measuring the
Fermi cut-off of a sputtered gold foil.

6.4.1 The valence band region

Valence band spectra of different Cor films grown on SiO, and Si-7x7 are displayed in
Fig.6.4 (a). The general spectral shape is similar for all films containing two pronounced
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Figure 6.4: Photoemission spectra of Cor films on SiOy and Si-7x 7. (a) Valence band spectra of
different films, each containing the HOMO (H) and HOMO-1 (H-1). For spectra of Cor on Si-7x 7,
a further HOMO feature is indicated by ‘h’. The inset shows a valence band survey spectrum of
Cor on Si-7x 7. (b) Corresponding C 1s core level spectra of Cor on SiOy and Si-7X 7.

peaks which are assigned to the photoemission of the HOMO (H) and the HOMO-1 (H-1).
In the inset of Fig. 6.4, showing a valence band survey spectrum, further molecular or-
bitals can be identified. All spectra of pristine Cor films agree well with data from the
literature [85, 175]. Since the different spectra all exhibit a certain shift with respect to
the others, no exact energy positions of the molecular orbitals can be specified. Nonethe-
less, the approximate position of H is located between -2.2 and -2.9¢eV, and the energy
of H-1 varies from -3.8 to -4.5€V relative to ftex,. Beside H and H-1, a small additional
peak is observable in the spectra of Cor on Si-7x7 at approximately -1.3eV. This struc-
ture is assumed to be also ascribed to the HOMO, partially renormalized in energy. This
might be due to slightly differing structural details of films on Si-7x7 compared to Cor
on Si0,. Therefore, it is labelled ‘h’ in Fig.6.4 (a).

Different energy positions of the measured peaks relative to fiexp, can again be at-
tributed to the absence of an electronic equilibrium between substrate and Cor film,
since also in Cor the stacked molecular layers are only weakly van der Waals-coupled.
However, the noticeable difference between spectra of similar films on identical sub-
strates hints to a strong influence of the incident radiation on the samples during the
measurement. This will be addressed in detail in Chap. 6.6.2.

6.4.2 The carbon core level

Since coronene (like picene and pentacene) only consists of carbon and hydrogen atoms,
here too, the only relevant core level which is accessible by the utilized excitation energy
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6 A further alleged aromatic superconductor: K, coronene

of 1486.6¢eV, is the carbon 1s (Cls) core level. Two Cls spectra of Cor grown on
Si-7x7 and SiOg, respectively, are plotted in Fig.6.4 (b). In the upper spectrum (Cor
on Si-7x7) the peak is located at a binding energy of Fy;,q = 285.1eV, exhibiting a
FWHM of 1.1eV. It thus agrees well with corresponding core level spectra from the
literature [85, 175, 183]. On the contrary, the lower spectrum (Cor on SiOj) with C1s
located at Fying = 284.7¢V displays a pronounced shoulder between 285.5 and 287 eV.
Such unusual behavior points again to a strong impact of the X-ray radiation used for the
photoemission experiments on the samples under investigation. A more comprehensive
analysis will be presented in Chap. 6.6.2.

6.5 K-doping and its impact on the electronic
structure of coronene

Experimentally, the picture of the electronic structure of K-doped Cor is still controver-
sial. On the one hand, polycrystalline powder samples of K,Cor with 2.5 < z < 3.5 are
reported to become superconducting below T, = 7K [10]. Furthermore, DFT calcula-
tions reveal a metallic band structure which can serve as the basis for the transition to a
superconducting state at low temperatures [173]. On the other hand, thin films of K,Cor
display insulating behavior for all probed K concentrations [85]. The latter is supported
by the results gained within the framework of this thesis, as will be presented in the
following. Again, K concentrations have been determined by the aid of the potassium
and carbon core levels using the procedure described in A.3.

6.5.1 The valence band region

Regarding the valence band in an energy range of a few eV relative to peyp,, the evolution
of the spectral function of Cor films upon K doping is illustrated in Fig. 6.5. The topmost
curve represents the spectrum of a pristine Cor film, as already discussed in Chap. 6.4.1.
Here again, the HOMO and HOMO-1 are labelled H and H-1, respectively. Upon doping
the entire spectrum is shifted by approximately 1.2eV, taking H-1 as a reference. This
shift can be attributed to a change of the chemical potential due to the insertion of
additional electrons into the system. Furthermore, the impact of K doping manifests
itself in the spectra in three respects:

(1) The appearance of an additional spectral feature at -0.9eV, gaining in intensity
with increasing K concentration.

(2) A further, slightly visible, spectral feature at -2.1eV, independent of z.

(3) A change of the HOMO energy position with respect to H-1.
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Figure 6.5: Valence band photoemission spectra of a K, Cor doping series with 0 < x < 2.7. In
the spectrum of pristine Cor the HOMO and HOMO-1 are labelled H and H-1, respectively. For
doped Cor, three main peaks are observable: the relaxed HOMO (H*), an oxygen induced feature
(Ox), and the filled former LUMO (fL). The spectra are gapped for all probed K concentrations.

