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ABSTRACT

The outline of this PhD thesis is concerned with the study of morphologic and
electronic characteristics of cerium dioxide (111) thin films on a ruthenium (0001)
crystal as a model system for heterogenous catalysis. The general interest in these
oxide thin films stems from its catalytic activity in several technologically important
reactions, such as the water gas shift reaction and the reduction of nitrous oxides.
The focus in this thesis is on oxygen vacancies in the O-Ce-O oxide layers, which
control the catalytic activity of the model system and are introduced by annealing
the film at highly reducing conditions. Under the same focus is the distribution of
the copper nano-particles on the surface of the oxide films.
The oxide films are grown epitaxially by physical vapor deposition with an e-beam
evaporator in an oxygen atmosphere at various temperatures on a ruthenium single
crystal and are studied by means of STM, LEED and XPS. Copper nano-particles
deposited on top of those films are also grown by physical vapor deposition with an
e-beam evaporator.
Flat crystaline films grow with a (111) oriented surface and several degrees of
reduction depending on the growth and annealing temperature as well as annealing
time and oxygen partial pressure during growth. Degrees of reduction, without copper
nano-particles present, vary roughly between 12 % and 17 %. Copper nano-particles,
synthesized on top of those oxide thin films, depending on the stoichiometry, grow
on different adsorption sites, which are surprisingly neither the oxygen vacancies nor
the step edges.
The interaction of copper nano-particles with the oxygen vacancies is mediated
by the electron affinity of copper and the localization of electrons in the oxygen
vacancies. Copper was found to avoid the oxygen vacancies and prefers to bind to
the stoichiometric surface. Even step edges, being the classical nucleation region,
are not active in copper nucleation. The reasons can be found in the electronic
structure of copper, which cannot take extra electrons from oxygen defects due to
its low electronegativity. Copper rather prefers to donate charges to Ce ions in
the film that consequently transform from Ce4+ to Ce3+. Clear evidence for this
comes from XPS investigations. During the course of this work, increased degrees
of reduction of the oxide thin films were observed when copper nano-particles were
synthesized on top of the oxide films. This can be explained with charge transfer
from copper ad-particles towards the oxide support layer and formation of Ce3+ ions.
The impact of the copper ad-particles on the degree of reduction is strong enough
to drive the highest degree of reduction from former 17 % to over 50 % in the near
surface regime. This means the amount of Ce3+ ions in the film is comparable to that
of the bixbyite stoichiometry of ceria (Ce2O3). This charge transfer is observable
with X-ray photoelectron spectroscopy and manifest itself in scanning tunneling
microscopy data as unpopulated surface defects of the oxide films.
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KURZFASSUNG

Im Rahmen dieser Doktorarbeit werden die morphologischen und elektronischen
Eigenschaften von dünnen Ceroxidschichten (CeO2) auf einem (0001) Rutheni-
umeinkristall als Modellsystem für die heterogene Katalyse untersucht. Das Interesse
and diesen dünnen Oxidschichten gründet auf ihrer katalytischen Aktivität in einer
Reihe von technologisch wichtigen Reaktionen wie der Wassergas-Shift-Reaktion oder
der Reduktion von Stickoxiden. Im Fokus stehen Sauerstofffehlstellen in der O-Ce-O
Oxidfilmstruktur, welche maßgeblich für die katalytische Aktivität des Modellsystems
sind und die Verteilung der Kupfernanopartikel auf dessen Oberfläche, welche von
den Defekten beeinflusst wird.
Die Oxidschichten werden mittels Elektronenstrahlverdampfer in einem Sauerstoff-
partialdruck bei unterschiedlichen Temperaturen auf einem Ruteniumeinkristall
epitaktisch gewachsen und mit STM, LEED sowie XPS untersucht. Auf diesen
Oxidschichten werden Kupfernanopartikel, ebenfalls mit einem Elektronenstrahlver-
dampfer, deponiert, welche abhängig von der chemischen Zusammensetzung der
Trägeroxidschicht an unterschiedlichen Adsorptionsstellen wachsen.
Es wachsen flache und kristalline Filme, welche die (111) Oberfläche exponieren
und abhängig von der Wachstums- und Heiztemperatur, sowie dem eingestelltem
Sauerstoffdruck mehr oder weniger Sauerstofffehlstellen besitzen. Der Grad der
Reduzierung der Filme liegt grob zwischen 12 % und 17 %, wenn keine Kupferpartikel
auf dem Film aufgebracht wurden. Kupferpartikel, welche auf dem Film synthetisiert
werden, wachsen überraschenderweise nicht an den Sauerstofffehlstellen oder an den
Stufenkanten, welche die klassischen Nukleationszentren darstellen.
Die Interaktion der Kupfernanopartikeln wird über die Elektronenaffinität des Kupfers
und der Elektronenlokalisierung an den Sauerstofffehlstellen gesteuert. Die relativ
kleine Elektronegativität erlaubt es dem Kupfer nicht Elektronen aufzunehmen,
welche an den Sauerstofffehlstellen lokalisiert sind. Kupfer bevorzugt es eher Elektro-
nen an die Oxidschicht abzugeben, was als Konsequenz eine Reduktion der Ce ionen
von einem Ce+4 zu einem Ce+3 Ladungszustand mit sich bringt. Ein klarer Hinweis
dafür lässt sich mittels XPS finden. Im Rahmen dieser Arbeit wurden erhöhte
Reduktionsgrade der Oxidschicht nach Synthese von Kupfernanopartikeln auf der
Trägeroxidschicht festgestellt, was im Einklang mit den experimentell beobachteten
Adsorptionsstellen der Kupfernanopartikel und einem Ladungstransfer von Kupfer-
nanopartikeln zum Oxidfilm unter Reduzierung der Ce Ionen ist. Der Einfluss ist
stark genug, um den vorher höchsten Reduktionsgrad der Filme, durch Bedeckung mit
Kupferpartikeln, von 17 % auf über 50 % zu treiben. Dieser Reduktionsgrad ergibt
eine Anzahl an Ce+3 ionen, welche vergleichbar mit der aus der Bixbyitestoichiome-
trie (Ce2O3) ist. Dieser Ladungstransfer ist durch Röntgenphotonenelektronenspek-
troskopie erkennbar und drück sich in rastertunnelmikroskopischen Messungen durch
die nicht vom Kupfer besetzten Oberflächendefekte des Oxidfilms aus.
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Eingeständigkeitserklärung 159

IX



X



List of Figures

Chapter 2

2.1 Schematic configuration of an STM setup: . . . . . . . . . . . . . . . 8
2.2 Electron waves in two different metals separated by vacuum . . . . . 9
2.3 Tunneling electrons with bias voltage applied to the tunnel junction . 10
2.4 Tunneling model as considered by Tersoff and Hamann . . . . . . . . 14
2.5 Resolution achievable by different tips wave functions . . . . . . . . . 16
2.6 Tunneling through a semiconductor . . . . . . . . . . . . . . . . . . . 17
2.7 Frequenzy doubling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.8 Changes in the tunneling current I and its derivatives . . . . . . . . . 20
2.9 Band Bending effect on the energetic position of step edge states . . . 21
2.10 Influence of specific resistance of a thin film . . . . . . . . . . . . . . 22
2.11 XPS Setup sketch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.12 Inelastic mean free path (IMFP) . . . . . . . . . . . . . . . . . . . . . 24
2.13 Workfunction differences between sample and spectrometer . . . . . . 25
2.14 Electron emission process and quantum numbers . . . . . . . . . . . . 26
2.15 Auger vs. Coster-Kronig process . . . . . . . . . . . . . . . . . . . . . 28
2.16 Sketch of a LEED setup and a LEED pattern . . . . . . . . . . . . . 29
2.17 Ewald’s sphere and constructive interference . . . . . . . . . . . . . . 31
2.18 Ewald’s sphere vs. LEED screen . . . . . . . . . . . . . . . . . . . . . 32
2.19 Real space and primitive reciprocal vectors . . . . . . . . . . . . . . . 32

Chapter 3

3.1 STM head . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.2 Tip holder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.3 Sample holder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.4 Transfer mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.5 STM chamber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.6 Preparation chamber . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.7 Manipulator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.8 Manipulator head . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.9 XPS transfer system . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.10 Sample holder for XPS measurements . . . . . . . . . . . . . . . . . . 46
3.11 Tip Forming challenges . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.12 XPS setup chamber . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.13 XPS Load locks and glove boxes . . . . . . . . . . . . . . . . . . . . . 54
3.14 XPS measurement stage . . . . . . . . . . . . . . . . . . . . . . . . . 55

XI



Chapter 4

4.1 Single layer of CeO2 exposing the (111) surface . . . . . . . . . . . . 58
4.2 Three types of step edge terminations . . . . . . . . . . . . . . . . . . 59
4.3 STM images of ceria (111) films . . . . . . . . . . . . . . . . . . . . . 60
4.4 Electronics states for type I to III step edges . . . . . . . . . . . . . . 60
4.5 LT-STM image of Ru(0001) . . . . . . . . . . . . . . . . . . . . . . . 62
4.6 Ceria islands exposing (100) as well as (111) surfaces . . . . . . . . . 63
4.7 LEED patterns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.8 Orientations of particles as found in STM and LEED . . . . . . . . . 65
4.9 STM images of ceria thin films for four growth temperatures . . . . . 67
4.10 STM image of a typical ceria film grown at 770 K . . . . . . . . . . . 68
4.11 STM image and height profile of inter atomic distances . . . . . . . . 68
4.12 Measurements of ceria film step heights . . . . . . . . . . . . . . . . . 69
4.13 STM images of the ruthenium substrate . . . . . . . . . . . . . . . . 70
4.14 STM image of a film grown at 880 K . . . . . . . . . . . . . . . . . . 71
4.15 STM images of an intermediately annealed film . . . . . . . . . . . . 72
4.16 Step edges recorded with 4.5 V and 5 V . . . . . . . . . . . . . . . . . 73
4.17 STM measurements of a typical film growth at 1080 K . . . . . . . . . 74
4.18 Films prepared at 800 K to 1100 K . . . . . . . . . . . . . . . . . . . . 75
4.19 Band gap differs for different preparation temperatures . . . . . . . . 76
4.20 Defects on the (111) surface of cerium dioxide . . . . . . . . . . . . . 79
4.21 Formation energies for oxygen vacancy clusters . . . . . . . . . . . . . 80
4.22 Scans with negative bias . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.23 Subsequent degradation of the surface at constant negative bias . . . 82
4.24 Defects in STM recordings of the Ceria(111) surface . . . . . . . . . . 84
4.25 Defects as found in STM measurements at positive bias . . . . . . . . 86
4.26 Closer inspection of single defects and a defect cluster at positive bias 87
4.27 Camber orientation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.28 Defect accumulation leads to step edge formation . . . . . . . . . . . 90
4.29 Scanning tunneling spectroscopy on a film which was post annealed

without oxygen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
4.30 Band bending in STM . . . . . . . . . . . . . . . . . . . . . . . . . . 93
4.31 Shift of the band gap due to surface defects and doping . . . . . . . . 94
4.32 Ceria film grown at 1120 K . . . . . . . . . . . . . . . . . . . . . . . . 97
4.33 Reduction over time for films of 2 ML and 10 ML thickness . . . . . . 98
4.34 Ru3d peaks show no signs of superimposed C1s signals . . . . . . . . 99
4.35 O1s peaks for three different preparations . . . . . . . . . . . . . . . 100
4.36 Ceria film grown at 1120 K, supplied with oxygen . . . . . . . . . . . 101
4.37 Ce3d XPS for a film grown at 1120 K . . . . . . . . . . . . . . . . . . 104
4.38 Degrees of reduction versus detection angle . . . . . . . . . . . . . . . 105
4.39 Pressure over time during reduction of cerium films . . . . . . . . . . 106
4.40 Degrees of reduction depending on temperature and oxygen treatment

of the sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
4.41 Copper ad-atom on a stoichiometric CeO2 films . . . . . . . . . . . . 111
4.42 Cu ad-atom on reduced CeO2−x(111) films . . . . . . . . . . . . . . . 111
4.43 Copper ad-particles and their nucleation sites on CeO2 and CeO2−x . 112
4.44 Copper ad-atoms and nanoparticles on a ceria film . . . . . . . . . . . 113

XII



4.45 Cluster density depends on the preparation temperature . . . . . . . 115
4.46 Cluster and defect density for films prepared between 880 K and 1080 K116
4.47 Mobility of Cu ad-atoms on ceria films . . . . . . . . . . . . . . . . . 119
4.48 Particle height varies with bias voltage and thickness of the film -

defects may appear as protrusions . . . . . . . . . . . . . . . . . . . . 121
4.49 Particle height vs. film thickness vs. bias voltage . . . . . . . . . . . 122
4.50 and bending explains the increase and decrease of the apparent particle

height versus tunneling bias . . . . . . . . . . . . . . . . . . . . . . . 123
4.51 Band bending calculation . . . . . . . . . . . . . . . . . . . . . . . . 125
4.52 Cu2p x-ray photo-electron spectra . . . . . . . . . . . . . . . . . . . . 127
4.53 Auger spectrum for Cu, Cu2 and CuO . . . . . . . . . . . . . . . . . 128
4.54 STM images of four different copper coverages . . . . . . . . . . . . . 129
4.55 Different amounts of copper deposited on ceria films grown under

equal conditions in XPS . . . . . . . . . . . . . . . . . . . . . . . . . 130
4.56 Influence of the amount of Cu deposited on top of the film on the

degree of reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
4.57 Cu2p 3

2
and Cu2p 1

2
XPS peaks . . . . . . . . . . . . . . . . . . . . . . 132

4.58 Auger spectra for copper ad-particles . . . . . . . . . . . . . . . . . . 133
4.59 Wagner plots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
4.60 O1s peaks for various amounts of copper deposited on ceria islands . 136

XIII



XIV



List of Tables

Chapter 4

4.1 Summary of ruthenium 3d peaks found in XPS . . . . . . . . . . . . 98
4.2 Summary of cerium 3d peaks for a film grown at 850 K . . . . . . . . 103
4.3 Copper cluster density . . . . . . . . . . . . . . . . . . . . . . . . . . 115
4.4 Adsorption energies for copper on ceria(111) films . . . . . . . . . . . 117
4.5 Band bending vs. film thickness . . . . . . . . . . . . . . . . . . . . . 125
4.6 Cluster size effect on XPS and Auger spectra . . . . . . . . . . . . . . 134
4.7 O1s binding energies . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

XV



XVI



LIST OF ABBREVIATIONS

AFM Atomic Force Mmicroscope
AMU Atomic Mass Units

BNC Bayonet Neil-Concelman connector

CB Conduction Band
CCD Charge Coupled Device
CF ConFlat

DFT Density Functional Theory

HV High Voltage

IMFP Inelastic Mean Free Path

KF KleinFlansch

LDOS Local Density Of States
LEED Low Energy Electron Diffraction
LHe Liquid Helium
LIA Lock In Amplifier
LN2 Liquid Nitrogen
LT-STM Low Temperature Scanning Tunneling

Microscope

ML Mono Layer

NIST National Institute for Science and Technology

SSV Sub Surface Vacancy
STM Scanning Tunneling Microscope
STS Scanning Tunneling Spectroscopy
SV Surface Vacancy

TDS Thermal Desorption Spectroscopy



UHV Ultra High Vacuum
UPS Ultraviolet Photon Spectroscopy

VB Valence Band

WGS Water Gas Shift Reaction

XPS X-ray Photon Spectroscopy

XVIII



1. INTRODUCTION

Cerium dioxide (CeO2, ceria) has been in the focus of researchers for several decades

and for various reasons now. Applications range from information technologies (gate

oxide in transistors [5]) and medicine towards catalysis and beyond. Naturally those

fields are composed of several subfields, which often overlap. The importance of

ceria in catalysts for combustion exhaust cleaning becomes evident, when faced

with the fact, that 80% of the worlds energy is provided by combustion of gasoline,

hydrocarbon fuels, coal, wood and natural gases. Germany (81.5%[6]), France

(7.4%[7]), America (66.6%[8]), China (≈ 95%[9]), Russia (87% [10]) and Japan

(92%[11]) produce on average most of their electric energy by combustion. Since

the energy demand does not seem to drop drastically in the near future, combined

with the slow growth of renewable energy sources and their daily fluctuations, energy

“production” based on fossil fuels, gas and the likes will not be superfluous any time

soon and along with those methods of energy “production”, catalysts will be in use

to clean the exhaust gases.

Also heavily researched are ceria membranes for fuel cells, which allow an oxygen

transport, to supply oxygen for the reaction (H2 + O → H2O). Which faced with

the world hunger for energy storages is an equally huge research topic. The other

catalytic reactions where ceria is of importance are presented in more details below.

1.1 Ceria in General

Cerium dioxide grows in a fluorite structure (Fm3̄m). Low index cuts routinely

inspected involve the (111), (110) and (100) surface plane. All planes have a different

thermodynamic stability, and therefore reduction and oxidation (redox) happen

at different pressures and temperatures. The redox properties of ceria drive the

chemistry in catalysis, however, improvements can be achieved by incorporating

metals or metal oxides to the mix. Ceria films are often grown on metal substrates,

nano-particles or are the support itself. Prominent metal substrates, ad-particles

and doping agents are gold[12][13][14][15], silver[16][17][18], copper[19][20][21][22][23],

rhodium[24] and ruthenium[25][26][27] as well as platinum and palladium[28] and



many others[29]. Also other oxides can be used as a support for ceria or being

supported by ceria. The oxygen storage capacity renders it useful as a catalyst in a

large variety of reactions [30] [31] [32].

The mechanism for increasing and decreasing the oxygen storage capacities are an

ongoing discussion.

The clustering of vacancies which is essential for many reactions, is energetically

hindered, however, presence of adsorbates on the film can lower the energetic barriers

and clustering becomes energetically favored [33][34][35][36][37]. On the (111) surface

investigated in this thesis, vacancies accumulate near the film surface, favoring the

surface or the second oxygen layer, still inside the first O-Ce-O trilayer. Investigations

of the reactivity of ceria therefore have to involve vacancy formation and their

formation energies, metal ad-particle adsorption sites and adsorption energies as

well as electron localization. The band gap of bulk ceria also makes it a possible

insulator or with the right doping agent a part of a pn-junction in semiconductor

technology [5][38]. In information technology, shrinking of the electronics becomes

harder and harder, when due to the small dimensions leakage currents become a

problem. Ceria is a high-k material with a large resistance, which allows the use of

smaller films without increased leakage currents compared to other materials. Other

applications are gas sensors [39][40]. Due to is redox properties ceria nano-particles

are also applied as treatment for oxidative- and nitrosative-stress induced diseases

in medicine. However, the list of fields where ceria in any form or shape is of use

is long and tiresome. The focus here is on catalysis since film growth and cluster

deposition was done with catalysis in mind.