Beginning with (3), the initial two-peak structure of H and H-1 firstly develops to a
three-peak structure observable in the spectrum of K 4Cor. The corresponding peaks
are positioned at -3.3eV, -4.4eV, and -5.4 eV, respectively. For higher K concentrations
the separate peaks at -4.4 and -5.4 eV largely merge, whereas the peak at -3.3 eV remains
unaffected and gets more pronounced in the spectra of films with larger K amount. This
peak is assigned to the energy renormalized HOMO and thus denoted H* in Fig. 6.5. The
energy renormalization is owing to the reorientation of the molecules in the lattice upon
insertion of foreign atoms [101, 125]. (2) The second new feature appearing at -2.1eV
(labelled Ox) is ascribed to the formation of potassium oxide during the measurements
and will be addressed in detail in Chap.6.6.1. (1) Similar to picene, the most prominent
doping-induced feature in Cor is the novel peak emerging at -0.9eV, which increases
in intensity depending on the K concentration. Due to the given x-dependence, the
feature can be assigned to the photoemission of the former LUMO (denoted fL) getting
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6 A further alleged aromatic superconductor: K, coronene

progressively filled with electrons. Contrary to the predictions from theory, for none of
the analyzed compositions of K,Cor, spectral weight at fie, has been detected. This
unambiguous absence of metallicity will be discussed in the next section.

6.5.2 Importance of electronic correlations

Due to the striking similarity of the photoemission results obtained for K,Cor to the
results for K,picene and K,Pn (see Chaps.4.4.2 and 5.4.2), it seems reasonable to ex-
plain the origin of the observed insulating behavior here as well in terms of electronic
correlations. Polaronic effects are again unlikely, since the spectra exhibit a gap of at
least 200meV instead of showing an exponential decay of the spectral weight towards
the Fermi level.

On the other hand, the necessary prerequisites for the emergence of electronic cor-
relations are fulfilled in Cor. A narrow band width of ~ 0.4eV (LUMO band [173])
together with an on-site effective Coulomb repulsion of 1.3 eV [74] leads to a correlation
strength of U/W = 3.25, strongly hinting to the importance of electronic correlations
in K,Cor. In analogy to the photoemission and DEFT+DMFET results for K,picene (see
Chap. 4.4.2), Cor, too, is assumed to be a Mott insulator upon K-doping for integer z.
In this scenario, the spectral feature at -0.9eV in the photoemission spectra which was
ascribed to the gradually filled LUMO, represents the lower Hubbard band. Under the
assumption of the Fermi level lying in the middle of the Mott-Hubbard gap, one can
get an estimate of U in K,Cor. Independent of x, the maximum of the LHB is located
at -0.9eV. Thus, the Hubbard U can be estimated to be 1.8eV, agreeing well with the
prediction of 1.3 eV from theory [74].

Concerning compositions of K,Cor with non-integer K concentrations, the uniform
appearance of the photoemission spectra independent of x might be elucidated as fol-
lows. The determined doping concentration is a macroscopic quantity, averaged over
the extension of the photon spot (~ 1 mm) defined by the UV source. The thus probed
area may be composed of phase-separated domains with integer doping concentrations.
Similar phase separation behavior has been observed in, e.g., potassium doped fullerenes
or picene [119, 171]. In this manner the photoemission spectra can be understood as a
superposition of different phases with integer z (cf. also Chap.4.4.2).

6.5.3 Core level photoemission

Topping off the section about the impact of K doping on the electronic structure of Cor
films, the associated relevant core levels will be considered. Due to the composition of the
K. Cor films of solely carbon and potassium, the important core levels in the accessible
energy range are K 2p and C1s. In Fig. 6.6 the corresponding photoemission spectra (as
measured) are plotted for 0 < z < 2.7. A spectrum of pristine Cor, as described above,
is included. Doping manifests itself in a shift of the C 1s core level by 0.9-1.2 eV, which is
close to the value observed for the shift in the valence band. The position of C 1s varies
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Figure 6.6: Cls and K2p core level photoemission spectra of a K,Cor doping series with
0 <z < 2.7. The increasing K amount is reflected by the intensity gain of the K2p core level,
whereas the C'1s intensity remains largely unaffected.

between Fhinq = 286 and 286.4eV depending on the K concentration. Furthermore,
the increasing amount of K is reflected in the intensity gain of the K2p core level of
which the spin-orbit levels are located at Eiinaz/2 = 295eV and Eyping,12 = 297.7€V,
respectively. Besides the varying energy position of C 1s, two distinctive features can be
discerned from Fig.6.6: (i) For higher K concentrations the K2p core level displays a
small shoulder at the lower binding energy side. This shoulder may be assigned to the
formation of K oxide resulting from the reaction of the dopant material with molecular
oxygen in the residual gas of the UHV system. A detailed analysis of this effect will
be given in Chap.6.6.1. (ii) In the spectrum of K; gCor a shoulder is observable at the
higher binding energy side of the C 1s core level. Compared to the spectra of pristine
Cor, this may hint to radiation damage caused by the incident X-rays. The influence of
irradiation on the electronic structure of K,Cor will be discussed in Chap.6.6.2.

6.6 Extrinsic influences

As already observed in the previous sections, Cor is subject to extrinsic influences on
the electronic structure coming along with the measurement conditions. More precisely,
samples stored in UHV for a longer period show a certain reaction of the K atoms
with molecular oxygen present in the residual gas of the UHV system. Furthermore,
a considerable impact of the incident X-ray radiation on the electronic structure is
observable.
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6 A further alleged aromatic superconductor: K, coronene

6.6.1 Oxidation of potassium

From Fig. 6.5, a small additional spectral feature between H* and fL. can be identified
at an energy of -2.1eV relative to ftex,. It is assigned to the oxidation of potassium and
thus denoted ‘Ox’. This assumption will be substantiated in the following. Figure6.7 (a)
shows valence band photoemission spectra of two K, Cor films (x = 1.4 and 2) on Si-7x7.
For each film two spectra are plotted, the one recorded immediately after K deposition
and the other after a 12h storage in the UHV system. The storage in UHV results
in an intensity increase of the feature Ox accompanied by an intensity increase of a
second feature, separated from Ox by 3.7eV (both highlighted by the gray shading).
As described in detail in A.4, both features are directly related to the photoemission of
K oxide [122]. Note that the second oxide induced peak (B in Fig. A.5) overlaps with
H-1 which hampers a clear discrimination between the two contributions. However, the
considerable intensity increase cannot be caused by H-1 and can thus safely be ascribed to
the presence of K oxide. The statement is consolidated by core level analysis regarding
the O1ls and K2p core levels displayed in Fig.6.7(b) and (c). As is obvious from
Fig. 6.7 (c), the storage in UHV manifests itself in the K 2p core level by a redistribution
of spectral weight towards lower binding energies. Compared to pure potassium, the
occurrence of spectral weight at slightly lower binding energies clearly indicates the
formation of K oxide [123]. Furthermore, the presence of oxygen can be directly deduced
from the O 1s spectrum. While for the spectrum recorded immediately after K deposition
only background signal is measurable in the energy range of 536eV < Fyinq < 529€V, a
distinct O 1s peak appears for the 12h stored samples see Fig. 6.7 (b).

The described effect of the reaction of K with molecular oxygen in the residual gas on
the electronic structure is even more pronounced in Cor films on SiO5. A corresponding
valence band spectrum is represented by the lowest curve in Fig.6.7 (a). Compared to
K;.4Cor on Si-7x7 (dark blue curve), in the spectrum of K;5Cor on SiOy a stronger
contribution of Ox is clearly visible, while simultaneously fL. exhibits lower intensity.
Also from the associated O 1s spectrum in Fig.6.7 (b), a considerably larger amount
of oxygen can be deduced. Here, the contribution of the oxygen bound to potassium
appears as a shoulder of the major O 1s peak, which originates from the photoemission
of the SiO, substrate.

The electronic structure of K-doped coronene hence reacts very sensitive on the ox-
idation of the dopant atoms, manifested in the occurrence of a fully extrinsic K oxide
related structure in the valence band and a simultaneous intensity reduction of fL.. Conse-
quently, the K concentration does not give a proper statement about the fL filling, since
the assumption of the transfer of each K4s electron to the neighboring Cor molecule
is no longer valid. Note that, regarding the K 2p core level, besides the chemical shift,
the spin-orbit split peaks experience an increase in intensity relative to the intensity of
C1s. This hints to an increasing K amount at the film surface, most likely due to the
formation of a K oxide overlayer or K oxide clusters. The K atoms which have previously
diffused into the film, segregate to the surface again and get oxidized.
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Figure 6.7: Impact of K oxidation on the electronic structure of K,Cor.
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spectra of K,Cor films on Si-7x7 recorded immediately after K deposition as well as after a
12 h storage in UHV. Furthermore, a spectrum of K, Cor on SiOs is plotted (labelled separately).
(b) Corresponding O 1s (b) and K 2p as well as (c¢) C s core level spectra. Details see text.

Finally, one can identify a small shoulder on the higher binding energy side of the C 1s
core levels of the oxidized samples in Fig. 6.7 (¢). In analogy to the C 1s spectra presented
in the previous sections, this points to irradiation damage of the Cor molecules, which
will be addressed in the next section.