1.2 Catalysis

Catalysis can be broken down into several major parts, which are heavily researched

on. Automotive catalysts became very important in the effort to fight global warming

by changing the concentration of pollutants in the exhaust stream and therefore

changing the impact of the exhaust gas emission on our atmosphere. The water gas

shift (WGS) reaction could be an important hydrogen source for fuel cells. Most

important for catalysis are the reduction and oxidation (redox) properties of ceria

which are outstanding compared to most other metal oxide compounds. The shift

from 2CeO2 to Ce2O3 allows for a release of 25% of its oxygen under reducing

conditions and a reversal of the oxygen loss under oxidizing conditions with minimal

destruction of the material. This reaction (Ce4++e→ Ce3+ and O2− → 1/2O2+2e−)

is important in all following chapters, since it is the key mechanism which controls

what adsorbates react where on the film.
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1.2.1 Automotive Catalysts

In automotive catalysts the main pollutants are carbon monoxide, hydrocarbons and

nitrogen oxide compounds (NOx). Researchers try to pursue a path to better and

better catalysts, able to fully oxidize all carbon monoxide from the exhaust stream

to CO2 and at the same time reduce NOx with a high N2 preference and oxidize

all hydrocarbons to H2O [41][42]. Ceria serves as oxygen buffer for the oxidation of

carbon monoxides where the reduction of the ceria film drives the oxidation of carbon

monoxide to carbon dioxide. However, experiments [43] and theoretical [44] works

showed a surface selectivity for CO, which does not adsorb on the stoichiometric

CeO2(111) surface, which hinders the oxidation. This reaction can be accelerated by

the presence of a variety of metals, as clusters on a cerium substrate, as a substrate

for cerium or cerium doped with metals. Doping with various metals also enhances

the oxygen storage capacity and the ease with which oxygen atoms can be removed

and therefore accelerate chemical reactions. For CO oxidation, metal ad-particles

come into play and provide adsorption sites for the CO molecule. A Carbon monoxide

molecule reacts with one of the ceria surface oxygen atoms after adsorption on the

metal nano-particle (2CeO2 + CO → CO2 + Ce2O3) and reduces the film, leaving

oxygen vacancies. Molecules such as NOx and hydrocarbons decompose during a

reaction with those oxygen vacancies.

1.2.2 Water Gas Shift Reaction

The water gas shift reaction (WGS) is a exergonic reaction, which has been studied

for hundred years, and yet the reaction mechanism remains under debate [45]. Out

of the two main mechanism proposed, an associative and a redox mechanism, the

redox mechanism for WGS is commonly accepted for high temperature shift catalysts,

while the associative mechanism may be valid for low temperature shift catalysis.

The redox mechanism involves a regenerative change in the catalyst, where ceria

comes into action. Ceria is also known as a promoter in cracking of heavy oils on

zeolites and for the synthesis of alcohols from CO and H2O mixtures. The latter

needs the water gas shift reaction [30][46].

Normally, on metal catalysts, for the redox mechanism, H2O is activated by removing

the hydrogen step by step. The first step breaks H2O down into OH+H. The OH

molecule may or may not directly oxidize co-adsorbed CO to form CO2H followed by

a disproportionation of hydrogen to form H2+CO2 with other hydrogen atoms that

underwent the same pathway. Alternatively the first OH molecule may break down
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into separate oxygen and hydrogen atoms. The oxygen then directly oxidizes CO

to CO2. The point here is, that compared to the associative mechanism that forms

COxHy intermediates which step by step form and break down again until CO2 and

H2 are formed, the redox process uses adsorbed oxygen in its reaction chain.

The important of materials with redox properties is evident, when the catalysts is

easier to reduce then the water, or simply has more oxygen atoms available, increasing

the incidences per time interval a CO molecule has an oxygen atom available for

oxidation. This is where ceria and its redox properties come into play. Several

pathways allow ceria to give and take oxygen atoms, while forming and closing

vacancies in the surface of a film e.g. the uptake of water on reduces ceria and release

of H2(Ce2O3 + H2O → CeO2 + H2).

1.3 Outline of This Work

Since the redox properties and the oxygen storage capacity of CeO2 are directly

related to microscopic phenomena, such as oxygen vacancy formation and distribution

or the adsorption sited of metallic ad-particles and the reaction to dopants which

substitute for a Ce atom, a microscopy study is needed to understand the basic

reaction mechanisms. An enhancement of the oxygen storage capacity and reactivity

due to doping and charge transfer from microscopic ad-particles also makes a chemical

analysis important. These points can be covered with STM and XPS on our self

made model systems.

Therefore the focus of this work will be on the growth of ceria thin film model

systems on ruthenium and its interaction with copper ad-particles. Starting with a

growth study, followed by a defect analysis with and without copper present on the

ceria surface by scanning tunneling microscopy (STM), low energy electron deflection

(LEED) and x-ray photo-electron spectroscopy (XPS) measurements. Films were

grown under different conditions to create various oxidation states of the ceria thin

films with and without copper ad-particles. During reactive co-deposition of cerium

and oxygen on a preheated ruthenium (0001) substrate thin films grew with different

morphologies and reduction states depending on the substrate temperature and

annealing times. Due to the hexagonal substrate surface, the films are forced to

expose the (111) surface which is for ceria also hexagonal.

LEED is a very fast applicable method and gives first information about the film

morphology, epitaxy and the surface plane. And most important, LEED averages

over a larger area of the model system, in contrast to STM.

We employed STM to investigate the films, because of its high spatial resolution,

allowing atomically precise measurements in real space to find the adsorption sites
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of copper ad-particles. Defects found with STM were different from those reported

earlier by others. Adsorption sites for copper ad-particles found to be different

compared to other nobel metal ad-particles previously deposited on ceria, such as

gold and silver nano-particles mentioned above. Copper binds to the defect free

surface instead of step edges and oxygen vacancies for other noble metals. The

ad-particle density can be steered by controlling the reduction state of the cerium

dioxide film, implying an indirectly defect mediated growth of the ad-particles. In

order to explain the binding sites x-ray photo electron spectroscopy (XPS) was used,

to determine the charge state of ceria and copper. Since copper is less electronegative

than gold and silver, it does not take up a negative charge at defects, but rather sits

at the stoichiometric ceria (111) surface and reduces cerium form +4 to +3 oxidation

state by donating an electron.

1.3.1 Structure of This Thesis

In the following chapters, a discussion of the general working principle of the

STM (section 2.1), detailing the origins of the tunneling effect and its application

will be given. The high spatial resolution of the STM is a consequence of the

exponential decay of the tunneling effect and the wave functions of sample and probe.

Measurements do not directly show atoms, but the local density of states (LDOS).

With XPS, electrons around an atom core can be extracted with high energy photons.

The energy of the electrons after emission depends on the atom itself and the chemical

environment. Further explanations can be found in section 2.2.

The working principle of LEED, interference of the electron matter waves on a

flourescent screen, reflected from the sample is explained in more detail in section

2.3.

The experimental setup of the STM and the XPS machine will be given in section

3.1 and 3.2. A brief overview of the problems with the newly purchased STM setup

will be given too.

The results of my measurements will be presented in chapter 4. First a growth study

of the cerium on the ruthenium substrate at different temperatures will be given.

The films will be treated differently after growth to steer defect densities. Those

defects will be investigated by STM and afterwards by XPS, to gain insight into

the reduction state. Knowing the reduction state and morphology of the film, an

investigation into the adsorption sites of copper ad-particles will show that defects

repel copper ad-particles and XPS will subsequently shows that ceria is more reduced

when copper ad-particles are present.
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2. EXPERIMENTAL METHODS

Louis de Broglie presented his dissertation “Recherches sur la théorie des Quanta”[47]

in 1925 in which he assumed, that not only light, as Einstein explained the photo

effect[48], but particles of any kind can behave like a wave and a particle, as was later

experimentally confirmed by Davisson and Germer[49]. Those particle waves (Ψ) are

also called probability density waves and their squared amplitude gives the probability

of finding the particle at a given spot. My main tool for the investigation of ceria

films, the scanning tunneling microscope (STM), makes use of this particle-wave

dualism as the wave-like nature of electrons gives rise to the tunneling effect on which

the measurements rely. X-ray photon spectroscopy (XPS) is related to the above

mentioned photo effect, while low energy electron diffraction (LEED) utilizes the

wave-like behavior of electrons again. In the following sections the working principles

of STM (section 2.1), XPS (section 2.2) and LEED (section 2.3) will be explained.

2.1 Scanning Tunneling Microscope

The STM was invented by Gerd Binnig and Heinrich Rohrer in 1981[50][51][52] in

the IBM-Research labs in Zurich and was awarded with the Nobel Price in physics in

1986. The importance of this tool for surface science lies in the high spatial resolution.

Conventional light microscopes are limited in resolution due to the wave nature of

light and the resulting diffraction by any object under investigation. Ernst Abbe[53]

calculated the minimal size of a particle to be resolved as d = λ
2n sinα

, which for most

optical microscopes lies in the ranges of several hundred nanometers. This limit does

not apply to a STM. In STM the resolution is limited by the mechanical stability,

the electrical noise and the involved atomic configurations of tip and sample. The

following sections present a brief overview of the working principle of the STM and

an intuitive as well as a more detailed approach to the tunneling current.



2.1.1 General Working Principle of an STM and First Approach to the Tunneling

Current

In order to record a topographic image with atomic resolution of a conducting surface,

an atomically sharp tip is scanned laterally in parallel lines over the surface as can

be seen in figure 2.1. During such a scan, the tunneling current between the tip and

the surface will be fed into a feedback system, which controls the vertical position of

the tip, to keep the current constant. These small changes in the lateral and vertical

position of the tip relative to the sample are realized by piezoelectric ceramics which

are directly driven by the high voltage amplifier. A computer records and stores all

sets of voltages applied to those piezoelectric ceramics, needed to keep a constant

current, resulting in a graph, in which the height of the tip is displayed for every

lateral position, thus yielding a topographical image. The described measurement is

called constant current mode. The second important modus is the constant height

mode. Here the feedback of the control system which typically maintains a constant

tunneling current is not active. The tip remains at a constant vertical position

and tunnel-current changes are recorded for every lateral position yielding another

graph that connects vertical and lateral dimensions of the sample. To explain the
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Fig. 2.1: Schematic configuration of an STM setup: An atomically
sharp tip, is scanned over the sample surface and a tran-
simpedance amplifier passes a signal proportional to the
tunneling current to the PID controller. The high voltage
amplifier controls the position of the tip over the sample. Mea-
surement of the voltages and the tunnel current are stored in
the PC to render a surface plot.

tunnel effect, on which the measurements rely, one could imagine two metal plates

as represented in figure 2.2 a). In both metal plates electrons with an energy above
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the Fermi energy Ef can move freely and as mentioned above can be described as

particle waves Ψ(x, t) = A expi
~k~x carrying the momentum ~p = ~~k where ~ is Plancks

constant, ~k = 2π
λ

the wave vector and A the amplitude. The vacuum level is too high

to let an electron escape from the metal surfaces towards the vacuum in order to

classically propagate to the other metal plate.

E

x

E

Metal Metal

Vacuum

f

Bloch wave Bloch wave

a)

b)

x

E

Metal Metal

Vacuum

f

Bloch wave Bloch wave

E

E
f

Fig. 2.2: Sketch of electron waves in two different metal plates at two
different separation distances. The Fermi energy Ef is the
same for both metal plates. The separation distance changes
from the top (a) to the bottom (b) from several nm to a few
Å to allow electrons to tunnel through the vacuum barrier.
Note that the electrons are shifted upwards, away from the
Fermi energy, purely for better visibility.

As long as both metal plates are separated far enough (Fig.2.2 a)), i.e. several

nanometers, the spatial decay of the wave function is too fast to allow an electron

to reach the other metal plate. Therefore there is no overlap in the wave functions

and tunneling is not allowed. The energy of the electrons was too low to overcome

the energetic barrier to the vacuum. Approaching the metal plates so that they

are separated by only a few angstroms (fig.2.2b)), the wave functions overlap and

an exchange of electrons is allowed by the tunneling effect, which is forbidden in a

classical scheme. Without electrical bias, the tunneling currents from the left to the

right metal plate and vice versa are equally strong.

Since there are a lot of parameters at work, an exact calculation of the tunneling
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current proves to be difficult. However, one can use approximations which are good

enough to explain the tunneling current in perfect agreement with the experimental

findings. In a first approach the potential barrier separating the electrons in the left

and right metal plates can be assumed to be rectangular and the whole situation to

be one-dimensional, so that the potential barrier V (x) looks as follows:

V (x) = V0 for x ∈ [0, d] (2.1)

V (x) = 0 for x /∈ [0, d] (2.2)

Adding the work function of the different metals, used as tip and sample, as well as an

electrical bias between those two to generate two different Fermi energies will modify

the sketch from figure 2.2 into the one shown in figure 2.3. This approximation of

x

E
ne

rg
y

e-

Tip SampleVacuum

T

S

Evac
E

E

F
T

F
S

0 d

x

W
av

e 
fu

nc
ti

on

d0

Fig. 2.3: Tunneling of electrons between a metal tip and metal sample
with a tunneling bias and different work functions and Fermi
energies for both sides. Top: electrons tunnel from occupied
states in the tip to unoccupied states in the sample. Bottom:
Wave functions for the electrons before and after the tunneling
barrier.

the situation for a tip and a sample in tunneling contact can be solved with the

stationary Schrödinger equation ([54] and [55] for reference):

−
[
~2

2m

δ2

δx2
+ V (x)

]
Ψ (x) = E (x) Ψ (x) (2.3)
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with the solutions

Ψ1 (x) = A1e
iKx + A

′

1e
−iKx K =

√
2mE

~2
for x ≤ 0 (2.4)

Ψ2 (x) = A2e
kx + A

′

2e
−kx k =

√
2m (V0 − E))

~2
for x ∈ [0, d] (2.5)

Ψ3 (x) = A3e
iKx + A

′

3e
−iKx K =

√
2mE

~2
for x ≥ d (2.6)

The solutions Ψ (x) (eigenfunctions) of Schrödingers equation have to be, by nature

of differential equation, continuously differentiable at every point on the x-axis. This

is also true for x = 0 and x = d. The + and the − signs in the exponential terms

indicate that the waves can move in opposite directions. A physical explanation

for this mathematical peculiarity is a reflection of the wave at the barrier, much

like a swinging guitar string. However, a guitarstring experiences dampening and

total reflection at the ends. If A
′
3 = 0 (particle comes from the negative infinity),

evaluation of A2 and A
′
2 followed by an evaluation of A1 and A3 is done by solving

the equations for the positions x = 0 and x = d.

Ψ2 (x = d) = Ψ3 (x = d) (2.7)

Ψ2 (x = d)
′

= Ψ3 (x = d)
′

(2.8)

Ψ1 (x = 0) = Ψ2 (x = 0) (2.9)

Ψ1 (x = 0)
′

= Ψ2 (x = 0)
′

(2.10)

(2.11)

Calculation of the transmission coefficient T is done by dividing the transmitted and

the incident amplitudes, again using [54] and [55] as reference.

T =
Itrans
Iinc

=
4K2k2

4K2k2 + (K2 − k2)2 sin2 (kd)
. (2.12)

In the case of broad barriers (kd� 1) this can be approximated as:

T ≈ 16K2k2

(K2 + k2)2 e
−2kd =

16E (V0 − E)

V 2
0

e−2kd. (2.13)

Simple pictures like this already give an intuitive understanding for the tunnel effect.

In an STM experiment the energy E corresponds to the applied bias voltage between

tip and sample and the distance d between the two, results in an exponential decay

of the transmission probability T because of the e−2kd term and a strong dependence

of the effective difference in barrier height V0 and applied bias E=eU. Typical

tunneling distances are in the Å scale, while bias ranges from −10 V to 10 V at most
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in STM applications. With the distance d on angstrom length scales, it follows, that

a variation of d of a few angstroms changes the tunneling current by an order of

magnitude, standing behind the high resolution of STM.

2.1.2 Detailed Theory of the Tunneling Currents and the Origin of the Atomic

Resolution in STM

Simple models like the one above are good enough for an intuitive approach but do

not explain the origin of the atomic resolution obtained by STM satisfyingly. Such

an explanation has to involve the electron configurations of the tip and the sample

material, since they are not infinitely flat surfaces but made up of atoms and therefore

have a local density of states (LDOS) which is involved in electron tunneling. A

STM therefore does not measure topography directly, it measures a tunneling current

which in turn depends on the LDOS and any measurement will display a map of

the LDOS. For any given measurement at a specific bias, atomic core positions and

maximum in the LDOS do not have to be at the same spatial position. In order

to interpret a STM measurement, one often needs the aid of theory. A few more

steps will explain tunneling through a more realistic tunneling barrier and how the

electron configuration of tip and sample determines the achievable resolution for a

given tip-sample combination when all mechanical as well as electronic disturbances

are neglected.

Fermis golden rule states that a system in initial eigenstates |i〉 of Hamiltonian H0

perturbed by a time independent Hamiltonian H
′

can develop into final states |f〉.
If the perturbation Hamiltonian H

′
is time dependent, and has an angular frequency

ω, the energy difference between initial and final states differs by ~ω. For now the

Hamiltonian is time independent therefore the transition rate T is given as:

Ti↔f =
2π

~
| 〈f |H ′|i〉 |2ρ (2.14)

where ρ is the density of final states |f〉. The problem now is to derive the matrix

element | 〈f |H ′ |i〉 |2 which can be quite difficult without the knowledge of the full

Hamiltonian and the full set of wave functions. Bardeen introduced an approach

to this problem in 1961[56]. The approach separates the full Hamiltonian into two

Hamiltonians for each side of the system, meaning the tip and the sample or |i〉 and
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|f〉. A complete transfer Hamiltonian looks like:

H
′

= HT +HS +HTr (2.15)

HT =
−~2

2m
∇2 + VT (~r) ~r ∈ RT (2.16)

HS =
−~2

2m
∇2 + VS (~r) ~r ∈ RS (2.17)

HTr = unknown coupling Hamiltonian.