6.6.2 Irradiation damage

Most of the so far presented C 1s core level spectra of either pristine or K-doped Cor
films show a slight shoulder at the higher binding energy side with an arbitrarily varying
intensity. In each case, this shoulder can be attributed to irradiation damage caused by
the incident X-rays used for the XPS measurements. But not only the C1s core level
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Figure 6.8: Valence band (a) and core level photoemission spectra (b) of K, Cor for the illustration
of the impact of X-ray irradiation on the electronic structure. For the UPS as well as the XPS
spectra significant changes are observable upon the exposure to X-rays.

is affected by the incident light. The valence band spectra reveal visible changes upon
exposure to X-rays as well. In Fig.6.8(a) the changes in the valence band spectrum
are illustrated for K,Cor with x = 0 and 1.5. Note that the UV light employed for the
UPS experiments causes only marginal changes in the spectra and can be neglected for
the most part. The influence of X-rays on the electronic structure of pristine Cor, in
turn, manifests itself in a distinct shift of the entire spectrum as well as a loss of the
pronounced structuring of the HOMO levels. Concerning K-doped Cor the changes in
the spectrum are less prominent and are rather due to an enhanced oxidation of the
sample.

Turning to the C1s core level, the X-ray induced effects on the spectrum are reflected
by the redistribution of spectral weight to higher binding energies with the position
of the new ‘peak’ varying arbitrarily for different samples. Figure6.8 (b) displays C1s
spectra for a pristine Cor film, a K-doped film, and a K-doped film which has been
stored in UHV for 12h. All samples have been irradiated with X-rays for a certain
time (> 40min). Note again the chemical shift of the K 2p core level of the 12h stored
film indicating K oxidation. In order to ascertain that the X-ray radiation is in fact
responsible for the spectral changes, a time-dependent series of C 1s spectra of a pristine
Cor film is plotted in Fig.6.9. The sample has been exposed to X-rays up to 90 min.
Note that the acquisition time for each spectrum was 1min, included in the declared
exposure times. It is clearly visible that the exposure to X-rays causes the occurrence of
a shoulder, which gets broader upon further irradiation resulting in a extended plateau
ranging from Fy;,q = 286 to 288.5eV. At the same time the intensity of the initial
C1s peak is reduced by the same amount implying a redistribution of spectral weight
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Figure 6.9: C1s core level spectra of a pristine Cor film depending on the time exposed to X-ray
irradiation. The irradiation results in a extended plateau of spectral intensity at higher binding
energy side in the spectra ranging from Epp,qg = 286 to 288.5€V.

to higher binding energies. However, the cause of the differences in the spectra from
Fig.6.8 (b) and Fig.6.9 could not be elucidated. For the time-dependent series, no
strongly pronounced peak as shown in Fig. 6.8 (b) was measured.

The observed effects on both the valence band and the C1s core level are most likely
caused by chemical reactions like cross-linking or breaking of bonds occurring in the Cor
molecules. This results in a loss of the m-conjugated character and a modification of
the chemical nature of the sample [46, 47]. Concerning the C1s core level, this leads to
dramatic changes of the binding energy of a large part of the involved electrons. Although
these effects apparently are photon-induced, scattered photoelectrons and electrons from
the secondary electron background make the greatest contribution to the damaging of
the molecules [126, 127]. The additionally discernible shift in the spectra, as can be
inferred from the position of the main line, might be caused, e.g., by a change in the
work function or ionization potential or just by positive charging of the films due to the
ejection of the photoelectrons [47].

Concluding this section, it is worth stating that special care has to be taken when
conducting photoemission experiments on K,Cor. In order to be sure to probe the
intrinsic electronic structure, the exposure to X-rays should be kept as short as possible
to avoid massive beam damage. On the other hand, the investigation of the valence
band electronic structure using UV light is largely unproblematic.
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6.7 Short summary

To shortly summarize, in the chapter about Cor and its K-doped compounds it has
been shown that the growth of Cor films on the substrates Si-7x7 and SiOs is not yet
technically mature and still has to be optimized in the future. Moreover, the structural
characterization proved to be difficult, most likely due to the largely unordered growth.
Nonetheless, concerning the investigation of the electronic structure, the films seem to
be of adequate quality since the valence band and core level spectra of pristine Cor films
agree well with the literature and even exceed the quality of the reported spectra. Upon
doping with potassium, besides a shift of the entire spectrum, three major effects are
observable: (1) The gradual filling of the former LUMO with electrons, remarkably not
accompanied with the occurrence of metallicity. (2) An energy relaxation of the HOMO
due to the reorientation of the Cor molecules in the lattice. (3) The appearance of an
additional peak between the relaxed HOMO and the former LUMO, which is ascribed to
the photoemission of K oxide. The unexpected absence of metallicity can be explained
by electronic correlations playing a crucial role in K,Cor due to a high on-molecule
Coulomb repulsion compared to a very narrow band width. In this scenario the filled
LUMO represents the lower Hubbard band. Owing to phase separation effects, for all
probed K concentrations the same insulating behavior is observed.