This is unsatisfying since the matrix element M = | 〈f |H ′|i〉 | cannot be solved

because the Hamiltonian HL and HR for the left and the right side is given but

not the coupling Hamiltonian HTr. To solve this problem Bardeen proposed a

Hamiltonian without the transfer part HTr. Bardeens new Hamiltonian HB is given

as:

HB =

{
HT , ~r ∈ RT

HS, ~r ∈ RS

. (2.18)

This approximation is reliable as long as the two sides are separated far enough. The

exponential decay of the wave functions Ψ (~r)T,S for the two sides (figure 2.2b) then

overlap weakly and therefore only a weak perturbation is present. This simplifies

Fermis golden rule because the transfer matrix element MT,S can be written as:

MT,S =
~2

2m

∫
ST,S

[ΨT (~r)∇ΨS (~r)∗ −ΨS (~r)∗∇ΨT (~r)] dS. (2.19)

Where ST,S is the separating surface area of the tip-sample system. Knowledge of

the complete Hamiltonian and its wave functions is not required and the problem

simplifies to the wave functions (similar to equation 2.6) of the initial and final

state. Reinserting this tunnel matrix element M into Fermis golden rule, considering

that tunneling only happens when the energy in the initial tip state ET equals the

energy of the final sample state ES, will reduce the integral to a simple sum and the

tunneling current It becomes:

It =
2πe

~
∑
T,S

f (ET ) [1− f (ES + eV )] |MT,S|2δ (ET − ES). (2.20)

At very low temperatures (0 K), the Fermi functions become very sharp and resembles

an edge, where below the Fermi energy all states are occupied and above all states

are empty. At small bias voltage V in the range of a few mV , the tunneling current
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simplifies to:

I =
2π

~
e2V

∑
T,S

|MT,S|2δ (Es − EF ) δ (ET − EF ) (2.21)

The problem here is that tip shapes is hidden in the wave function Ψt. Those wave

functions are typically complex or simply unknown.

The next step is based on the Tersoff-Hamann theory ([57][58]) of tunneling and

takes into consideration, that the tip-sample system is not given by two flat separated

surfaces, but rather by a tip in a distance d from the sample with a radius R as seen

in figure 2.4 in analogy to [57] and [58]. In order to solve the matrix tunnel element

we now assume a tiny tip diameter so that the tip can be described as a single atom

with a s-orbital.

Tip

Sample

d

r0
R

Fig. 2.4: Tunneling model as considered by Tersoff and Hamann. The
tip is in a distance d above the sample. The diameter of the
tip is 2R with r0 the center of the tips curvature.

Tersoff and Hamann choose the wave functions needed to solve the tunneling matrix

element MT,S as follows:

The wave function for the sample is:

ΨS = Ω
−1/2
S

∑
G

aG exp

[
−
(
k2 + | ~k|| + ~G|2

)1/2

z

]
exp

[
i
(
~k|| + ~G

)
~x
]
, (2.22)

where ΩS is the sample volume, k =
√

2mΦ
~ the inverse decay length of the wave

functions in vacuum, Ψ the wave function, ~k|| the surface Bloch vector for the state

and ~G the reciprocal lattice vector. This is a very general form of a wave function

reasonable for the limit of negligible potential. The amplitude of the wave function

Ψ depends on the distance to its origin, similar to an s-orbital. The sum over G

represents the contribution at a certain position over the sample. The surface wave

function is therefore the sum of many wave functions with different origins.
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The approach for the tip wave is a single function, given as:

ΨT = Ω
−1/2
T CTkR

ekR

k|~r − ~r0|
e−k|~r−~r0|, (2.23)

where ΩT is the tip volume, k the same as above, R the radius of the tip and the work

function ΦT equal to the work function ΦS of the sample and CT the normalization

parameter and R� k−1. The wave function ΨT decays s-orbital like. Using the fact,

that

(kr)−1 e−kr =

∫
d2qb (~q) exp

[
−
(
k2 + q2

)1/2 |z|
]

exp (i~q~x), (2.24)

b (~q) =
1

(2π) k2
√

1 + q2/k2
(2.25)

and substituting into equation 2.19 results in:

MT,S =

(
2~2π

mk

)
kRekR√

ΩT

ΨS (~r0) , (2.26)

where ~r0 is the center of curvature of the tip. Substitution into equation 2.21 results

in the tunneling current:

IT =
32π3e2V Φ2DT (EF )R2

~k4
e2kR

∑
S

|ΨS (~r0) |2δ (ES − EF ) . (2.27)

DT is the density of states per unit volume of the tip. The new expression for the

tunneling current therefore shows a dependence on the density of states in the tip

(DT ), an exponential decay (e−2kd) due to the fact that |ΨS (~r0) |2 ≈ e−2k(R+d) and the

dependence on the local density of states of the sample (
∑

S |ΨS (~r0) |2δ (ES − EF )).

This supports the earlier statement that a STM measures the LDOS and not directly

atomic core positions. However, the model presented by Tersoff and Hamann does

not predict atomic resolution for many of the low index surfaces of metallic crystals.

Tersoff and Hamann calculated in [57] that the lateral resolution for typical tunneling

biases, metallic work functions etc., would be about 5Å. The problem here is that

the model is based entirely on s-orbital like wave functions. J. D. Chen examined the

problem with p and d-orbital like wave functions [59]. The strong angular dependency

of orbitals with angular momentum l > 0 manifests itself in spatially more confined

orbitals and therefore increases the lateral resolution. For a d-orbital with l = 2 and

m = 0 this situation is compared in figure 2.5. The sketch shows how the resolution

is improved by utilization of d-orbitals instead of s-orbitals. This new situation is

suitable to explain the atomic resolution and high corrugation routinely observed on

metals.
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Fig. 2.5: Sketch comparing the resolution achievable to the resolution
predicted achievable by d-waves in a STM contact. On the
left side the corrugation is small due to the broad expansion in
x-y direction of s-orbitals. On the right side the corrugation
is larger, because the orbitals with higher angular momentum
are more confined in x-y direction.

2.1.3 Tunneling on Thin Semiconducting Films

For thin semiconducting films on a metal substrate the situation is quite the same,

with the exception that the LDOS of the sample now features a gap with no electronic

states available for tunneling. The applied bias needs to be high enough in order to

overcome the band gap and to enable electrons to tunnel out of the valence or into

the conduction band. Due to the applied potential difference between tip and sample,

band bending occurs and the applied voltages needed for tunneling into the valence

or the conduction band with respect to a situation without band bending increases.

How strong the bands are bent, depends on their dielectric function. Figure 2.6

shows the new situation, revealing, that biases needed to reach the valence or the

conduction band are larger with band bending. However, if the films are thin enough,

electrons can not only tunnel between the conduction or valence band, they can

tunnel also through the band gap of film, as if they had to overcome a tunnel gap

with extended separation. Assuming that the applied biases voltages are large enough

to enable tunneling in and out of the conduction and valence band, tunneling is

analog to tunneling on metal substrates with the exception, that tunneling currents

are limited to avoid charging of the film. Observed film thickness and the height

of step edges is close to the real topography, but atomic resolution is harder to

archive because the tip-sample distance increases with applied bias. The second case,

tunneling through the film will modify the measured step height and film thickness

since the tip reacts more to the LDOS of the metal substrate than to the LDOS of

the film. The influence of the film on the tunnel matrix elements is however large

enough to achieve atomic resolution of the film when tunneling through the dielectric

gap and not into the conduction or valence band of the semiconductor. Examples

can be found in [60],[61] and [62].
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Fig. 2.6: Tunneling through a semiconductor. Tunnel junction with
two metal contacts a vacuum barrier and a semiconducting
film on one of the metal contacts. Both sides have different
Fermi energies and work functions. The semiconductor has a
band gap which has to be overcome by a large enough bias
or a low enough film thickness to tunnel trough the film.

2.1.4 Scanning Tunneling Spectroscopy

Until now, the tunneling current was the sum or integral over all states within the

bias window set by Usample and the measurements showed a map of the integrated

density of states which is somewhat related to the topography. There exists a large

number of spectroscopic measurements in STM, but only a few will be touched

upon here. The following subsections give an overview on the experimental methods

suitable to deconvolute the density of states for a small energy interval. The focus is

on dI/dV and d2I/dV 2 spectroscopy since those are the ones used in this thesis.

dI/dV Spectroscopy

Often, the density of states of a given sample system is interesting and helps

explaining a lot of observed phenomena, e.g. binding of ad-particles, molecules and

single atoms at certain surface site. Sometimes films grow in different phases that

can be distinguished by scanning tunneling spectroscopy quite easily. Looking at the

expression of the tunneling current above it is clear that modifications have to be

done since higher voltages will distort the wave functions Ψt and ΨS and the energy

eigenvalues ET and ES. However the current is of the general form[63][64]:

I ∝
∫ eU

0

DT (ε)DS (±eU ∓ ε)T (ε, eU) dε. (2.28)

Since the density of states in the tip and the sample are often a continuum, increasing

the potential of either tip or sample will enable tunneling for all electrons capable

of finding a free state on the other side of the tunneling barrier (see also Fig. 2.3).
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Therefore the bias derivative of the current has to be proportional to the involved

density of states from the tip DT and the sample DS as well as the transmission

coefficient T [65].

dI

dV
∝ DTDST

+

(∫ eV

0

δDT

δV
DSTdε+

∫ eV

0

δDS

δV
DTTdε+

∫ eV

0

δT

δV
DTDSdε

)
(2.29)

The density of states of the tip is constant and does not depend on the lateral

position over the sample. The transmission coefficient however is highly dependent

on the bias voltage and so is the tip-sample distance d. In order to minimize the

effect of the transmission coefficient on the measurement, one will have to try to

keep d as constant as possible and bias windows small. The remaining influence on

the differential tunnel current is the desired measurement values (density of sample

states). A dI/dV measurement consists of the following steps.

- the tip has been placed on the desired lateral position

- the feedback for the distance control is switched off, to eliminate the movement away

from the sample with increasing bias and therefore increasing tunneling current

when sweeping the bias. This also reduces the distortions of the feedback onto

the measurement (oscillations and phase shifts might be due to the feedback if

enabled.

- superimposing a small amplitude ac-voltage (10 mV) with a frequency well above

the cutoff frequency of the feedback loop (current/voltage converter), to keep

the average current as constant as possible but low enough to get the signal

trough the preamplifier of the system that has a cut-off frequency as well (the

loop is turned on when recording dI/dV maps and turned off, wehn recording

point spectra. The bias modulation will effect the tunneling current and

superimpose an ac-current onto the tunneling current at the frequency of the

bias modulation.

- sweep the bias between the desired upper and lower limits and record the amplitude

of the current modulation with a lock-in amplifier (LIA). The lock-in amplifier

is needed to directly measure the response of a system under inspection to the

ac signal.

- turn on the feedback and start again if desired

Note that the amplitude of the bias ac modulation will influence the number of

states averaged over and therefore should be kept as low as possible. This will
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keep measured peaks, which are proportional to the density of states, as close to

their natural width as possible. The disabled feedback is essential for a successful

measurement on semiconductors with a bias range crossing the Fermi energy. The

vanishing tunneling current for bias voltages near 0 V would force the feedback

to approach the tip without a net tunneling current. One could in principle also

record, digitize and differentiate the tunneling current numerically without a lock-in.

However the tunneling current is not noise free and current changes due to electrical

and mechanical noise are easily within or above the order of magnitude of changes

due to fluctuations in the density of states of the sample.

d2I/dV 2 Spectroscopy

Tunneling processes do not have to be elastic but can be inelastic as well. This opens

new channels for tunneling and will increase the tunnel current upon hitting the right

bias for electrons to tunnel and also release some of their energy to be used elsewhere.

Experimentally this method is analog to the dI/dV spectroscopy discussed above

with the exception, that the signal recorded with the lock-in amplifier is at twice

the frequency of the modulation frequency for the bias. In order to understand

the connection of a d2I/dV 2 measurement to a lock-in measurement at twice the

frequency one has to consider the following situation in figure 2.7 and 2.8. When a

-1 1

Potential Landscape
1

Signal in

Signal out

 

2*fU=x²

Fig. 2.7: Frequency doubling due to rectification in nonlinear potentials
with U = x2 as example

system responds nonlinear to a given sinusoidal input there is frequency doubling

involved. The figure 2.7 shows this rectification of a sine wave in a quadratic potential

(f (sin (x))→ sin2(x)). Therefore the negative part of the sine wave going in becomes

positive in the response going out. This is mathematically reflected in the addition
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theorems.

sin2 (x) =
1

2
[1− cos (2x)] (2.30)

Linking the doubled response frequency to the second derivative of the tunneling

current is done by looking at the tunneling current and the mechanism causing its

change in figure 2.8. Imagine a molecule on a metallic surface. The electrons can

either tunnel into the metal substrate or once they have enough energy tunnel into

the molecule and release some of their energy via dipole interactions before they

reach the metal substrate. The energy transferred to the molecule is equal to the

energy of one of its vibrational modes. This means, that upon hitting the right

energy in order to fuel a molecular vibration a new inelastic tunneling channel opens

and causes a sudden rise in the current represented on the left side in figure 2.8.

U

I

hν
e

Uhν
e

Uhν
e

dI
dV

d²I
dV²

Fig. 2.8: Changes in the tunneling current I and its derivatives: Left
and middle show the tunneling current and its first derivative
upon opening a new inelastic tunneling channel. The right
side shows the response of the lock-in amplifier when tuned
in to the second harmonic frequency, mimicking a second
derivative.

The current I and the first derivative dI/dV on the left side and the middle respec-

tively are drawn as if it changes non-continuously. When electrons tunnel with a

bias below and above hν/e there is no response at twice the modulation frequency.

Only in the vicinity of biases equal to hν/e a response in the tunneling current at

twice the modulation frequency can be found. This looks like a second derivative as

shown in figure 2.8, but is in reality only a mimic of a second derivative, it represents

an additional tunnel channel with a well defined level.

Mathematically this can be understood by expanding the tunneling current in a

Taylor series:

I(V ) = I(Vb) +
dI

dV
(V − Vb) +

1

2

d2I

dV 2
(V − Vb)2 + . . . . (2.31)

Substituting the factor (V −Vb)2 with the bias modulation results in a sin2(ωt) term
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which can be expressed as 1
2

[1− cos (2x)] as shown above. The frequency doubling

therefore happens in the tunnel gap, and detection is done by tuning the lock-in to

the second harmonic.

A more detailed approach can be found in [66] and [67] for example. Later Wilso Ho

([68]) expanded this method to single molecules vibrational spectroscopy under the

STM.

2.1.5 Band Bending and Electrical Resistivity - Influence on Measurements

Exact topographical step height or energetic position of states in STM measurements

depend strongly of the film thickness because band bending and resistivity effects of

the dielectric film become stronger when the film thickness increases. Therefore the

aforementioned topographic enhancement due to the LDOS near step edges may vary,

depending on the preparation scheme of the film and the resulting film thickness.

Imagine a film of infinitely small layer thickness as sketched in figure 2.9 frame A. No

band bending occurs and therefore the the split-off state near the step edge always

sits at the expected energy.

Au-Tip Vac. CeO

E

Ru
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E
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Au-Tip Vac. CeO Ru

3.5yV
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E

E

2 2
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z
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4Vyscan

3.5Vyscan

Fig. 2.9: Band Bending effect on the energetic position of step edge
states. Frame A: An infinitly thin film without band bending.
Frame B: Film of finite thickness with band bending

When the films grows thicker and thicker (frame B), band bending can occur and

the energetic position of the peaks in LDOS are shifted. Higher tunneling biases

are needed to reach the split-off states. Frame C sketches the cross section of a

step edge which displays split-off states scanned at different biases. Expanding the

sketches in figure 2.9 to various film thicknesses gives rise to simultaneously present

and absent cambers at film edges of different thickness. The thickness of the film also

impacts the resistivity. Electrons have to overcome a larger resistance to reach the

conductive substrate. The film and the tunnel gap build a series of resistances which

is given by applied bias and current set-point. A variance in resistance due to film

thickness will impact the tunnel gap distance, in order to keep the total resistance
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constant. Therefore step heights will become smaller with each step in film thickness.

A relation between applied bias and maximum film thickness can be estimated with

the following relation:

U = qV = q

∫ d

0

~Ed~x = q

∫ d

0

ρ~jd~x = qρ~jd⇔ d =
U

qρj
. (2.32)

This can be used to estimate the bias U needed to transport a current ~j against a

specific resistance ρ of the thin film under investigation over the distance d, as well

as to estimate the current ~j that reaches the tunneling preamplifier during STS. A

thick film will lower the current and therefore shift the visible band onset. Films

with a high specific resistance therefore hardly exhibit any peaks and band onsets in

STS. Figure 2.10 compares an ideal Film with no electrical resistance once the bias

is large enough to tunnel into the conduction or valence bands with a film of high

specific resistance. Adding a noise interval on top of the measurement will conceal

the band onsets.

U

I

ΔU

ρ

Fig. 2.10: Influence of a high specific resistance (red) compared to an
ideal film without specific resistance (black). The tunnel
resistance explains the exponential dependencies between I
and U

The exponential dependency between I and U stems from the tunnel probability. An

increase in specific resistance will push the measured current down. Since in STS

the tunnel gap cannot be varied to keep the overall resistance constant.

2.2 X-RAY Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was first named electron spectroscopy for

chemical analysis (ESCA) by Kai Siegbahn who recorded a x-ray photoelectron
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spectrum for NaCl in 1954 [69]. He was awarded the Nobel Prize in 1981, acknowl-

edging his efforts to develop XPS into a useful and widespread tool for chemical

analysis. XPS (figure 2.11) is readily applied to a wide spectrum of solid samples

([70],[71],[72],[73]). Most of the time XPS is executed in UHV with few application

in near ambient pressure extending the accessible sample systems to fluids and gasses

[74]. Illumination of a sample with X-ray photons will result in an emission of

electrons from the sample due to energy transfer to the electrons from the photons.

Those emitted electrons are then analyzed energetically with a hemispherical analyzer

and provide a fingerprint of the sample atoms, therefore allowing for a chemical

analysis.

2.2.1 Basic Theory

Fig. 2.11: XPS Setup taken from [75]. The sample is illuminated
with x-ray photons and emits electrons at energies peculiar
to the different atoms in the sample. The electrons are
collected with electron optics and energetically analyzed
with a hemispherical analyzer.

Common X-ray sources available to experimentalists are Mg-kα and Al-kα sources.

X-rays are produced by an electron bombardment of the Mg or Al target. The

exited atoms of the target undergo different transitions, mainly from exited 2p3/2

and 2p1/2 initial states to the 1s final state emitting kα1 and kα2 radiation lines

with energies of 1253 eV for Mg and 1486 eV for Al. Those XPS lines have a full

width at half maximum of about 0.8 eV for Mg and 1 eV for Al [76] determining the

maximal resolution of the spectra. Better resolution can be archived with a diffraction
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monochromator or synchrotron facilities. Electrons emitted from the sample have to

pass through electron lenses, confining the area of detection from some cm2 to100µm

in diameter. Inside the hemispherical analyzer electrons travel along equipotential

lines before they reach the detector. By tuning these potentials the analyzer only

allows electrons with a certain energy to pass trough the hemispherical apparatus and

reach the detector. A spectrum is recorded by scanning through a set of energies and

recording the electron flow reaching the detector. Therefore the amount of electrons

able to pass through the hemispherical analyzer is proportional to the pass energy.

Higher resolution is archived at reduced pass energies for the electrons, but also

results in a lower signal. Figure 2.11 shows such spectra in the inset on the bottom

right side. Information recorded from a sample does not exclusively stem from the

surface, but also from regions a few nm below, as can be seen in the inelastic mean

free path (IMFP) for electrons in figure 2.12. This curve is an empirical fit through

different mean-free path values found for various elements as explained in [77].

Fig. 2.12: Universal inelastic mean free path for electrons [78]

XPS is driven by the external photoelectric effect as explained above. The electron

gets its energy from a photon, is held back by the electromagnetic potential of the

atom it came from, and aquires the difference to initial photon energy as kinetic

energy. Looking at the detection scheme, the difference in work function between

sample and spectrometer Φspectrometer − Φsample comes into play. According to the

sketch in figure 2.13 kinetic energy becomes

Ekin = Ephot − Ebind − Φsample − (Φspec − Φsample) = Ephot − Ebind − Φspec (2.33)

and therefore the binding energy is

Ebind = Ephot − Ekin − Φspec (2.34)

The intensity or the current measured by XPS depends on the aforementioned IMFP,

the transfer function of the spectrometer, the photoelectric cross section and other

sample variables such as roughness and inhomogeneities. Calculations for the photo
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Fig. 2.13: Workfunction difference between Sample and XPS spec-
trometer and the influence on the measured binding energy.
Electrons emitted leave the sample and reach the spectrom-
eter after energetic selection in the hemispherical analyzer.
The electron loses kinetic energy Ψsample when leaving the
sample and gains energy ∆Ψ when reaching the spectrome-
ter.

electronic cross section can be found in [79] for various elements. The possibility of a

photo-electron produced on and near the surface to be detected in XPS per cm2 is

P = σNλ (2.35)

with σ the photoelectric cross section, N the number of atoms per cm2 and λ the

electron escape depth. In case the ratio between two elements is desired and the

XPS peaks are close enough energetically to keep λ constant for both XPS peaks,

the ratio can be calculated by
nA
nB

=
IAσB
IbσA

. (2.36)

Were n denotes the concentration of an element and I the measured intensity.

Detection limits are up to 0.01 % or in Monolayers (ML) 0.01 ML. In case the peaks

are far away from each other energetically, one can rely on finger printing and

databases.

XP spectra or XP lines are dependent on of the electronic state an element provides

for its electrons, meaning to quantum numbers and their shift due to chemical bonds.

Chemical bonds produce a spatial redistribution of the valence electrons which results

in a slight shift in the energies of the core electrons as well. An electron-emission

process is drawn schematically in figure 2.14. The shifts in energy for the core

electrons can be detected by XPS and be used to fingerprint a material. A metal

such as cerium and its oxide ceria undergo shifts in XPS peak energies unique to their
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chemical composition. Other influences on the measured core energies are surface

effects such as dipoles, interfaces that suddenly change the chemical environment

and scattering processes. Influences can be very small and the interpretation of a

given XPS spectra can be very difficult. Additional complications arise from the

fact, that a XPS peak is usually a convolution of many processes that atoms undergo

during illumination with x-ray radiation. Any deconvolution of these peaks has to be

done with a software fitting tool. A reference data base can be found at the national

institute for science and technology (NIST) [80] Theoretical considerations of the

energies measured with XPS involve the energy of the atom in its initial (Ei) and its

final (Ef ) state. Calculations based on idealized atoms in their ground state cannot

come to an adequate result because of the perturbation effects on the kinetic energy

of an electron while leaving the sample.

Any core electron emitted from the sample will leave a core hole in the atom it came

from, readjusting the energies of the outer electrons due to relaxation of the total

energy. This relaxation effect results in a higher kinetic energy as calculated by initial

state calculations. Also, atoms can end up in metastable exited states resulting in a

reduced kinetic energy, so called ”‘shake up”’ peaks on the high-binding energy side.

A prominent example for this effect is copper as discussed in this thesis as it shows

these shake up quite prominently enabling a differentiation of the Cu 2p peaks for

metallic copper (Cu) and cupric oxide (CuO) [81]. When energies near the Fermi

level are accessible valence electrons can be exited which moved the shake ups very

close to the XPS peaks and broadens it on the high binding energy side. The higher

the density of states close to the Fermi level, the higher the XPS peak asymmetry

due to shake ups.

Fig. 2.14: Electron emission process and quantum numbers. Taken
from [82].
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2.2.2 Backgrounds in XPS

In order to obtain a primary excitation spectra S (E) one has to subtract the

background intensity IB (E) from the measured current j (E)

S (E) = j (E)− IB (E) . (2.37)

Typical backgrounds are often Shirley or Tougaard backgrounds. The Shirley back-

ground is more comfortable to use due to its easy approach. A XPS spectrum at

energy E has a background intensity on the higher and the lower binding-energy

side of a peak (A ≤ E ≤ B). The intensities are chosen as I (A) = I (B) = 0.

The background intensity for the energies between A and B are calculated with the

measured electron current j
(
E

′)
.

I (E) ∝
∫ E

B

j
(
E

′
)
dE

′
(2.38)

The background depends on the number of electrons detected at higher binding

energies resulting in a smooth curve connecting A and B. Calculation of a Tougaard

background needs a wider XPS spectrum and therefore more time since it expands

up to 100 eV below the XPS Peak. Tougaard makes use of the electron mean free

path λ (E) and the probability k
(
E

′
, E

′ − E
)

that an electron starting with energy

E
′

loses the energy E
′ − E and end up with the energy E and is therefore detected

at that energy. The background intensity is

I (E) = λ (E)

∫ E

∞
k
(
E

′
, E

′ − E
)
j
(
E

′
)
dE

′
. (2.39)

The dependence of λ on the energy loss during travel through one unit length

becomes negligible in the product λk because k represents the probability of finding

one electron at energy T = E
′ − E. Empirically one finds that

λ (E) k (E, T ) ≈ BT

(C + T )2 (2.40)

with B ≈ 2886 eV2 and C ≈ 1643 eV2, rendering the background intensity to

I (E) ≈ BT

(C + T )2

∫ E

∞
j
(
E

′
)
dE

′
(2.41)

A comparison [83] finds Tougaard backgrounds to be more accurate. Shirley is

however widely used because it represents a good mix between accuracy and comfort.
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2.2.3 Auger Processes

An Auger process [84][85] describes a relaxation process in excited atoms. Any hole

created by photo-ionization e.g. in the L shell, can be filled again with electrons

from energetically higher M shells. L and M are the main quantum numbers (Fig.

2.14). The difference in energy is often sufficient to kick another electron from the

same M shell out of the atom. The kinetic energy of the emitted electron is again

lowered by the binding energy of the shell it came from and therefore the kinetic

energy in this three electron process becomes.

Ekin = EL − EM − EM . (2.42)

The hole moves upwards in shells and downwards in binding energy. Electrons

emitted by the Auger process depend on the difference in kinetic energy between the

shells and not the energy of the incident photon responsible for the first ionization.

Auger processes are the primary de-excitation process for elements with Z ≤ 35.

Auger lines generally are broader compared to XPS lines because of the larger number

of available final states. Chemical shifts now coming from a two electron process are

harder to interpret. Auger electrons also undergo inelastic scattering thus creating a

background as discussed before.

2.2.4 Coster-Kronig Processes

Coster-Kronig processes are special Auger processes, differing in the involved shells

[86][87]. A comparison can be seen in figure 2.15 An electron vacancy in the L shell

M

L

K

Auger

M

L

K

Coster-Kronig

Fig. 2.15: Auger process on the left and Coster-Kronig process on the
right

is filled with an electron from another L shell and an electron from an M shell is

emitted. Energy differences between the L shells have to be larger than the energy
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of the M shell. Elements such as Cu and Zn show such transitions while Ga and Ge

do not. Transition rates between L shells are very fast compared to transitions from

M to L shells. Filling of L1 shells with electrons from M shells therefore is inhibited.

Auger processes can still occur after all electrons in the L shell have relaxed to their

minimum energy. This results for example in a L3M4,5M4,5 instead of a L1M4,5M4,5

transition. The kinetic energy for these lines is smaller and due to the stepwise

ionization more vacancies are created.

2.3 Low Energy Electron Diffraction

Low Energy Electron Diffraction (LEED) has become a wide spread tool in surface

science since its invention in the 1960s. Based on de Broglies matter waves [47]

and their experimental discovery by Davisson and Germer [49] an electron beam

is directed at a target and the diffraction pattern is recorded using a fluorescent

screen. A typical LEED setup with the resulting patterns on the fluorescent screen

is presented in figure 2.16

(a) Schematic of a LEED setup [88] (b) CeO2 on a Ru(0001) single crystal

diffraction pattern

Fig. 2.16: a) Sketch of a LEED setup with potentials, filters, the
florescent screen and the sample bombarded with electrons
by the electron gun. b) Actual LEED measurement of a
CeO2 film on a Ru(0001) single crystal support.

Electrons are released by the filament in the electron gun and accelerated towards

the sample with a bias of 10 V to 600 V where they reach a sample spot with a typical

diameter of 0.1 mm to 1 mm. The electrons are scattered back at the sample surface

and accelerated towards the fluorescent screen. In front of the fluorescent screen are
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up to 4 hemispherical grids used to sort out electrons that have undergone inelastic

scattering.

2.3.1 Theoretical Treatment of the Origin of the Reflection Pattern

De Broglies wavelength for an electron with the energy E is

λ =
~√

2mE
, (2.43)

while the wave vector k is given by

k =
2π

λ
. (2.44)

In order to create a spot on the fluorescent screen, interference has to be constructive.

Mathematically this is done using the Laue condition which reduces to Braggs law

under elastic scattering ([89] p. 122-131).

~k − ~k0 = ~Ghk = ha∗ + kb∗ = 2dsin (ϕ) = nλ (2.45)

The incident and scattered wave vector ~k0 and ~k are of the same length because only

elastic scattering is allowed. ~Ghk is a vector in reciprocal space while a∗ and b∗ are

the primitive translation vectors of the reciprocal lattice. The constants h and k

are miller indices. The pattern observed in LEED is a direct representation of the

surface structure in reciprocal space. A lattice constant a will be translated into

a length of 2π
a

in reciprocal space. Figure 2.17 shows an Ewald-sphere visualizing

the Laue condition, and the translation of selected square structures from real into

reciprocal space.
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Fig. 2.17: Left: Ewald’s sphere [90]. Intersections between the circle
and the rods indicate constructive interference and therefore
the place for bright spots on the LEED screen.
Right: Diffraction pattern [91] short and long distances
invert under fourier transformation, angles are preserved,
however, ~b = ~a× ~n

Intersection between Ewald’s sphere and the extended lattice vectors which are

perpendicular to the surface of the crystal mark spots, where constructive interference

is possible. Those interference spots are the actual bright spots on the LEED screen.

Spots on the LEED screen represent the reciprocal lattice of the crystal. Calculation

of a samples real space parameters can be done with the length of the reciprocal

vector ~G.∣∣∣~G∣∣∣ =
√
~G~G =

√
h2 ·

∣∣∣~b1

∣∣∣2 + k2 ·
∣∣∣~b2

∣∣∣2 + 2hk ·
∣∣∣~b1

∣∣∣ ∣∣∣~b1

∣∣∣ cos (γ). (2.46)

Since
∣∣∣~G∣∣∣ =

∣∣∣∆~k∣∣∣ this can be written as:

∣∣∣~G∣∣∣ =

√(
2π

sinα

)2(
h

|~a1|

)2

+

(
2π

sinα

)2(
k

|~a2|

)2

−
(

2π

sinα

)2

− 2hk · cos α
|~a1| |~a2|

.

(2.47)

Introducing the ratio b = |~a2|
|~a1| a solution for |~a1| is:

|~a1| =
2π∣∣∣∆~k∣∣∣ · sinα

√
h2 +

(
k

b

)2

− 2hk · cos α
b

(2.48)
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Here all parameters can be read from the LEED screen and the distance |~a1| can be

calculated to gain knowledge about the real space parameters of a sample. Calculation

of the parameter |~a2| is done in a similar fashion. Figures 2.18 shows a sketch of

the experimental setup to clarify denominations in the calculations above. Angels

rs

LEED screen

φ

|k |a

Ewald sphere

φ|k |i

ΔkΔx

Fig. 2.18: Ewald sphere and its correspondence to the experiment, the
LEED screen. In the experiment rs is the radius of the
LEED screen while in reciprocal space ki and ka are the
incident and scattered wave vectors. The spatial parameter
∆x on the LEED screen is represented by ∆k in reciprocal
space.

between reciprocal and real space vectors are given in figure 2.19

α
β

γ a1

a2

b1

b2

Fig. 2.19: Real space and primitive reciprocal vectors.
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3. EXPERIMENTAL SETUP

The low temperature scanning tunneling microscope (LT-STM) was bought from

Createc in hope that it would work out of the box (this hope did not last long). In the

following sections I will describe the STM with all its parts and their shortcomings.

We were able to find a workaround for most of the problems that occurred when

running the STM, but a few still remain and are hard to solve because they occur in

an erratic fashion. Since the STM was the main tool for exploring ceria films it will

be described in more detail as compared to the XPS Setup.

3.1 Createc STM

The setup consists of a complete STM package with a scan head equipped with

eddy current damping, STM chamber, preparation chamber, getter pumps, titan

sublimation pumps, evaporators, sample garage, manipulator with heating and

cooling stage, cryostat for LN2 and LHe, a load lock with a turbo molecular pump, a

quadrupole mass spectrometer, a Spectra ErLEED and all peripheral parts to run

the system.

3.1.1 STM Head

The STM head is presented from different perspectives in figure 3.1. The STM

scanner uses the so called Pan head design, named after Dr. Shuheng Pan. The most

important parts of the STM are labeled with number 1− 17, as can be seen in the

following:

1. Cable holder: Hard copper wires are bent into a u-shape, soldered to a washer

and screwed onto the STM. The loose ends are then wound into coils and filled

with a teflon tube. Fine copper wires with a kapton isolation are fed through

those coils to make the necessary electrical contacts for the STM combined

with thermal isolationm.



2. The Pan head uses six z-piezo steppers for upwards and downwards movement

of the STM tip and the xyz-scanpiezo. Here we can see two of them on their

sapphire ceramic tread. The pressure onto the tread is adjusted with the screws

nearby.

3. Threaded rods with a hole across at the end serve as suspension for the springs

of the dampening system.

4. Mechanical guide for the sample transfer in and out of the STM

5. One of the xy-piezo steppers on a sapphire ceramic tread. Maximal XY-

movement is about a cm.

6. One of the three magnets from the eddy current dampening system.

7. One of the three legs the STM stands on

8. The piezo stepper for upward and downward movement from another angle.

9. Tip holder with three metal contacts. The one on the left side is for STM

operation. Contact between tip and contact plate is made by a little metallic

rod. A closer look can be found in the tip holder section. AFM operation

utilizes all three contacts.

10. Metal contacts for different measurements. Special sample holders can be used

in additional spectroscopic methods, e.g. potentiometry measurements.

11. Screw regulating the pressure on the Pan head slider. The force for upward

and downward movement can be adjusted here too.

12. Back plate with two electric connectors. Cables coming from the STM (tunnel-

ing current, stepper signals etc.) soldered onto one side, cables coming from

the cryostat and the vacuum feed-throughs are soldered onto the other side,

detaching the STM from the chamber is easily possible here.

13. Bottom plate with screw holes for the clamping mechanism for tip and sample

transfer and fast cooling down. A steel strap is mounted below the plate. A

vacuum feed-through allows to pull the STM down with said steel strap onto

another plate to make thermal and mechanical contact between scan head and

cryo shield.

14. Lens to enable optical access to the STM junction. Focus point is the tip.

Allows combined STM and optical measurements.

15. Small lens for infrared light. Focus point is again the tip.
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16. Zener diode for heating of the STM head. 200 V and 20 mA are the maximum

values in reverse mode, providing 4 W of heating power. 0.7 V forward bias

and a few mA allow for mW and µW heating powers, especially relevant for

He-based temperatures.

17. DT-670 silicone diode for liquid helium and liquid nitrogen temperature mea-

surements.

Fig. 3.1: STM head: Top left: view from left and above; Bottom
left: view from below; Top right: view from left and behind;
Bottom right: view from left with optics installed.

The STM head itself is easy to operate. The Sliders work at every temperature

between 77 K and 300 K with amplitudes of 130 V. If they get stuck, a slight increase

in voltage never failed to free them again. The sample transfer has not failed a single

time so far. Clamping of the STM for better thermal conductivity or sample and tip

transfer works as intended. We cool the STM with liquid nitrogen (LN2) down to a

temperature lower than 80 K. A single filling of the inner tank of the cryostat last

for four days.
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3.1.2 Tip Holder and Transfer Mechanism

The tip-holder and the fork for grabbing it can be seen in figure 3.2. The tip holder

consists of four parts. In the upper left side of figure 3.2, one can see the aluminum

oxide center piece (No. 1) with holes and notches for tip mounting and fork insertion.

Next to it is a spring (No. 2) and a molybdenum washer (No. 3), which will clamp

the tip holder to the fork for transfer and securing it in the STM head. A little

capillary (Nr. 4) is used to hold the actual tip. The feet at its end will make electrical

contact to the preamplifier by contacting the metal plate in the STM (No. 9 in figure

3.1). In the top right side the tip holder is assembled and sits in a similar fork as

used during transfer. One can see the spring and washer pressing against the fork,

holding it in place. The bottom left shows the same situation from below. Three

feet, two made of aluminum oxide and one made of metal from the capillary are

resting points of the tip holder. Conduction from tip to preamplifier is achieved by

pressing the feet of the capillary against the electric contact in the STM head. The

bottom right shows how the spring is hold in place by an edge on the bottom of the

aluminum oxide ceramic.

1

2 3

4

4
2
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Fig. 3.2: Tip holder made up of four parts. Top left: #1 Aluminum
oxide center piece with holes for tip placement and fork
insertion together with #2 spring, #3 the washer and #4
capillary for the tip. Top right and bottom left: A spring
and a disc secure the tip holder during transfer and inside
the STM, top down and bottom up view. Bottom right. Side
view revealing washer and spring position on the ceramic
center piece.
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3.1.3 Sample Holder

The sample holder had to be redesigned in order to fit into a transfer box for XPS

measurements. In top of figure 3.3 a top view of the sample holder is shown. There

are four small threaded holes (No. 1) with a diameter of 1.6 mm around the bigger

stepped holed in the middle (No. 2). The thickness of the sample holder was

increased from 1 mm to 2 mm in order to have enough material to insert the screws.

A crystal with a diameter of about 10 mm can be placed in the middle. Two small

molybdenum sheets will be screwed down parallel to the long sides of the sample

holder onto the crystal fixing it safely. The little hammer head (No. 3) on the

left side of the sample holder is used in the transfer mechanism by the wobble and

transfer sticks.

Fig. 3.3: Sample holder. Top: Sample holder view from above. Bottom:
Sample holder view from below. The hammerhead is for the
mechanism of the wobble stick for sample transfer. The larger
holes in the middle allow placement of the sample and direct
e-beam heating from the back. Smaller holes are threaded
and used to mount the clamping mechanism which holds the
sample in its place.