Concerning the method of measurement itself, special care has to be taken to avoid
the reaction of K with molecular oxygen present in the residual gas of the UHV system.
Furthermore, also the use of X-rays must be handled delicately since the radiation has
a visible influence on the electronic structure of K,Cor at long-time exposure.
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The goal of this thesis was to clarify the modifications in the electronic structure of
the organic semiconductors picene, pentacene, and coronene upon intercalation with
potassium and other alkali metals in view of recent reports on superconductivity in
picene and coronene and a metal-to-Mott insulator transition in pentacene. For this
purpose, pristine and doped films of the respective molecules have been investigated by
means of photoelectron spectroscopy.

Regarding picene, films of adequate quality have been fabricated on various substrates.
The electronic properties, reflected by the photoemission spectra, turned out to be in
perfect agreement with the literature confirming the high quality of the films. Doping
with potassium manifests itself by the occurrence of four interesting effects: (i) Spectral
weight is partly observable above the chemical potential in the photoemission spectra.
Basis of this unusual behavior is the formation of a non-equilibrium situation between
substrate and film surface. By deposition of weakly van der Waals-coupled molecules, a
homogeneous chemical potential cannot be established throughout the entire film. Thus,
photoemission features measured at the sample surface must not be related to the chem-
ical potential of the reference system, i.e., the chemical potential of the spectrometer.
(ii) A doping-induced feature emerges in the HOMO-LUMO gap, which is ascribed to
the filling of the former LUMO. However, metallicity could not be observed for any com-
position of K-doped picene. Based on DFT+DMFT calculations, the insulating nature
is assigned to electronic correlations playing a crucial role in this aromatic semiconduc-
tor, particularly upon doping. (iii) A further feature appears in the gap which could be
traced back to the photoemission of potassium oxide. Potassium, used for doping, partly
gets oxidized by molecular oxygen present in the residual gas of the UHV system. Thus,
the feature is purely extrinsic. (iv) Due to the reorientation of the picene molecules
in the unit cell upon dopant atom insertion the energy of the HOMO experiences a
renormalization. This is reflected in a new photoemission feature close to the unreacted
HOMO. Besides these four major points, additional information could be deduced from
the photoemission experiments. One aspect deals with the homogeneity of the doping
concentration. While the inserted potassium atoms exhibit a concentration gradient
from the film surface to the substrate interface, laterally, the atoms appear to be homo-
geneously distributed over the film as inferred from photoemission electron microscopy.
Nevertheless, phase separation occurs in the films, but on a smaller scale not covered
by the insufficient spatial resolution of the microscope. Furthermore, the applied radi-
ation used for the photoemission experiments turned out to significantly influence the
electronic structure upon long-time exposure. Hence, a reasonable compromise between
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acquisition time and duration of irradiation has to be found.

Concerning pentacene, also films of high quality have been prepared on different sub-
strates. This was again validated by the well-pronounced structure in the photoemission
spectra agreeing well with the literature. Very similar to picene, upon doping with
various amounts of potassium all pentacene films remain insulating and display a true
gap. Based on the results for picene, the insulating behavior again is assigned to the
essential role of electronic correlations induced by the appropriate combination of on-
molecule Coulomb repulsion and narrow bandwidths in pentacene. While a Mott metal-
to-insulator transition could not be observed upon doping, as it has been proposed, the
Mott insulating nature of K;picene could be confirmed. A further important aspect was
extracted from the photoemission analysis. Since the filling of the former LUMO satu-
rates for doping concentrations larger than one K atom per molecule, it can be assumed
that pentacene is able to accept only one additional electron.

In the case of coronene the film growth still calls for improvement. Structurally no
satisfactory quality could be achieved. Nonetheless, the films yield well-shaped photoe-
mission spectra reproducing data from the literature. Despite a different structure of the
coronene molecule compared to picene and pentacene, doping with potassium has the
same impact on the electronic structure. Independent of the doping concentrations the
films are insulating. Again, this fact suggests the importance of electronic correlations
since also in coronene the correlation strength U/W is sufficiently high. Furthermore,
coronene and its doped compounds react very sensitive to the long-time exposure to
X-ray and UV irradiation. Like for picene, the use of X-rays and UV light has to be
dosed carefully to avoid beam damage. Moreover, also regarding K, coronene, potassium
easily reacts with oxygen. Reasonable measurements have to be conducted immediately
after sample preparation. Storage in UHV over a long period has to be avoided.