A shell with a slotted cover can be pushed over the hammer head and locked with

a 90˚ rotation. The smaller hole in the stepped crystal fitting allows for a direct

electron beam heating via accelerated electrons from a filament in the manipulator.

The clamping mechanism in the STM, the manipulator head, sample garage, and
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the XPS transfer works with springs. Those springs were are designed to secure a

sample holder which is 1 mm thick. Therefore the thickness of the sample holder

and the hammer head was reduced on the sides to 1 mm again (No. 4). The locking

mechanism on the wobble stick has a slit of about 1 mm width.

3.1.4 Wobble Stick

Fork and slitted shell used for sample transfer as described above sit at the end

of the wobble stick and can be seen from various angles in figure 3.4. The locking

Fig. 3.4: Transfer mechanisms for tip and sample holder mounted on
the end of the wobble stick. A fork with a grabbing mechanism
is used fir tip transfer and a slotted shell made of copper is
used for sample transfer

mechanism for the sample transfer is made out of copper. The hammer head of the

sample holder fits into the slot at the end of the copper shell and is secured by a

90 degree rotation. On top of the copper shell a slider can be moved forward and

backward by adjusting the position of the magnets outside of the vacuum. Movement

of this slider opens and closes the prongs of the fork. The fork and the slit are

rotated by 45 degrees with respect to each other to allow a 90 degree rotation without

scratching the fork prongs over the sample. The length of the fork prongs is so,

that inserting and recovering the sample from the STM is done partly with the
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sample unlocked. When inserting the sample into the STM one pushes it half under

the clamping springs, opens the locking mechanism for the hammer head and then

pushes the sample all the way in. By this means, the fork prongs will not come in

contact with the STM head. On the way out, one closes the rotation mechanism

just a bit to pull the sample out half the way before locking it fully.

3.1.5 STM Chamber and Cryostat

The STM chamber holds the cryostat on top of it. The cryostat has all the vacuum

feed-throughs for the electric connections down to the STM. An ion getter pump

combined with a titan sublimation pump keeps the chamber at ultrahigh vacuum

(UHV) condition, while a gate valve connects the STM chamber with the preparation

chamber. Figure 3.5 shows the STM chamber.

Fig. 3.5: STM chamber with several view ports, wobble stick, cryostat
on top, sample garage, and ion getter and titan sublimation
pump

Marked in the figure 3.5 are:

1. Liquid helium and nitrogen inlets and outlets with over pressure valves
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2. Several electric feed troughs to link controller and STM. The rotary knob in

the middle lifts the cryo shield doors by winding up a steel cable.

3. Clamping mechanism for the STM. Feed through for the steel strap.

4. Lift mechanism for the sample garage.

5. Large view port used for sample and tip transfer.

6. Large view port for optical measurements, also used to illuminate the STM

during tip and sample transfer and approaching tip and sample.

7. Granville Phillips ionization pressure gauge.

8. Wobble Stick for tip and sample transfer.

9. Ion getter and titan sublimation pump.

10. Femto DLCPA 200 amplifier mounted directly onto a BNC feed through

11. Several CF-40 flanges for leakage valves and additional view ports. Some of

them face holes in the cryo shields and allow access to the STM.

12. Crank for the gate valve which separates STM and preparation chamber.

13. Feets of the STM chamber for mounting on the steel frame.

Lifting of the cryo shields and sample transfer from and to the sample garage works

well. The combined ion getter and titan sublimation pumps keep the chamber

pressure constantly around 8 · 10−11 mbar and even below 6 · 10−11 mbar for a few

days after a titanium sublimation circle. The view port for tip and sample transfer is

placed well and allows a good view onto the STM. A black and white CCD camera

with ten times optical zoom objective is mounted on one of the screws that seal the

CF-63 view port. The video signal can be displayed on the computer screen for easy

tip and sample approach and transfers. Problems with the preparation chamber will

also be discussed in the respective subsection.

3.1.6 Preparation Chamber

The preparation chamber (figure 3.6) is connected to different parts of the UHV setup

by four gate valves. One of those valves separate STM and preparation chamber.

Another connects the preparation chamber with the load-lock chamber. The third

gate valve sits below the chamber and separates a molecule evaporator that can be
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loaded without breaking the vacuum. The preparation chamber can be decoupled

from the ion getter and titan sublimation pump by the fourth gate valve, in order

to protect these pumps during sputtering cycles and gas exposures during film

preparation. Mounted to CF flanges are several fine valves, used to control gas inlet

for sputtering and oxidation cycles. Directly mounted to the preparation chamber

are also the e-beam evaporator and the effusion cell. The preparation chamber is

equipped with a LEED system. Measurements with the LEED are done with the

sample on the manipulator. The manipulator has 25 mm operation radius in x-y

direction and 400 mm in z direction. The differentially pumped back end of the

manipulator allows for 360˚rotation granting access to the crystal from every flange .

The full list of parts connected to the preparation chamber is:

Fig. 3.6: Preparation chamber with e-beam evaporator, effusion cell,
molecule evaporator, pyrometer, manipulator, sputter gun,
quartz micro balance and quadrupole mass spectrometer.

1. Manipulator with heating and cooling options

2. Optris 2MH-CF3 pyrometer for contact-free temperature measurements of the

sample

3. Inficon STM-2 quartz micro balance mounted on a linear manipulator

4. Quadrupole mass spectrometer Prism Plus for up to 100 AMU from Pfeiffer

Vacuum

5. Specs sputter gun IQE-11 A with a fine valve for sputter gas inlet
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6. Leakage valve for oxygen

7. Granville Phillips ionization gauge.

8. ErLEED 1000-A from Specs

9. Createc effusion cell presently filled with calcium

10. Gate valve separating preparation and STM chamber

11. Tectra dual e-beam evaporator for copper and cerium

12. Load-lock chamber for sample transfer to ambient pressures and the XPS

transfer chamber

3.1.7 Manipulator

The manipulator shown in figure 3.7 is used for all of the major operations outside

of the STM chamber, including sputtering, annealing, cooling, film growth and

transfer to load-lock and STM chamber. The differential pumping at the end of

the manipulator (No. 6) allows for 360˚ rotation around the z-axis. The x and y

micrometer stage (No. 1) of the manipulator has a operational radius of 25 mm. In

z-direction a movement of up to 400 mm can be achived (No. 2). There are several

electrical connectors to access the tungsten filament for electron beam heating of

the sample (No. 5). The maximum current through the filament is limited to 4 A

due to the diameter of the cables between the filament and the connectors outside

of the vacuum. Actual heating is done with filament currents of 3.5 A up to 3.9 A.

A CF-16 flange (parts of the box marked No. 5) allows a LN2 or cold nitrogen gas

flow through the manipulator to cool the head down to temperatures below 100 K.

Cooling is also mandatory during annealing in order to avoid high temperatures

at the manipulator head. A silicon diode near the head provides the approximate

temperature of the manipulator head, but not the sample directly due to its distance

to the sample. Sample holder, heating and sputtering stage of the manipulator head

inside the vacuum can be seen in figure 3.8. In the upper left part one can see

the u-shaped sample holder stage used for heating, sputtering and film preparation

with clamping springs shown in brown. The stage is mounted to the brass metal

part (yellow and orange colors). It also holds several sample garages isolated by

ceramics from the brass part for high voltage HV e-beam heating. Several u-shaped

sample garages can be found on the brass part too. Two of them have five electrical

contacts (colored red). Biases of 1250 V and 45 mA are the highest settings used

during preparation resulting in a sample temperature of 1400 K. There is some room
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to achieve even higher temperatures. The filament used for heating of a sample is

fixed on the white cylindrical ceramic stack with the purple marked screws.

Fig. 3.7: Manipulator in front and back view. Marked are the eight
most important parts, for movements in the vacuum, electrical
contacts, differential pumping, hydraulic piston balancing the
force on the XY-stage and the vacuum tube needed to pump
the rotation stage.
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Fig. 3.8: Technical drawing of the manipulator head. Drawn are sample
garages, heating, sputtering and film preparation stage, the
filament with the cylindrical ceramic stack below, tip holder
garages and many more.

Several metal parts on the bottom of this stack connect it with the screws that

already hold the heating stage above. Soldered onto the blue metal bars are the

copper wires that carry the current, for the filament. Not drawn are the thermocouple

and the silicon diode.

3.1.8 XPS Transfer System

Measurements are not only limited to STM, but also XPS data acquisition is desirable.

For this purpose a ex-situ XPS system in the Wittstock group (Prof. Dr. Wittstock,

Inst. for Chemistry, Carl-von-Ossietzky Uni of Oldenburg) is used. Transfer from

the STM in our lab to the XPS setup is done in a transfer “box”. Inside the box is

the XPS-sample holder on which the actual sample holder with the crystal can be

mounted. The original transfer “boxes” that came with the XPS were KF based and
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did not allow a transfer from our STM to the XPS. A new solution had thus to be

constructed that consists of the following parts in figure 3.9:

1. Gate valve to seal the chamber from ambient pressure during sample trans-

portation to the XPS chamber

2. Adapter to connect the transfer system to the XPS chamber.

3. Magnetic sample transfer arm

4. CF-40 pipe housing a titanium filament for titanium sublimation

5. Electrical feed troughs capable of handling 50 A

For a transfer into the XPS system, the load-lock has to be vented and the transfer

“box” has to be connected to the CF-40 flange on the right side in figure 3.6 marked No.

12. After pumping down, a current of 50 A is passed through the titanium filament

to coat the CF-40 pipe with a thin titanium film. This will improve the pumping

capability of the transfer “box”. After connecting to the XPS chamber and opening

the gate valve, the pressure in the XPS never increased above 1·10−7 mbar, suggesting

that the pressure in the transfer ”box” is 1 · 10−7 mbar or better. Oftentimes the

pressure fell, even when opening the valve in a pressure of 5 · 10−8 mbar.

The XPS-sample holder and its garage can be seen in figure 3.10. The XPS-sample

holder is mounted of axis, because the sample transfer in the XPS system is offset

with respect to the load lock. The XPS system has two different systems for safe

connection with the sample holder. In the sample garage and the XPS system itself,

a fork with two prongs (No. 2) and a spring (No. 3) secure the sample holder. The

prongs fit into the holes marked No. 7, while the spring locks into the notch marked

No. 10 on the sample holder. The transfer system used by the XPS chamber locks

into the opposite end of the XPS-sample holder and consists of a rod inserted into

the hole marked No. 8 and a spring that locks into the notch marked No. 11.

The adapter marked No. 2 in figure 3.6 has a CF-40 flange and a KF-63 flange to

interconnect the transfer“box” and the XPS setup.
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Fig. 3.9: The XPS transfer system consists of an adapter plate, a
magnetic transfer stick, a gate valve and a titanum filament
operated at 50 A

Fig. 3.10: Sample holder for XPS measurements. The upper left side
shows the sample holder on the mounting stage of the trans-
fer“box”. The lower left side shows the two prongs of the
fork and the spring used to secure the sample holder in the
transfer ”box” and the sample garage in the XPS setup.
Upper, middle and lower right side show the sample holder
from various angles exposing the holes and notches as well
as the spring that clamp the STM-sample holder to the
XPS-sample holder. Numbering explained in text.
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During first XPS measurements, I noticed a shadowing effect stemming from the

sample holder for angle dependent measurements above 60˚to the sample normal. I

therefore made an indentation into the steel frame, visible in the lower left part of

figure 3.10 (No. 4). This enables XPS measurements with grazing incidence at 70˚

polar angle. To allow a rotation in the XPS setup the edges marked No. 9 had to be

filed off. The springs which clamp the STM sample holder down are marked No. 6

and are secured in the frame of the transfer holder by little slits marked No. 5.

In order to transfer a sample from the STM setup to the XPS setup the sample box

has to be mounted to the load-lock using the CF-40 flange. The load-lock is then

pumped down to a pressure of about 1 · 10−9 mbar to avoid unwanted adsorption of

molecules, oxidation or reduction of the sample due to rest gases in the load lock.

This is best done over night with a twelve hour bake out to ensure that the load-lock

is clean. The transfer “box” and the load-lock need about two hours to cool down

afterwards. During the cool down phase the titanium filament has to be degassed

to avoid adsorption of the gases ejected from the filament at the chamber walls.

The titanium filament consumes about 200W during sublimation. After a minute

the transfer “box” becomes very hot around the filament. Last titanium coating

cycles have to be finished an hour before the transfer is done in order to allow the

“box” to cool down again. For transfer, the STM-sample holder is pulled out of the

manipulator in the preparation chamber with the transfer stick of the load-lock. It

has to be hold upside down to push it into the XPS-sample holder, which is also

held upside down. Due to the offset in the rotation axes between load-lock stage

in the XPS and the STM system this involves a bending of the hammer head on

the STM-sample holder and on longer terms its damage. When the sample sits in

the XPS-sample holder the gate valve is closed and the load-lock is vented. The

transfer “box” can be detached afterwards, transported to the XPS in the basement

and reattached via the CF-40 to KF-63 adapter. From now on two people are needed

to attach the CF-40 to KF-63 adapter to the vented XPS-load lock which takes all

together about 20 to 30 minutes. Pumping down of the XPS load-lock takes another

15 minutes until the pressure is about 5 · 10−8 mbar. The gate valve can be opened

and the sample can be introduced into the XPS chamber. Coordination with the

timetable of the XPS setup needs a 14 to 15 hour window to avoid mistakes due

to timing problems and another three to four hours for measurements. Twelve of

these 14 to 15 hours are consumed during the baking of the load-lock chamber on

the STM setup. The little hammer head on our STM holder has to be pushed so

far onto the XPS sample holder, that it cannot be reached anymore after use in the

XPS chamber. The crystal has to be exposed to ambient air conditions before it can

be reintroduced into the STM preparation chamber. Long sputter and annealing

cycles have to be executed, in order to get the crystal in a shape for another film

47



preparation.

3.1.9 Selected Problems and Their Workarounds

There were several things on the STM setup that did not work as intended. These

problems will be discussed in the this subsections and involve parts of the vacuum

chamber, the tip holder, the gate valve, the manipulator, the load lock and positions

of the pumps.

Software Problems and Controller Issues

The software is often a source of failures like complete crashes of the software or

non responsiveness for a longer time. Those occur either in a erratic fashion or after

a number of preceding software actions. However, one gets used to the bugs and I

could established workarounds. Some examples are given in the following:

Different units in different input masks

During a scan bias voltages are manipulated in mV. Setting a tunneling bias

of 1 V this requires to enter the number 1000. Doing the same in the STS

windows would result in destruction of the tip as it would make the voltage

jump to 10 V because here bias is handled in units of V.

Updating parameters during a scan

A change of the control loop parameters during a scan is not possible. The scan

has to be stopped in order to change these parameters. This makes finding

the right parameters for a given scan speed and sample roughness quite time

consuming. Other parameters such as bias voltage and tunneling current on

the other hand can be changes on the fly.

Zooming tools

Zooming into an area of the sample does not work as intended. There are four

ways of setting x and y offsets and scan ranges that would in principle allow

one to select a new scan area.

1. Entering the actual coordinates by hand. This works well, if only a change

in x and y direction is desired and one can guess the new coordinates

from the actual scan size. When a change in the surface area is desired,

one needs to know that the coordinates are relative to the upper left pixel

of the scan window. For example going from 100× 100nm2 to 502 nm2
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means, that the upper left quadrant of the old scan will be scanned next.

Centering the new scan area will be done by adding 25 nm to the x and y

coordinates.

2. “Offset top”. A click on “offset top” followed by a click into the old scan

aligns the middle of the first scan line to that point. Besides creep and

drift there are no problems as long as a change in scan area is not desired.

Problems arise however when the new scan size is entered first and then a

new center top spot is selected. Here the outcome is difficult to predict.

The alternative approach, first clicking and then changing the scan size

results in even larger deviations from desired results.

3. “Offset center” has exactly the same problem as “offset top”.

4. “Zoom” does not work good enough to be used for large scan sizes.

Clicking and pulling produces a rectangle on the old scan that marks the

new scan area. One would think, that this option is a combination of

“scan size change” as if done manually and “offset center” or “offset top”.

However this does not seem to be the case. The outcome deviates largely

from the desired action.

I can only recommend using the manual method with slow stepwise decrease

in scan size, in order to allocate a new region of interest.

Reprogramming the Controller

Switching the control unit off, often results in problems, since it has to be

reprogrammed, which occasionally takes hours. This is done by a basic FTP

tool, which hosts a file the controller reads with its ethernet connection on

a prearranged IP. This reprogramming does sometimes not work properly.

Several attempts involving restarting the computer and controller are needed.

Tip forming

Tip forming sometimes works erratically. Figure 3.11 shows the desired bias

course in black with respect to the actual output in blue. This situation can

be circumvented by using the vertical manipulation tool. This works without

problems aside the mV and V problematic mentioned earlier.

Stop Button

After clicking the stop button, the machine stops when it has finished the

actual task. This is problematic in combination with user based input errors. A

good example is tip forming. Lets say the scan size is 200× 200nm2. A lateral

movement speed of 1 Å
s

instead of 100 Å
s

costs about 4000 s instead of 40 s when

the tip is sharpened in the bottom right corner. Here it is best to have the

49



v

t

v

t

Fig. 3.11: Tip forming: Desired and delivered voltage pulses. Left:
Pulses from positive bias to higher positive bias. Right:
Pulses from positive bias to negative bias. Situation is
analog when the starting bias is negative.

high voltage amplifier biased to positive voltages, so that the controller can be

turned off with the tip retracting, followed by a software restart.

Approaching and signs of the output voltages

Approaching tip and sample requires constant changes of the sign of the stepper

voltages. In earlier versions of the software, the channels defining which output

is connected to what stepper piezo could be changed and therefore the sign

problem was absent. Now the user has to be very careful when switching from

auto approach to manual movement since upward and downward directions are

inverted during this procedure. A upward movement will crash the tip into the

sample when the sign of the voltages is not inverted before using the coarse

stepper manually.

Saveing of files

Saving a scan to a file on the computer can be faulty. After a scan one has

to immediately save the file before changing any of the parameters. In case

one changes the parameters and then remembers to save the file the changed

parameters are stored in the file header.

Autosave

Auto does not work when the sample is scanned downwards followed by an

upwards scan combined with forward and backward scanning of the sample.

Auto save works, when the sample is only scanned downwards combined with

a forward and backward scan.

Statusbar updates

Updates to the status bar are not fast enough. This leads to problems when a
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miss click happens due to the fact that the user cannot see what the next click

will cause.

Slider menue

The sliders have an exponential scale. This works for changes within low values.

For larger values e.g. changing from the bias from 4 V to 3 V, one easily ends

up in a completely different bias range, for instance 100 mV, not large enough

for many semi conductors, resulting in a tip crash. Entering numbers directly

would be the way to go.