The main striking aspect deduced from the photoemission analysis presented in this
thesis is the uniform behavior of all samples upon doping. Alkali metal-doped films of
picene, pentacene, and coronene are insulators independent of the doping concentrations,
showing a gap in the range of 1 — 2 eV. Remarkably, this seems to be an ubiquitous
property of not only the molecules studied in this thesis, but also for a great variety of
other organic systems like phthalocyanines, PTCDA, Alqs, Cgp, and Crq. Since all the
organic materials exhibit narrow bandwidths and a high on-molecule Coulomb repulsion,
it is conceivable that electronic correlations are the driving mechanism for these systems
to be insulators.

Recalling the reported superconductivity in alkali metal-doped picene and coronene,
one important question remains open: How can the insulating nature obtained from pho-
toemission analysis be reconciled with the superconducting ground state observed in the
susceptibility and transport measurements? An important aspect might be the struc-
tural difference. Photoemission has always been conducted using thin films, whereas the
Meissner-Ochsenfeld effect has been observed in polycrystalline powder samples. Cer-
tainly, the alkali metal-doped polycyclic aromatic hydrocarbons remain a hotly discussed
topic in the near future and more clarifying work needs to be done.
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A.1 Substrate preparation

In this section, details about the substrate preparation are given. The following sub-
strates have been used for growth of picene, pentacene, and coronene thin films within the
framework of this thesis: natively oxidized silicon (denoted SiO3), the 7 x 7-reconstructed
surface of Si(111) (Si-7 x 7), the hydrogen-terminated surface of Si(001) (Si-H), thin
films of bismuth on the 7 x 7-reconstructed surface of Si(111) (Bi/Si), the TiO,-
terminated (001)- surface of strontium titanate (SrTiO3), and the Zn-terminated (0001)-
surface of zinc oxide (ZnQO).
Preparation procedures:

e SiO,: Small wafer cutouts (usually 5 x 5mm?) of natively oxidized silicon were
cleaned by applying an ex situ three-step organic cleaning procedure. The sub-
strates were kept in acetone, 2-propanol, and methanol in an ultrasonic bath for
several minutes each and were finally blown off with high purity nitrogen. Af-
terwards the substrates were immediately introduced into the UHV system on a
standard sample holder and directly used for film growth without any further in
situ treatment.

e Si-7x7: 10 x 2mm? pieces of Si(111) passed the three-step organic cleaning proce-
dure described above and were subsequently mounted on a special sample holder
with the capability of direct current heating. In UHV the samples were degased
using a direct current of ~ 0.9A (T" ~ 400°C) for 12h and finally ‘flashed” at a
current of 5.1 A (T' ~ 1200°C) for 10s to remove the remaining oxide and prepare
the 7 x 7T-reconstruction.

e Si-H: Here, the same wafer cutouts as for SiO, were used and cleaned by the three-
step organic treatment. Afterwards, the substrates were wet-chemically etched in
buffered hydrofluoric (HF) acid for 20s and subsequently rinsed in deionized water
for 3 min to remove the oxide and achieve H-termination. Then the substrates were
instantaneously brought to the UHV system and directly used for film growth.

e Bi/Si: Si-7 x 7 substrates prepared as described above served as template for thin
bismuth films. The ~ 10 nm thick films were fabricated in situ by evaporation of
high purity bismuth from a commercial effusion cell (MBE Komponenten GmbH).
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e SrTiOs: 5 x 5mm? pieces of as-purchased SrTiO; were first prepared by applying
an ex situ wet-chemical etching procedure described in Ref. 184, containing treat-
ment with buffered HF acid and deionized water as well as heating under oxygen
flow. Afterwards the substrates were loaded into the UHV system and in situ
heated to 770 K to finally remove remaining adsorbates.

e ZnO: Prior to loading to the UHV system, 5 x 5mm? pieces of ZnO were heated
ex situ at ~ 1220 K under oxygen flow. Mounted on a standard sample holder the
substrates were again heated in situ up to ~ 900 K before usage as template for
film growth.

A.2 Height distribution analysis of pristine picene
and pentacene films on various substrates

Pristine picene films

Figure A.1 displays the corresponding height distributions to the morphology images
recorded by AFM (see Chap.4.2). The average island height which was estimated from
the respective height profiles can be quantized by the height distributions. As the
distribution should exhibit a Gaussian shape, an appropriate curve adapted to the data
is added to the graphs. The average island heights are ~ 55nm for films on SiO,,
~ 30nm (on Si-7x7), ~ 50nm (on ZnO), ~ 40nm (on SrTiOj3), and ~ 15nm for films
on Bi/Si.

Pristine pentacene films

Similar to the data analysis for picene, Fig. A.2 displays the height distributions deduced
from the morphology images recorded by AFM illustrated in Chap.5.2. All height
distributions are plotted together with a conforming Gaussian shape. The resulting
average island heights are ~ 20nm for films on SiOs, ~ 15nm (on Si-H and SrTiOj),
and ~ 25nm for films on ZnO. In the height distributions of Pn films on SrTiO3 and ZnO
one can clearly observe local maxima reflecting the mono-molecular steps characteristic
for growth in standing mode.

A.3 Calibration of the K concentration via K3;Cy,

A general problem with samples of a certain unknown stoichiometry is the determination
of the actual composition. In the particular case of the K, picene powder samples of,
e.g., Mitsuhashi et al. this has been achieved by using nominal compositions given by
the weight of the constituents [7]. A different possibility, especially for the characteriza-
tion of thin films, is Rutherford backscattering spectroscopy, as used by Craciun et al.
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Figure A.1: Height distributions of picene films on (a) SiOq, (b) Si-7x7, (c) ZnO, (d) SrTiOs,
and (e) Bi/Si. Data are deduced from the morphology images recorded by means of AFM.
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Figure A.3: (a) Valence band photoemission from K3Cgy for room temperature and 93 K from
Goldoni et al. Figure reprinted from Ref. 138 with permission from A. Goldoni. Copyright (2013)
by The American Physical Society. (b) Core level spectra of different phase pure K, Cgy compounds
from Poirier et al. Figure reprinted from Ref. 120, Copyright (2013), with permission from AIP
Publishing.

for identifying the potassium amount in K,pentacene films [15]. Most groups who in-
vestigate alkali metal-doped organic samples by means of photoelectron spectroscopy
determine the stoichiometry by comparing the core level spectra of the corresponding
alkali metal and carbon. Doping with potassium provides an advantageous situation
since the relevant core levels K2p and C1s are energetically separated by only a few
eV. For similar kinetic energies, the energy dependent inelastic mean free path of the
escaping electrons does not differ much between K and C (see Chap.3.2.3). Thus,
the electrons essentially stem from the same volume of the sample allowing for better
comparability. Besides the IMFP and the analyzer transmission the most important pa-
rameters in Eq.3.17 in Chap. 3.2.4 are the photoionization cross-sections. Usually they
are obtained from Yeh and Lindau [59] who provide calculated photoionization cross-
sections for single free atoms which are, in turn, not necessarily correct for solids and
films. To achieve a better estimate of the photoionization cross-sections, one can use an
easily reproducible reference system of well-defined stoichiometry, e.g., K3Cgo. Phase-
pure K3Cgg can be fabricated following the vacuum distillation technique [120, 185]. The
phase purity can be checked by the metallic DOS in valence band photoemission since
K3Cgp is the only K-doped Cgp-phase exhibiting metallicity. Exemplarily, corresponding
valence band spectra from Goldoni et al. [138] recorded at room temperature and at
93 K as well as core level spectra from Poirier et al. [120] for different K concentrations
are shown in Fig. A.3.

The observable energy splitting of the K 2p core level of K3Cgg results from different
positions of the K atoms in the lattice. K atoms are placed in octahedral as well as
tetrahedral interstitials of the fcc-lattice of Cgo. Following the recipe from Poirier et al.,

109



A Appendix

Q
~—

O
~—

Core levels K3Cqgq Cls

—&— 80K
— 300K

intensity (arb. units)
intensity (arb. units)

LUMO K3Cgo

—& 80K

—— 300K

P S S S A S S SR N E S S S P I T S N SN N SR S S TR E ST S SR W N

-1.0 -0.5 0.0 0.5 300 295 290 285
E - lexp (V) binding energy (eV)

Figure A.4: (a) Valence band photoemission from KsCgq fabricated by the vacuum distillation
technique. Spectra are shown for room temperature and LNs cooling (80K). (b) Corresponding
core level spectra for room temperature and 80 K.

K3Cgo films have been fabricated on GaAs substrates. The resulting valence band and
core level spectra from UPS and XPS, respectively, are displayed in Fig. A.4. Both,
the valence band and the energy range containing K2p and C 1s core levels have been
recorded at room temperature and at 80 K (LNy cooling). Figure A.4 (a) clearly shows
the metallic nature of the K3Cgy films reflected by the sharp Fermi cut-off for both
temperatures. Except for the contribution of Hels ,-satellites the spectra are in perfect
agreement with the literature demonstrating the easy reproducibility of this special
Cgo-phase. Also the core level spectra in Fig. A.4 (b) are in excellent agreement with the
previously reported data.

Since the correct stoichiometry is known due to the phase pure fabrication of the
samples, it can be used to recalibrate the calculated photoionization cross-sections from
Yeh and Lindau. Using the cross-sections from Ref.59 to determine the K concen-
tration x in K,Cgy obviously results in an incorrect stoichiometry. Table A.1 contains
the determined K concentrations x for two different samples (fabricated by the vacuum
distillation technique) measured at 80 and 300 K, respectively. Furthermore, the corre-
sponding cross-section ratio (0¢1s/0Ka,)* is listed as obtained by using the calculated
cross-sections from Yeh and Lindau. In order to correctly reproduce the x = 3 phase
in the determination of the stoichiometry, the cross-section ratio has to be adjusted.
In Tab. A.1 the adjusted cross-section ratio (oc1s/0k2,)**, leading to a K concentration
of z = 3 using Eq. 3.17, is included. Note that using the calculated cross-sections from
Ref. 59 overestimates the actual K concentration by ~ 30 % as can be seen from Tab. A.1.