Data recorder

The data recorder loses sync when too many sample points are recorded per

time interval. After a few scans the data recorder is several seconds behind

real time. 100 points per second and below work fine. The data recorder also

does not work during fast approach, retract and coarse movement.

Tip Transfer and Marcor Crumbs on the Samples

Without doubt, the worst problem with the new-bought machine have been crumbs

falling from the tip holders marcor center piece. The marcor tip holders are too

brittle, and when transferring the tip in or out of the STM, the wobble stick removes

larger and smaller chunks off the tip holder. Those chunks fell down on the sample

during stepper motion of the Pan head. First chunks were too small to see them

on the sample with the naked eye, however after a few months all samples turned

rough and never showed a smooth surface. This problem was solved by replacing the

marcor center pieces with aluminum oxide center pieces. However repairing those

crystals by sputter and annealing cycles took another two or three months.

The tip transfer itself is troublesome. Tips cannot be taken out while the STM is

cooled down, because metal parts in which the tip holder sits shrink and have a tight

grip on the holder. At room temperature, the washer can easily be lifted against

the spring force. The tiny dimensions of the whole system now brings the danger of

losing the tip holder quite easily. The fork prongs are too short by about 1 to 2 mm,

so that the tip holder can be stripped off the prongs quite easily.

The same problem happens when inserting and pulling tip holders out of the tip

garage outside of the STM. The angle between the wobble stick and the tip garage

is off by about 10˚. This results in holders that got caught in the garage in the same

way as in the STM tip holder.

A first approach to fix this could be a few millimeter longer fork prongs. This would

stop the immediate loss of the tip holder, since one is not pulling with brute force
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and often is able to stop after a few millimeters. Because of the turning mechanism,

which secures the sample in the wobble stick, this requires, that either that part has

to get stretched by the same amount, or that the tines have to be lengthened by

shaving down the form at the base of the prongs (see figure 3.4).

Preparation Chamber and Load-Lock Chamber Arrangements

The preparation chamber suffers from the fact that it is pumped only by the ion

getter and titan sublimation pump. This pump has to be sealed off by the gate

valve whenever a film is prepared in oxygen or sputter cycles are carried out. At this

moment, there is no pumping in the preparation chamber and only the turbo pump

in the load-lock keeps the total pressure. Moreover the KF-100 lid had to be replaced

by a CF-100 window. Pumping is then done with the turbo molecular pump in the

load lock which is sub optimal since the load lock is sealed with a KF-100 lid. After

some time we replaced the KF-100 lid with a CF-100 lid which keeps the pressure at

1 · 10−9 mbar.

STM Chamber

The gate valve that connects STM and preparation chamber is mounted in a way,

that the high pressure side is on the STM side. This is not well designed, because

the STM chamber is solely pumped by an ion getter pump and cannot be pumped

down separately after it was opened. This implies that the whole setup needs be

exposed to ambient pressure. If the gate valve would be turned around with its low

pressure side facing the STM chamber, the preparation chamber could be opened

without affecting the STM side.

Bake Out Box

To bake the setup after being exposed to air, a box, made up of various heat resistant

foam plates is setup. Two heating elements are hard mounted on the steel frame of

the STM. Three additional ones can be installed in the corners of the steel frame.

Together they offer 5.5 kW of heating power. Also mountable on the frame is a fan,

that helps to circulate the hot air in the box. This enables a homogeneous heating

of the chamber. The first two or three times baking of the chamber worked well.

Later uses showed that the foams are not stable upon heating. The foam plates got

curved and sealing the slots between adjacent plates created this way is hard, so
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that the end temperature is harder to reach with every bake out cycle. A solution to

this could either be an aluminum frame to hold the foam plates tightly in place or

a replacement of the heat resistant foam with heating bands and a heat resistant

blanked to keep the hot air at the chamber. Also the human respiratory tract has to

be protected during handling of the foam. Breathing becomes hard when the air is

full of little particles stemming from the bake out box.

3.1.10 Time Consumption

Trouble shooting and solving the first problems, until the STM was in running

conditions that enabled repeatable experiments took more than half a year. The

STM was delivered in May of 2014 and the first reliable sample preparation was

possible in January 2015. During that time we solved the above mentioned problems

with the ceramic crumbs falling on the samples and the software. The crumbs left

spots on the crystals hampered scanning the samples at many approach places for

a long time. The samples only recovered slowly from the crumbs on their surface

and reliable preparation of flat films was only possible in May 2015. We think, that

the initial problems with well established recipes, adopted from similar experiments

from Berlin, stem from the impurities from the tip holder, which we sputtered and

heated into the crystal. From then on changes in software versions fixed existing

bugs and brought new ones we had to work around.

3.2 XPS Setup

The XPS setup is a commercially available setup ESCALAB Xi+ XPS Microprobe

from Thermo SCIENTIFIC [92] and can be seen in figure 3.12. It is located in the

workgroup of Prof. Wittstock in the Chemistry department of the University of

Oldenburg
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Fig. 3.12: ESCALAB Xi+ XPS setup with X-Ray source (2), hemi-
spherical analyzer (4), glove box (6), view ports (5), UPS
source (3) and automated sample translation and rotation
(1)

It features an automatic sample rotation and translation (1), a dual X-Ray source

(2), a UPS source (3), a hemispherical analyzer (4) various view ports (5) and glove

boxes for sample preparation in protective gas environments. On the backside shown

in figure 3.13 is the load lock.

Fig. 3.13: XPS load lock with CF-40 and KF-63 flange. The KF flange
is used for sample transfer. The smaller CF flange in the
middle of the door stays untouched.
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The load lock has a CF-40 flange which is mounted on a KF-63 door which can be

opened when the load lock is vented. To avoid mechanical stress on the hinge of

the door the CF-40 flange should not be used. Sample transfer is done by two long

transfer sticks. The second one is shown in the left of photograph of Fig.3.13.

Fig. 3.14: XPS stage with electron lens leading to the hemispherical
analyzer coming from the top, the dual X-Ray source, com-
ing diagonally from the top left and a camera displaying the
detection area on the computer screen. The two pronged
fork holds the sample. Rotation can be done along the axis
of the sample holder stage or with a special sample holder
connected to the gears on the plane of the sample holder.

As the XPS requires particular sample holders, our STM specific holders had to be

adapted as discussed in subsection 3.1.8. The space for designing a matching holder

that is small enough not to interfere with other samples and the XPS stage itself

limits the possible ways of mounting the STM sample holder onto the XPS sample

holder. The measurement stage of the XPS can be seen in figure 3.14. Samples can

be rotated around the axis of the sample holder stage. Diagonally from the top left

aiming for the sample is the dual X-Ray source. Straight down from the middle

comes the electron lens for the hemispherical analyzer and diagonally shooting down

from the top right is the video camera that shows the measurement area on the

computer screen.

Apart from the initial problems of transferring the sample from the STM chamber

where everything is on axis into the XPS chamber where the sample is mounted a

few cm off axis, I did not encounter any problems concerning the XPS setup itself.

However the number of transfers a sample holder survives is limited. The first broke

after about ten transfers, due to the fact that the thin sheet of molybdenum cannot

withstand more forward and backward bending before the little hammerhead is

dislocated and a new sample holder is needed.
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4. RESULTS

In this chapter I will present my results concerning the growth of ceria films on a

Ru(0001) substrate. I will start my discussions in section 4.1 with the theoretical and

experimental results concerning ceria growth already done by others.Subection 4.2

will involve the film preparation and its morphology. The main tools for exploring

the film morphology are LEED and STM. Furthermore, XPS measurements revealing

the reduction state depending on the growth procedures are shown in section 4.4.

The last part involves a discussion of copper ad-particles on the ceria films and their

adsorption sites as well as their influence on the reduction state of the films in section

4.5.

4.1 Structural and Electronic Properties of Cerium Dioxide Films -

State of the Art

Cerium dioxide (CeO2) is a wide band gap material which is often grown as flat films

on different metal substrates or as nano-particles with a metal core coated with a

CeO2 layer or inverse, a CeO2 core decorated with different metals. In this thesis the

focus is on film growth on flat metal surfaces. Ni(111) [93], Pt(111) [94], Ru(0001)

[27] [25] [95] [15], Rh(111) [96] and Cu(111) [97] are the common support surfaces

that have been investigated previously with different experimental approaches and

theoretical studies. Ceria grows in a cubic calcium-fluorite structure Fm3̄m. The

support is the key to the exposed ceria surface. The just mentioned substrates all

expose a hexagonal lattice, forcing the ceria film to grow epitaxial with the (111)

surface exposed, as presented in figure 4.1. I will focus on the Ru(0001) substrate.

The smallest vertical repeat unit of the film consists of a O-Ce-O trilayer formed by

the oxygen on top with a neighboring Ce atom atop another oxygen atom slightly

below. The Ce atom sits in hollow sites between the oxygen atoms. Since this trilayer

is is the smallest repeat unit perpendicular to the surface, I will also refer to it as

monolayer (ML). A monolayer is 3.1 Å thick and a few ML are enough to form a

band gap of more than 6 eV [98][99][100][101] according to the density of states above



Fig. 4.1: Single layer of CeO2 exposing the (111) surface. The unit
cell is marked in blue while red and white balls mark oxygen
and cerium atoms. Rendered with Jmol.

and below the Fermi-level. Discrepancies between optically derived band gaps and

those derived with STS stem from the fact that ceria always has some impurities

which populate the Ce4f states in the band gap between the O2p states below the

Fermi-level and the Ce5d states above the Fermi-level. However, the Ce4f levels

are so confined that they are not considered as real band and optically allowed are

only transitions between the O2p and the Ce5d band. STS measurements are local

enough to show the O2p to Ce4f transitions.

Without allowed states inside the band gap, the optically resolved band gap is

larger than the electrically measured one, also due to dipole allowed and forbidden

transitions. The face centered cubic unit cell has a side length of 5.41 Å which results

in a 3.83 Å periodicity in the hexagonal (111) surface, both for the cerium and oxygen

atoms. Thermodynamically the (111) facet is by far the most stable termination of

all ceria planes, since it is a non polar, other than the (100) and (110) terminations.

Films are often prepared by reactive deposition of Ce and O. For this purpose cerium

is evaporated from a crucible in an O2 partial pressure. The cerium vapor from the

crucible and the oxygen molecules are adsorbed onto the support, where diffusion

allows for reaction and nucleation of a film. The exact morphology of the film depends

on the cerium flux from the crucible, the oxygen partial pressure, and the annealing

temperature of the substrate. A grainy film grows after deposition on a ruthenium

(0001) substrate held at room temperature, which forms into a crystalline film upon

annealing, starting at step edges of the substrate [102][93][26][95].The CeO2 (111)

surface is non polar, since dipoles cancel each other out due to the O-Ce-O trilayer,

in contrast to the (100) surface, which is polar.

Literature describes three different stoichiometric terminations of the step edges
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on the (111) surface of ceria, depending on the growth parameters [95][103]. Type

I steps are of a kind with the bottom oxygen atom of the O-Ce-O trilayer at the

extreme edge, while type II steps are inverted and display the top oxygen atom at

the extreme edge. Step edges of type III are terminated in an alternating fashion

formed by top and bottom oxygen atoms and cerium atoms. Figure 4.2 shows those

terminations for better visualization. Type I and type II step edges develop in

Fig. 4.2: Three step edge terminations taken from Nilius et.
al.[95](upper frame) and Torbrügge et. al.[103](lower two
frames). [95] found that Type I and II step edges are inverted
with respect to the oxygen atom position at the extreme edge
which changes from bottom for Type I to top for Type II.
Type III edges have a

√
3 times larger periodicity compared

to the type I and II edges and are rotated by 30˚, pointing
along the 〈211〉 instead of the 〈110〉 direction. [103] found
the same step edge terminations with SFM. The camber at
the step edges is visible.

roughly a 1 : 1 ratio, when the annealing temperature is no more than 900 K and are

〈110〉-oriented running along the high symmetry axes of the ceria lattice. The atom

spacing is that of bulk ceria with a lattice constant of 3.83 Å. When the annealing

temperature reaches 1000 K the ratio is 2 : 1 between type I and II step edges,

producing asymmetric islands. The type I and II steps are inequivalent, because

the corresponding plane is not a symmetry plane of the underlying CaF2 crystal

structure.

Type I step edges feature additional tunneling channels compared to the flat film at

around 4 eV, depending on the exact film thickness. This leads to a sharp increase

in apparent step height in STM images taken at this bias. The reason for this is the
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formation of additional tunneling channels by 1D-electronic states, which split off the

conductance band, due to the lower coordination and polarity along the step edge.

The overall band gap for bulk ceria is about 6 eV [104][101]. The split off states are

situated inside the band gap between the O2p and Ce5d states. The same tunneling

channel opens up only above 4.4 eV for the flat surface and the contrast between

step edge and the flat film diminishes above 4.4 eV. This contrast enhancement along

steps (camber) is not available for type II step edges. Step edges of type III exhibit

this enhanced contrast at higher biases voltage above 4.5 eV, which diminishes again

at 0.5 eV higher energy at 5 eV when the conduction band (CB edge is reached on

the flat surface. Structurally, the type III steps are rotated 30˚with respect to the

directions of the type I and II steps and run along the 〈211〉 directions of the oxide

lattice. Their atomic spacing is larger by a factor of
√

3 compared to the surface

lattice constant of flat films (6.63 Å). The here described differences in LDOS, giving

rise to a pronounced step contrast (camber) at step edges (figure 4.3), at certain

bias voltages, are also the explanation for seemingly enhanced step edges heights as

discussed later in the sections about film morphology and defect appearance.

Fig. 4.3: STM images of ceria (111) films. The step edge enhancement
(camber) is not visible on the left side scanned at 4 eV, but
visible on the right side scanned at 5 eV.

Fig. 4.4: Electronics states for type I to III step edges compared to the
flat surface, taken from [95]. The onset of the CB is marked
with a dashed line. Around that energy the type I and III
step edges express a different density of states which results
in what seems to be an increased topographic height in STM
measurements.
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Note that the energetic position or bias voltage at which these cambers appear are

subject to a shift, caused by band bending. The local density of states (LDOS) for

step edges of the different types compared to the flat surface are shown in figure 4.4.

4.2 Ceria Film Growth on Ruthenium

All ceria films explored in this thesis were grown on a Ru(0001) crystal. Four sputter

and anneal cycles were used in order to remove the old film and bring the crystal

into a shape with large and flat terraces on which the new film can be grown. I have

chosen the first sputter cycle to be two hours, to make sure that the old ceria film

is removed completely and therefore heating will not alloy cerium and ruthenium

near the surface. The last three sputter cycles were one hour long. The annealing

temperature increased from cycle to cycle from 900 K to 1400 K in equally spaced

temperature steps. Sputter cycles were done at 5 · 10−6 mbar neon partial pressure

with 1 keV and a current of 6µA on a 16 cm2 area (the sample holder is placed in

a larger metal frame on the manipulator head, which also adds to the sputtering

current we measure). However, the beam is gaussian shaped with respect to the flux

density and therefore the vast majority of the ions sputter the crystal. After the last

annealing cycle, the temperature was not reduced to room temperature, but held

at the growth temperature of the film. Exceptions to this rule are films that were

post annealed as discussed in subsection 4.2.2. The oxygen pressure used for Ce

oxidation was about 1 · 10−6 mbar. Evaporation time for a ceria film was ten to 20

minutes depending on the flux densities. Flat cerium oxide (111) films were grown

between 800 K and 1100 K (subsection 4.2.3). The following subsections will show

the quality of the substrate before film growth and the different film morphology as

seen in STM and LEED.

4.2.1 Ruthenium Substrate Before Film Growth

The initial ruthenium crystal had to be cleaned before film growth, since it still

contained carbon impurities which concentrated on the surface after annealing.

Earlier reports of carbon films growing on ruthenium can be found elsewhere [105]

[106] [107] [108] [109]. These carbon films can be burned off when introducing a

1 · 10−7 mbar oxygen partial pressure at about 820 K. Numerous sputter and anneal

cycles had to be performed before first film growth because of the earlier discussed

problems with marcor crumbs from the tip holder (see subsection 3.1.9). Successful

preparations resulted in a clean, flat surface with only a few step edges. Figure 4.5
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shows early preparations were carbon concentrated at the surface (frame A) and

later preparations with a cleaner surface on different lateral dimensions. The crystal

A B

C D

Fig. 4.5: LT-STM image of Ru(0001) after sputter and anneal cycles
with and without oxygen treatment. A) Early stages of the
crystal, 10 minutes at 1385 K without oxygen treatment. B)
Smaller sample area of the same preparation. Ad-islands are
likely graphene. C) Atomic resolution of the oxygen (2X2)
surface reconstruction after several sputter and annealing
cycles and oxygen treatment to remove carbon from the
crystal surface. D) Cross section from the cut marked in C)
confirmung the 5.4 Å distances between Oxygen atoms.

already has large terraces, but shows a lot of carbon concentrated on its surface. The

carbon layer is not well ordered and looks more like nano crystals (B). Twelve sputter

and annealing cycles followed by ten minutes of annealing at 1380 K resulted in the

cleaner picture in frame (C). Ruthenium forms well-ordered O-superstructures, e.g.

(2X2) and (2X1) under the given conditions [110][111][112][113]. Oxygen to oxygen

distances in the experiment (frame D) are 5.36 Å which is close to the predicted

5.42 Å for the (2X2) super-lattice with respect to the Ru(0001) surface.
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4.2.2 Low Temperature Preparation with Post Annealing

In this subsection, a preparation recipe will be discussed, in which Ce was deposited

on the Ru substrate, which was held a 300 K. This resulted in a surface covered

with small (100) oriented CeO2 islands. Formation of the (100) islands was observed

after post annealing to temperatures between 720 K and 880 K in a 1 · 10−6 mbar

oxygen partial pressure. Similar preparations resulted in flat (111) oriented surfaces

at the Fritz Haber Institute in Berlin, but could not be reproduced in our STM

setup in Oldenburg. This could be either due to temperature mismatches or due

to the negative influence from the marcor crumbs falling on the crystal described

earlier. Increasing the post annealing temperature first increased the amount of (111)

A B C

(111) oriented surface(100) oriented surface

Fig. 4.6: Ceria islands exposing (100) as well as (111) surfaces. An-
nealing temperatures are between 720 K (frame A) and 880 K
(frame C) in 1 · 10−6 mbar oxygen for 10 minutes. The an-
nealing temperature has an impact on the the ratio between
different exposed surfaces but exclusive formation of (111)
islands was not possible. Particles in frame B were grown
at 780 K. Preparation between 770 K and 820 K resulted on
average in a larger ratio of (111) oriented islands.

oriented islands, but at temperatures of 880 K the ratio declined again in favor of the

(100) islands according to STM. The LEED confirms the presence of (100) oriented

ceria islands with no change in the angles and radial distances in LEED patterns

depending on the post annealing temperature as shown in figure 4.7. Spot brightness

depends on the post annealing temperature via its influence on the particle size and

ratios in general. The brightest spots in the LEED patterns are the Ru(0001) spots

which reveal the hexagonal structure of the substrate (1). Since the ceria films with

a (111) surface grow along the surface vectors of the Ruthenium support but with a√
2 times larger lateral Ce-Ce or O-O distance, one can find faint spots oriented in

the same direction as the Ru(0001) spots, but at 1/
√

2 times the distance from the

zero order reflex (4). These spots are representative for CeO2 (111), but are difficult

to observe at low coverages and the selected preparation scheme. Oriented in the
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Fig. 4.7: LEED patterns recorded on samples post annealed at 720 K
(left) and 850 K (right). The brightness of spots changes, but
the overall pattern is conserved.

same directions, but at half the distance to the zero order reflex are the oxygen

spots (5), reflecting that every second Ru atom is covered with an oxygen atom

[110]. Between the bright Ru spots is a line of three fainter spots which belong to

the CeO2(100) surface. hereby, spot (6) belongs to a unit cell formed together with

spot (3). Since a 15̊ rotation between the quadratic unit cells found in combination

with a hexagonal unit cell of the substrate will result in some of the quadratic unit

cell vectors parallel to the hexagonal unit cell.