Besides (0¢15/0k2p), in Eq. 3.17 in Chap. 3.2.4 also the asymmetry function containing
the asymmetry parameter § has to be taken into account. Tentative changes in the
asymmetry parameter compared to the calculated values from Yeh and Lindau are not
considered separately, but are covered in (o¢1s/0k2,)**. Since the cross-section ratio

110



A.4 Photoemission of potassium oxide

Table A.1: Determined K concentration x in K,Cgy for two different samples at 80 and 300 K
using calculated cross-sections from Ref. 59. (0¢1s/0K2p): cross-section ratio of K 2p and C'1s core
levels.

* using calculated values from Ref. 59

** recalibrated cross-section ratio for obtaining x = 3

x at 80K x at 300K (UCIS/UKZp)* (0013/0K2p)**
sample 1 3.95 3.84 0.2453 0.1865
sample 2 3.93 3.80 0.2453 0.1873

has been calibrated on K3Cg it is still error-prone concerning K,picene, K, pentacene,
and K, coronene but a considerably better estimate than using the values from Ref. 59.
Thus, in the framework of this thesis, all declared K concentrations are based on the
calibration described above.

A.4 Photoemission of potassium oxide

In conjunction with the findings described in Chap. 4.4.3 some details on the photoe-
mission of potassium oxide shall be discussed here. In general, three different species
of potassium oxide can be formed by the reaction of potassium with oxygen. These are
potassium oxide (K,0), peroxide (K,05), and superoxide (KO,), involving 0%, O3~
and Oy ions, respectively [128, 186]. K5O is considerably unstable and occurs solely for
a low oxygen quantity compared to the available potassium amount. The most stable
phase is K302 which oxidizes further to KO, only for high oxygen dosing. From the
literature several studies are known which investigate the oxidation of pure potassium
films by means of photoelectron spectroscopy [122, 187-191] and thus are helpful in
identifying the feature Fy in the spectra presented in this thesis. Qiu et al. [122] present
core level and valence band spectra for K oxide films in a large range of oxygen dosing as
shown in Fig. A.5. Note that the measurements have been conducted at low temperature
(35K).

In Fig. A.5(a) the O1ls core level spectrum for the case of oxidized potassium is
highlighted by the box. Several peaks can be identified and are unambiguously assigned
to the corresponding oxygen ions in Refs. 122 and 192. The highest binding energy
feature at ~ —5b41eV is attributed to the presence of molecular oxygen Os adsorbed
on the surface of the samples under investigation. Within the energy range of —536 eV
to —526eV one can identify the emission from the different species described above.
Only present as a shoulder at ~ —535eV of the pronounced peak is the contribution
of potassium superoxide KO, superimposed by the emission from the peroxide K;O, at
—533eV contributing the most to the observed spectrum. A further distinct peak is
located at ~ —528 ¢V reflecting the existence of potassium oxide K,O. Extracted from
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Figure A.5: (a) O1s core level spectra for various oxidized alkali metals. The important case of
potassium is highlighted by the box. (b) Valence band spectra of K oxide for different amounts of
oxygen exposure. Figures reprinted from Ref. 122 with permission from M. Strongin. Copyright
(2013) by The American Physical Society.

the measurements in this thesis the binding energy of the O 1s core level lies in the
range of 531 — 532eV. This value agrees well with the one given for K;O, in Ref. 122.
Furthermore, due to the appearance of only a single peak in the entire spectrum the
presence of KO, and K50 can be excluded, since the oxygen dosing was not high enough
to generate the former one and the formation of the latter one is rather unlikely at room
temperature.

Considering the valence band spectra in Fig. A.5 (b), one can basically observe the
evolution of two features (labelled A and B) upon oxygen dosing. An unambiguous
classification of the peaks is not possible in this case. Nonetheless, the authors of Ref. 122
ascribe feature A to the formation of K;O and B to the formation of K5O, when more
oxygen is available. Note, however, that for highly oxygen dosed films feature A does
not vanish. Conclusively, a clear distinction between the two features, unambiguously
reflecting a certain oxidation state, cannot be made. Both features have their origin in
the formation of a ‘potassium oxide’. Here, the peak positions of A and B, and more
significantly the relative energy distance, coincide with Fy and the second newly evolving
feature upon oxygen exposure in the valence band data in this thesis.

Similar behavior as observed for K, picene has previously been reported for potassium
doped fullerenes (K,Cgo) in the particular case of heavily overdoped films (Kj;5Cgo)
measured under UHV conditions [190], indicating that oxidation always represents a
problem when conducting experiments containing alkali metals.
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