The lattice parameters of a square pattern on a hexagonal support cannot be

determined directly by comparing distances to the zero order spot in the middle of

the LEED screen as it is done when hexagonal islands are exclusively present on the

surface. The length of the lattice vector ~g = h~a∗ + k~b∗ which connects the spots in

reciprocal space depends on h and k in a different way for hexagonal and square

lattices. For hexagonal lattices the length becomes

|~ghex| =
4π√
3ahex

√
h2 + k2 + hk, (4.1)

while for a square lattice the reciprocal lattice vector becomes

|~gsq| =
2π

asq

√
h2 + k2. (4.2)

Translation along one lattice vector means either h = 1 and k = 0 or h = 0 and

k = 1. Therefore both terms under the square root become 1 and the length of ~g is

the fraction before the square root. Therefore square and hexagonal lattices show

different spot-separations for identical lattice constants, or, as in our case, the same

spot distances for different lattice constants. Both lattice constants are connected

via the radius of curvature of the LEED screen rs and the energy of the electrons

which results in a certain ~k0. Since the spots are recorded at the distance x to the
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center of the LEED screen, the relation between rs, x, ~k0 and ~g is given by:

rs =
xhexk0

g
=
dRuk0

4π

√
3aRu ⇔ g =

xhexk0

rs
(4.3)

where aRu is the lattice parameter of the Ru(0001) surface. From equation 4.3 follows

that

gsq =
2π

asq
=
xsqk0

rs
⇔ asq =

2πrs
xsqk0

=
2π

xsqk0

xhexk0

4π

√
3ahex =

√
3

2
· xhex
xsq

ahex (4.4)

Sketches for x, rs and ~k0 can be found in figure 2.18 for visualization. Back to the

LEED pattern in figure 4.7, the middle spot (3) of the three spots between the

ruthenium spots, could originate from a superposition of two different first order

ceria spots (5). The distance between the zero order spot and spots marked (2) of

the square lattice are in agreement with results from formula 4.4. For example, in

frame B of figure 4.7 the Ru spots (1) have a distance of 411 pixels to the zero order

spot while spots (2) and (3) have a distance of 350 pixels. Inserting these numbers

for xhex, xsq and 2.71 Å for the Ru(0001) lattice constant, one retrieves a lattice

parameter of 2.72 Å for spots (2), which matches the shortest O-O distance in the

CeO2(100) surface. STM measurements reveal, that the cubic particles are oriented

in a way, which could in principle fit to the orientations found in LEED as figure

4.8 shows. Three different orientations of islands were marked with green lines in

A B C

Fig. 4.8: Orientations of particles as found in STM and LEED. Ori-
entations of particles were marked with a green line on the
left (A) and transferred into the LEED on the right (C). Red
lines in (C) are 90 degrees rotated with respect to the green
lines since LEED produces patterns perpendicular to the real
space orientations of the lattice vectors. Blue lines in (C) side
were used to find the middle of the zero order spot. Frame
(B) shows an STM figure of the (100) surface with atomic
resolution

the STM measurement in frame A and then imposed onto the LEED pattern on the

right in frame C as a template for the unit cell. Orientations of the lattice vectors
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in LEED are perpendicular to the orientations of the lattice vectors in real space

since ~a∗ ≈ ~a × ~n. Orientations of the atoms (frame B) found in STM agrees with

orientations found in LEED measurements. Blue lines were used to find the middle

of the zero order spot. STM and LEED therefore agree that a mix of (111) and

(100) oriented islands populate the Ru(0001) support. It is important to note that

earlier studies [114] found a (2× 2) and a c(2× 2) reconstruction of the (100) surface

because of its polarity. These are not observed in this work. My surface clearly

shows unit cells of 2.72 Å periodicity, matching primitive the CeO2(100) surface unit

cell (4.8). Grown at 770 K (considerably lower temperature than in [114]) and at

1 · 10−6 mbar, my nano-crystals might be less reduced and therefore the very small

surface areas show a non reconstructed surface in STM. It is important to note, that

the (100) surfaces which grew in my preparations are smaller than those from [114]

and do not expose any (111) side facets in STM.

4.2.3 High Temperature Preparations

In order to overcome the problems with CeO2 particles, we adopted a recipe for

ceria film growth which is also used by the group of Jan Ingo Pflege from the

University of Bremen [26]. This recipe involves heating of the substrate during film

deposition instead of post annealing. Reactive deposition of cerium and oxygen

on a preheated ruthenium crystal results in closed films with triangular ad-islands

for temperatures below 770 K. In contrast, hundreds of nanometers large triangular

islands and dewetting of the ruthenium crystal is achieved at temperatures above

770 K. The growth temperature was varied between 770 K and 1120 K while the

oxygen partial pressure in the chamber was always set to 1 · 10−6 mbar during film

growth. All films were grown with a flux of 220 nA (Cer ions), as derived from the

evaporator, which corresponds to a ML per minute.
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C D

Fig. 4.9: STM images of ceria thin films for four growth temperatures
with an equal oxygen partial pressure of 1·10−6 mbar; A) 770 K
growth temperature; B) 880 K growth temperature; C) 1000 K
growth temperature and d) 1080 K growth temperature

In order not to sputter the film onto the substrate, the acceleration voltage between

filament and crucible of the evaporator was compensated with exact the same voltage

on the sample (zero potential difference). The films thickness was adjusted to be

around ten ML. A typical growth series as a function of temperature is shown in

figure 4.9. The individual films are discussed in detail later in this chapter.

Preparations at 750 K - 800 K Growth Temperature

A typical film grown at 770 K is depicted in figure 4.10. The film completely covers

the Ru(0001) substrate. The triangular shape of the top layer islands is evident,

while cubic particles are completely absent. My films shows a perfect hexagonal

grid as expected from a (111)-oriented ceria surface. The atoms in the top plane

are oxygen atoms, but since the scan in frame B was done with positive voltage, we

can see the Ce atoms, which display the same periodicity as the oxygen atoms. The

periodicity of 3.83 Å found in these STM measurements (figure 4.11) matches the
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Fig. 4.10: STM image of a typical ceria film grown at 770 K. A: 100×
100 nm2 at 4 V and 32 pA; B: 20 × 20 nm2 at 2, 8 V and
1.1 nA

3.88 Å for Ce-Ce distances on the ideal (111) surface quite well. The step edges are

triangular in shape in most cases. The atomic resolution in frame B of figure 4.10

shows, that the periodicity at the step edge is equal to the periodicity on the flat

film, ruling out the formation of type III step edges as discussed earlier. The height

of the step edges should change with the thickness of the film due to increased band

bending and the increased resistance of thicker films.

Fig. 4.11: STM image and height profile of inter atomic distances. The
distance measurement matches the expected value of 3.88 Å
for (111) oriented ceria surfaces

As evident from figure 4.10 the film is not flat, but has a wavy landscape with

40− 80 pm corrugation. This wavyness interferes interferes with measurements of

step heights. In frame A of figure 4.12 measured at 3.15 V, one can see a protrusion

(small hill) close to a depression just below the step edges in the middle left. There, two

cross-sections have been taken to measure the step height, one starts in a depression

of the next layer above the step edge, while the other just a few nanometers down
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Fig. 4.12: Measurements of step heights. The wavy landscape of the
film influences the step height in cross sections taken at
various places. Step heights change from 2.5 Å to 3.1 Å
when the bias increases from 3.15 eV to 3.5 eV

the same step edge ends in a protrusion. Frame B compares both cross sections. Step

height are equal, but slightly lower than the 3.1 Å of the O-Ce-O trilayer (=̂1 ML)

thickness. Frame C shows the same area at 3.5 V. Now the wavy nature of the film

disappears and all step edges are 3.1 Å high. This reflects the insulating character of

the CeO2 film, with a CB edge at 3.1 eV, where small changes in conductivity are

strongly emphasized in topographic data. This could mean that the wavy nature of

the film is due to local conductance differences. Another contribution to the wavyness

however, comes from the ruthenium substrate itself. The amount of protrusions

sticking out of the flat surface can be lowered by annealing the crystal to higher

temperatures after a sputtering cycles. This suggests implementation of neon into

substrate during sputtering, explaining the wavyness of the film in parts to be a real

topographic effect. Figure 4.13 shows two preparation of the ruthenium substrate,

one annealed at 1300 K and one annealed at 1400 K.

The corrugation of the bubbles as shown in the cross-sections of figure 4.13 is equally

pronounced on the substrate and on the film, as cross sections in frame B reveals.

Frame C shows a bubble free substrate after annealing at 1400 K for 20 minutes.

The fact that the bubbles display the same height profile on the ceria film and on

the ruthenium film is surprising. One could imagine a smoothing when an island of
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at least five ML thickness is covering the substrate. With increasing voltage, the tip

A B C

Fig. 4.13: STM images of the ruthenium substrate. A) Wavy corru-
gation when annealed at 1300 K for 20 minutes, Scanned
at 4.5 eV. Scans at 5 eV and 3 eV show the same bubbles.
This effect is not bias dependent. B) Cross-section taken in
red belongs to the substrate, cross section in green belongs
to the film. Both show an equally high protrusion. C)
Annealing at 1400 K or above for 20 minutes reduces the
corrugations. Scanned at 4.5 eV. This means, that the effect
can be explained via neon enclosures in the substrate due
to insufficient annealing temperatures.

sample distance increases and washes out the corrugation of the bubbles. This does

not seem to happen. The bubbles are evident at every bias. Film wavyness therefore

has a twofold origin, one stemming from conductivity of the film, one from neon

trapped in the ruthenium substrate.

Preparations at 850 K - 900 K Growth Temperature

The preparation conditions are kept the same in this chapter, except of the growth

temperature of the substrate which has been increased to 850 - 900 K. This has some

impact on film morphology. Films are still mostly closed with some openings which

go several ML down into the film and reach the substrate. The depth is about five

to six ML when counting the step edges at the slope near the holes in tunneling

current pictures, recorded alongside the topography during a scan. Topmost ML

resemble a large terrace with smaller add islands on top which add mostly two to

three monolayers to the maximal film thickness. The straight nature of the step

edges between layers roughens up at these conditions (figure 4.14 frame A)). In frame

B) on the lower right side a opening, possibly down to the substrate, has formed

and seems to be the starting point for the growth of larger triangular islands which

will be found in preparations done at 1000 K to 1100 K. Blue lines mark a possible

crystalline CeO2 grain which could grow further if the temperature would be higher.

In the top right, we can also detect locally confined dots on the surface which could
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Fig. 4.14: STM image of a film grown at 880 K; triangular step edges
vanish and a curved step edges dominate the films. Note the
onset of dewetting at this preparation conditions in frame
A. Blue lines in frame B may represent a single crystalline
CeO2 grain.

be first defects. Those defects will be discussed in subsection 4.3. As before, step

heights are about 2.5 Å when the bias voltage is sufficiently low to allow the edge

states to become visible (camber in topography). At locally reduced film thickness,

step edges display this camber at different bias voltages compared to higher laying

step edges. This is because band bending shifts the energetic position of the step

edge states relative to the tips Fermi level, as explained earlier. Since the step edges

all show this behavior at a certain point when the bias is swept up to 6 V, step edges

should be of type I and III, according to the above classification, since type II edges

do not exhibit the peak in LDOS just below the conduction band onset. However,

the step edge state can easily be missed and an assignment of step edge types by

orientation relative to the atomic orientation seems appropriate.

Preparations at 1000 K Growth Temperature

Preparations at 1000 K show large triangular islands with up to ten ML thickness.

Frame A of figure 4.15 shows a narrow trench separating two large islands. The

outer edge of the large island is straight and at least 10 ML thick, since a cross

section shows a height of about 3.8 nm, which corresponds to little more than twelve

ML. Band bending and increased resistance lower the height of the tip over the

sample. Therefore the actual film thickness might be even higher. After the initial

height increase of the large island, a slight decrease in thickness is found. There

is a drop down of about two ML before the film thickness rises again. The film
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Fig. 4.15: STM images of an intermediately annealed film. 980 K
growth temperature for frame A and B with oxygen pressure
of 1 · 10−6 mbar until the film was cooled down. For frame
C and D the growth temperature was at 1020 K

terraces are not as rough as in films grown at 900 K. The triangular shape of the

ad-islands can nicely be seen in figure 4.15 frame B). However there is an intermixing

between triangular shapes with straight edges and arbitrarily formed rough edges.

The bias voltage needed to stabilize the tip over the film was 8 V, indicating again

an increased thickness. The edges of the upper island in frame C) comprise single,

double, triple and quadruple ML steps, while the lower island shows only one large

step of minimum ten ML.

The film presented in figure 4.15 frame A) and B) contains twice the amount of

material evaporated onto the substrate as the other films presented so far and is

the only film that was prepared with such a large amount of material. Nonetheless,

even at this high exposure the films is not continous but starts to break up into

separated islands (dewetting). The huge differences in height close to the step edge

is a peculiarity of this thick film shown in figure 4.15.

Films grown with the standard amount of ceria (as in all the previous preparations
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at lower temperatures) are shown in frame C) and D) of figure 4.15. Larger areas

which expose the ruthenium substrate and step edge heights between five an six ML

are found (Fig. 4.15 frame C)). Terraces on top of the island show triangular shapes,

although less frequent. Figure 4.15 frame D) shows a truncated triangle (bottom

left). Islands which look like triangles growing together and have developed round

corners (top middle). All step edges experience the camber compared to the flat

terraces. Closer investigation reveals frequent ruptures in the camber, where they

A B

1
2
3

C

Fig. 4.16: Step edges recorded with 4.5 V (A) and 5 V (B). The step
edges display increased apparent heights compared to the
flat film. Frame C shows a cross section of the step edges
marked in frame B. Cross section number one corresponds
to the blue line, while number two is shown in red and
number three in green.

appear to have the same height as the flat films. Frame A of figure 4.16 was recorded

at a bias of 4.5 V and shows the camber primarily on the lower terraces while the

scan in figure 4.16 frame B shows the same behavior for step edges on higher islands.

On larger scan areas a height difference of three ML is needed before the layer height

is measured to be 3 Å, just a bit short for the literature values for ML heights. This

is again caused by band bending and thickness dependent resistance effects of the

film. The interruptions in the step edges, where the increased height vanishes is not

surprising, since regular step edges should have a fixed orientation. The step edges

here are not straight, but regularly change orientations along the step. In particular

Type I and III edges, which display the increased step height might interchange with

possible type II edges that have no edge state (crossections 1-3 in Fig. 4.16frame B).

Preparations at 1100 K Growth Temperature

Not suprisingly the highest substrate temperature during growth produces the films

which dewetts the substrate the most. The triangular islands are delimited by

straight edges while the terraces on top of the islands expose more curved lines, being

however straighter than before. Figure 4.17 A) shows an island with a side length of
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more than 300 nm. In the middle is a screw dislocation which sits at the end point

of what appears to be a ruthenium step edge below the ceria film. As discussed

before, the bubbles under the film originate from neon which was sputtered into

deeper layers of the ruthenium crystal followed by annealing cycles with insufficient

temperature. 4.17 B) shows that often islands grow into each other. Sometimes the

A) B) C)

Fig. 4.17: STM measurements of a typical film growth at 1080 K.
Large triangular islands with several 10000 nm2 and exposed
ruthenium support.

film grows in a non ordered fashion where the islands meet. In frame C one can see

that the ratio between exposed versus oxide covered ruthenium surface can be quite

large. All three frames show island thicknesses of five to ten ML. Terraces on the

islands increase the maximal thickness to ten ML to 15 ML. Islands in figure 4.17 A)

- C) are nine, seven and six ML thick at the outer edges.

LEED on 111-Oriented Ceria films

As discussed in section 2.3, LEED provides a quick and reliable way to investigate the

structure of a sample on larger scales and comparison with the STM measurements

seems reasonable. Cerium (111) films on different substrates including ruthenium

have been investigated by others [115][116][117]. Since the ceria films grow along the

primitive lattice vectors of the surface, distances can be calculated by comparing the

ratios of spot distances directly. Figure A) - D) show LEED patterns corresponding to

four films prepared at the temperatures discussed before. As expected, the ceria film

shows a hexagonal pattern in frame A. There are no ruthenium spots or oxygen spots

from the 2× 2 super-structure present when the film is grown at 800 K, suggesting

that the film is closed. Increasing the growth temperature to 900 K, very faint Ru

spots (1) start to show up. Ceria spots are marked (2). The change in orientation

is due to a new sample mounting in the holder. When prepared at 1000 K (Fig.

C)) the ruthenium spots next to the CeO2 spots increase in brightness, but oxygen

(2× 2) spots are still not present. Figure D) shows a preparation in which all three
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Fig. 4.18: Films prepared at 800 K to 1100 K. A: Thick closed film,
Ceria spots without Ru or O spots, 800 K growth tempera-
ture; B: Ceria spots with very faint Ru spots revealing the
1.4 by 1.4 super structures of ceria films, grown at 900 K, O
spots missing; D: Film grown at 1000 K Ru spots approach
ceria spots in brightness because of the onset of dewetting,
O spots missing; D: 1100 K growth temperature, oxygen
spots appeared and Ru spots are equally bright compared
to ceria spots.

types of spots, ruthenium (1), ceria (2) and oxygen (3) are present. The brightness

of the ruthenium and cerium spots is about equal, while the oxygen spots are not

as pronounced. Primitive unit cells are marked. Since the picture was taken with a

camera, the distances at the outer edge of the screen are distorted due to projecting

the spherical LEED screen onto a flat CCD-camera. The outer part of the screen

is affected more than the inner part close to the electron gun. Oxygen and cerium

unit cells therefore do not show perfect relative distances, as the distortion becomes

stronger the close the spot lies to the outer margin of the LEED screen.

LEED and STM agree perfectly with respect to the film growth and dewetting

behavior at certain temperatures. Films grown at 800 K lose thickness when prepared

at higher and higher temperatures and start dewetting above 1000 K. At even higher

temperatures the ruthenium surface and the oxygen 2 × 2 surface reconstruction

becomes visible. The high resolution STM pictures show a lattice constant of 3.83 Å

for CeO2. When using the ruthenium LEED spots with a 2.71 Å distance to the

zero order spot as reference, a factor of 1.397 for the ceria lattice constant can be

derived, which ends up at 3.78 Å for the CeO2 lattice. Therefore LEED and STM

are in agreement what the inter atomic distances concerns.
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Band Gaps on Stoichiometric Films

The band gap of the ceria films increases with film thickness. Figure 4.19 therefore

shows unsurprisingly an increase in band gap correlated with higher annealing

temperatures as film thickness increases. The bulk band gap is reported to be about

6.4 eV in experiments and theoretical calculations [104][101]. Here, the film thickness

A) B) C)

Fig. 4.19: Band gaps for three different preparation temperatures rang-
ing from 870 K to 1080 K and position where they have been
recorded marked in red on the sample

increased from five to seven and finally ten ML. Figure 4.19 A), B) and C) show

where each spectrum was recorded. The band gap increases with film thickness from

2.7 eV to 3 eV and 5.1 eV. The red and blue spectra are shifted upwards for better

visibility. The blue spectra recorded for 870 K annealed films shows a shoulder on

the left band onset, while the red spectrum (1025 K) just shows a weak slope instead

of a sharp band onset. The green spectrum shows a featureless band gap with sharp

band onsets. All the films seem to be asymmetrically placed with respect to the

point of zero bias marking the Fermi energy. This implies that ceria films behave as

are n-conductors. The origin of the spectral shoulder in films prepared at 870 K will

be discussed later when copper ad-particles are introduced to the ceria surface. As

mentioned before, the bulk band gap is about 6.4 eV, which is 1.3 eV larger then the

largest band gap reported here. Since band bending and an increased resistance of

the films due to their thickness broadens the band gap, those explanations cannot
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be used. Another explanation for the reduced band gap could be states in the gap

region which are mistaken for the band edges. This may suggest, that the band gap

we record is between empty Ce4f states and filled O2p states which are separated

by about 3 eV according to Castleton et. al.[101]. The band gap is asymmetric and

shifted to lower energies and with about 3 eV of the right size. The asymmetry of the

band gaps could also stem from different screening properties because charge carrier

mobility will be different for the conduction and valence band (VB). Therefore the

band bending is different for positive and negative bias. The different possibilities

make it hard to pin down the real situation.
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4.3 Defect Structures in STM

Defects are of pivotal importance for the chemistry of ceria surfaces and a detailed

understanding on the atomic level is therefore desirable. There are several kinds of

defects in the ceria surface. The next subsections will give an overview of the defect

kinds and their electronic and topographic features as well as formation energies

with and without adsorbates. in the following paragraphs, I will present my own

experimental findings for positive and negative bias scans as well as STS. Films

discussd here were grown at the highest temperatures with the lowest amount of

oxygen in order to achieve high levels of reduction at the oxide surface. Possibly a

new kind of defect is found, which was not discussed in literature before.

4.3.1 Defects in the CeO2(111) surface

Defects on ceria surfaces are most often oxygen vacancies. Esch et. al. [33] found

that there are several defect structures on the ceria (111) surface as well as subsurface

defects with an STM study presented in figure 4.20. The defect density was in this

case controlled by the annealing time using temperatures as high as 1180 K. He

found monomer, dimer and trimer defects right away. The films were scanned at

−3 V, which will image mainly the oxygen atoms (O2p states) as evident from LDOS

calculations. This imaging conditions are therefore sensitive to the oxygen vacancies

as shown in the two top frames named A and B of figure 4.20. In the same figure,

below the two frames is a larger frame with filled and empty state images and a

model showing the oxygen vacancies and the charge distribution. A missing oxygen

(bottom frame) in the top layer produces a STM feature marked with red triangles,

while subsurface vacancies produce those images marked with green triangles. Single

oxygen vacancies produce two reduced Ce3+ cations, directly situated at the vacancy.

Note that the Ce3+ positions from [33] deviate from newer calculations in [34]. Figure

4.20 shows the energetic positions Ce4f states in the bottom frame on the right side.

Vacancy formation is preferred at the top most layers, either as surface or subsurface

vacancy. Defect cluster come in various shapes. Straight lines, L-shapes and triangles

are observed most often. The clustering of the oxygen defects is surprising, because

Ce3+ cations are 25 percent larger than Ce4+ cations. The lattice strain induced

by the larger Ce3+ cations hinders aggregation. This clustering of defects pulls the

reduced Ce cations together. There is no unreduced Ce in between the reduced Ce

atoms and density functional theory (DFT) calculations predict that clustering of

vacancies is energetically unfavorable. This is in contrast to what experiments showed.
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Fig. 4.20: Defects on the (111) surface of cerium dioxide. The amount
of defects on the surface is controlled by the annealing
temperature, annealing time and the vacuum conditions.
Defects change the distribution of electrons and generate
new states inside the band gap. This in turn influences the
appearance of the defect site or site adjacent to defects in
STM. Taken from [33].

To solve this discrepancy between experiment and theory, several solutions were

proposed. Some authors proposed fluorine impurities to be mistaken for oxygen

vacancies in order to explain clustering [36]. Fluorine is energetically more favorable

when it comes to clustering compared to oxygen vacancy clusters in DFT studies

and can be mistaken for a defect in STM. However, this seems to be a hand waving

argument, since somehow the amount of fluorine has to be controlled after deposition
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of a film, with increased concentrations at higher and higher annealing temperatures.

Hydroxyl mediated clustering as discussed by [37] seems more logical. Figure 4.21

shows surface (SV) and subsurface (SSV) vacancies in blue and green, as well as the

reduced Ce3+ cations in red, which are separated and located at the second-next

neighbor site with respect to the vacancy.

Fig. 4.21: Comparison of formation energies for oxygen vacancy clus-
ters, fluorine cluster formation and hydroxyl mediated oxy-
gen vacancies cluster. Taken from [34].

Figure 4.21 compares the formation energies for surface defects, produced by either

clustered fluorine impurities and hydroxyl mediated defect clustering. A comparison

of the energy of cluster formation in figure 4.21 between clean and hydroxylated

surfaces shows a lower formation energy for clusters when hydrogen is present,

compared to separated vacancies. Furthermore a relaxation of the atom positions is

present when hydrogen is adsorbed at the vacancies. To sum up, possible defects are

surface and subsurface oxygen vacancies, as well as hydrogen or even OH groups as

a substitute for oxygen.

The 4f states of Ce are situated directly inside the band gap between the O2p

valence and the Ce5d CB [101]. Filled states sit below the Fermi energy, while empty

states are above. In STS it is therefore expected, that after rearrangement of the

energetic positions due to vacancy formation, peaks for reduced Ce are below the

Fermi energy at negative bias. In stoichiometric ceria filled Ce4f states do not exist.

Only upon removal of an oxygen atom, two nearby cerium atoms regain some of

their lost electrons and reduce to the Ce+3 oxidation state which is visible in STM.
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Jerratsch et. al. [118] showed the contrast, which makes some atoms appear to

be higher protruding from the surface, stems from Ce4+ cations which have an

unsaturated dangling bond pointing into the vaccum. The exact shape depends on

the localization of the Ce3+ ions relative to the O vacancy.

4.3.2 Exploring Defects in the Ceria Thin Films

I have two measurement methods at my exposal in order to examine the defects.

One method is XPS, which will be discussed in deetail later in section 4.4 in detail

for non local measurements and STM for locally resolved measurements. In order to

see defects in STM, scanning at negative bias is required as explained above. The

O2p as well as the filled Ce4f states sit below the Fermi-energy. My experiments

with negative bias voltage were destructive towards the surface. Scanning at positive

bias was as shown before far less destructive. This defect part concerning STM will

therefore discuss a part where scans were done at negative bias and a part where

scan were done at positive bias.

Defect Formation in STM with Negative Bias

Scanning at negative bias had a strong impact on the sample. A film grown at 770 K

with a thickness comparable to the films shown earlier, which were grown at this

temperature is depicted in figure 4.22. This sample should be relatively defect free,

as it was grown at lower temperatures. The idea is, that scans on a surface prepared

this way should show few defects and that with increasing temperature the defect

density would grow. However, a degradation of the sample surface with every scan

taken over the same spot is evident. Assuming that the first scan (figure 4.22 A))

shows the situation with minimal influence, the film has 33 defects. Figure 4.22 B)

shows 49 defects, 16 more than before and figure 4.22 C) displays 81 defects, an

increase of another 32 defects. Voltages went from 4.25 V over 4 V to 3.75 V while

the current was kept at 4.3 pA in figure 4.22 A) to C). To evaluate, whether the

increase in defect density is caused by the change in voltage, figure 4.22 D) to F)

show the progression of defect density growth over time with a fixed bias of 3.75 V

and constant current of 14 pA. The amount of defects increases with every subsequent

scan to the point where the surface becomes what is best described as cloudy. Figure

4.22 F) shows, that the area directly adjacent to the scan area seem to be less harmed

by the previous scans.
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A) B) C)

D) E) F)

Fig. 4.22: Scans with negative bias show more defects. The surface
changes from scan to scan. The number of defect increases
together with the amount of ad-features found on the surface.
A: UB = −4.25 V and IT = 4.3 pA; B: UB = −4 V and
IT = 4.3 pA; C: UB = −3.75 V and IT = 4.3 pA; D: UB =
−3.75 V and IT = 14 pA; E: UB = −3.75 V and IT = 14 pA;
F: UB = −3.75 V and IT = 14 pA

A scan with overlapping scan areas which are shifted after every scan, shows how

the film degrades with every subsequent scan (figure 4.23). After the first scan, the

Fig. 4.23: Subsequent degradation of the surface at constant bias UB =
−3.75 V and tunnel current IT = 14 pA. The scan area is
shifted for every scan with overlapping scan areas. Blue
outlines mark the previous scanned area and separates the
never scanned before area from an area which was scanned
once before.

surface has gained some defect holes and some ad-particles on top of the film. A
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second scan with an offset to the side (here half a scan range down and to the right

for all frames) shows the new untouched surface and a mostly ad-feature covered

part where the previous scan was done in the upper left part of the frame.

Figures 4.22 and 4.23 make it hard to believe that this is a tip artifact from a

degrading tip. A migration of molecules from the tip to the sample surface could be

an explanation for the ad-particles found after a scan, However, also the number of

additional vacancies increases with each scan. Figure 4.22 A) to C) show that the

number of holes increases simultaneously with the number of ad-features, indicating

a correlation between both processes. Some of the particles sit in the holes, while

some holes are free from ad-features. The defect sites display a variation of shapes.

Taken from figure 4.22 F), figure 4.24 shows a selection of defects with atomic

resolution. Figure 4.24 A) was an early recording without too much destruction due

to subsequent scans. Figure 4.24 B) and C) are enlarged areas marked with green

rectangles which unambiguously show mono- and dimer-types defects. To assign

the defect position, the measurement was overlaid with a hexagonal lattice. The

overlaid hexagonal lattice was set to a lattice constant of 3.8 Å. It shows that the

defects nicely correlate with atomic positions, hence with the O vacancies in the

lattice(as the picture was taken at negative bias, i.e. showing the lattice anions).

Apparently there are mono- and dimer vacancies, as well as larger defects. Figure

4.24 C) shows what could be three or six defects within the green triangle. Two

kinds of contrasts are visible, a very dark, black contrast being consistent with three

connected defects and a less pronounced contrast which could mark three individual

vacancies. Assuming surface oxygen vacancies are responsible and the three oxygen

atoms marked with blue circles are missing, surrounding cerium atoms would have

to take up the charge and reduce to Ce+3 species (three O vacancies would require

six Ce3+ species). This in turn would produce a protrusion, since filled 4f states

of ceria are below the Fermi energy and could contribute to the tunneling current.

However, Ce4fare more localized and a current due to electrons hopping from 4f to

4f orbitals should be dominated by the current from O2p bands at given tunneling

bias voltages. Instead we see three additional depressions marked with black circles.

A different three fold vacancy cluster can be found in frame E. Here two of the

vacancies are deep depressions, while the third in the top left corner of the vacancy

triangle is not as deep. In green is a single vacancy which deviates away from the

lattice position give by the diamonds and might be consistent with a subsurface O

defect.

Frame F shows a quadruplet of oxygen vacancies, marked in blue and surrounded

by depressions marked in black which are not as deep. On the right bottom of the

quadruple vacancies a slight protrusion with respect to nearby depressions can be

found on the hollow site between three of the vacancies. A sextuplet vacancy cluster
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Fig. 4.24: Defects in STM recordings of the Ceria(111) surface. Frame
A to C show monomer and dimer defects as well as a possible
trimer defect. Frame D to F show three and four connected
adjacent defects. Frames G to I show 6 or more defects. All
frames were recorded with negative bias as indicated above.

is marked in figure 4.24 H). Three of the vacancies seem to be deeper than the other

three vacancies. In contrast to fiogure 4.24 C), these vacancies do not build a triangle

but seem to form two adjacent trimer vacancy rows. Frame I shows ten possible

vacancies with multiple ways of assembling the underlying single vacancy defects.

Quadruplets as seen in figure 4.24 F) or rows like in figure 4.24 H) or a quadruplet

and a triplet row with a triangle on top. Again some depressions are deeper than

others.

Explanations for the contrast have to involve surface and subsurface vacancies, oxygen

or cerium or possible hydrogen adsorption. Comparing our measurements with [33]

(figure 4.20) and [37](figure 4.21) we can find similarities and differences. F. Esch et.

al ([33]) shows that some of the single vacancies display a bright ring surrounding
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the vacancy while others do not. The vacancies which do not display this ring are

clearly a minority in the work of F. Esch et. al. but a majority in my work. While

vacancies which display the ring, with respect to the rest of the surface, are vacancies

directly at the surface, the ones which do not display them are subsurface vacancies.

However these subsurface vacancies do not not show atoms that seem to be higher

than others.

Around such a subsurface vacancy a threefold protrusion situated in a triangular

manner around the vacancy can be found. Therefore my findings are different from

the findings of F. Esch et. al. In fact, non of my defects show any rings like those

ones from figure 4.20 nearby. Some features can be related to findings from [37]

in figure 4.21. The protrusion in the hollow spot between three depressions (figure

4.24 F)) for example could be an upwards shifted oxygen atom for relaxation, since

surface vacancies are less favorable compared to subsurface vacancies. However it is

clear that the defects found in my work, produced by scanning at negative bias are

tip induced by a large fraction of defects. It is possible, that water adsorbed on the

surface during preparation, in the STM chamber or coming from the STM tip.

The pathway for this defect formation remains unclear. Water is a stable molecule

and splitting on ceria is controlled by oxygen vacancies. For defect free surfaces, one

could discuss breaking of water molecules with negative tunneling bias voltages due

to a removal of an electron from one the O-H bonds of water. The split up hydrogen

atoms forms OH wit the ceria surface, which destabilizes the oxygen of the ceria

surface and leads to a defect formation. This pathway is prohibited during scans

with positive bias, where electrons are injected into the molecule.

4.3.3 Defects in STM With Positive Bias

In Contrast to negative bias scans, imaging at positive bias avoided surface degra-

dation due to the scanning process. By looking at figure 4.25 one can find distinct

surface features that occurred both at isolated defects or step edges. Starting with

the blue box at 6 V imaging bias, the defect and the step edge to its top right (red

box) display a bright circumference, called camber in the following. This camber

decays when decreasing the bias to 5 V. Parts of the step edge have lost the camber

completely while other parts still show this camber as at 6 V scanning bias. This

downward trend continues at 4 V. Defect and step edge show a very faint contrast

which could be a camber. Note that the camber around the defect is more pro-

nounced than the camber at the step edges. At 3 V step edges and the defect show

a pronounced camber again. Summing up, it first shows the same camber Esch et.

al.[33] found around single O vacancies and secondly follows the same change as the
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Fig. 4.25: Defects as found in STM measurements at positive bias.
Similarities between step edges and defects are evident.
Cambers around defects change their appearance depending
on the bias voltage in correspondance to step edges.

step edges depending on the bias voltage. The defect in the blue box is somewhat

peculiar compared to other defects and will be discussed in more details in the next

section.

In contrast are defects which seem to cluster along a distortion in the oxide lattice

(see green box in figure 4.25) and probably originate from a buried dislocation line

induced by a Ru step edge inside the green area. They first follow the same behavior

as the regular step edges, but differ in the end at 3 eV where their camber does

not return. The same is true for the black box, although those defects are on a

lower laying layer below a step edge. Apparently, defects with different electronic

properties are present on the ceria surface. This leads to the question how the defects

look at closer inspection with higher resolution in figure 4.26. Figure 4.26 A) and

B) are from the same scan. Figure 4.26 A) is scanned in forwards direction (left to

right) while figure 4.26 B) shows the backward direction (right to left). The single

defect shows the same asymmetry in both scans, ruling out control circuit issues

due to scan speed and reaction time mismatches. The defect cluster in figure 4.26

C) next to two single defects separated by one additional lattice constant seems to
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Fig. 4.26: Closer inspection of single defects and a defect cluster at pos-
itive bias. Single defects posses an asymmetry concerning
the distribution of contrast in topographic images around
the missing atom as evident from A) to D). It seems as if
the depression (hollow sites), between the atoms, is deeper
for three adjacent sites. A) and B) show that the direc-
tion of scanning is not the cause of this asymmetry, as B)
shows the same image as A) scanned in backwards direction.
Interference from the tip is still possible. The cluster in
C), that seems to comprise four single defects, shows the
same kind of asymmetry. Cross sections from D) for single
defects and the defect cluster show, that the impression of
an asymmetry is not wrong.

be made of four defects. The cross section in figure 4.26 D) shows a pattern that

indicates three defects along one of the lattice vectors plus a defect to the side.

4.3.4 What Kind of Defects are Reflected in STM

After introducing the kind of defects observed at pos. sample bias, the question is

what kind of defects are those. According to the above mentioned DFT calculations

we should see the Ce atoms at positive bias. This would suggest that not only oxygen

defects are possible, however, other defects such as Ce vacancies are discussed by

far less often in the literature. Studies on cerium often deal with oxygen vacancies

because the catalytic properties of ceria are strongly related to its redox properties

and therefore concentrate on the uptake and loss of oxygen. Connecting isolated
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defects on terraces with those on step edges seems a good starting point, since some

of the cambers around the defects have a similar bias dependence. This could imply

that some of the defects are complete missing CeO2−x building blocks, because of

their large volume. In an XPS measurement this should not change the stoichiometry

(for CeO2 complexes missing), but may be hard to distinguish against oxygen defects.

Figure 4.25 shows one of these defects marked with a blue box. A closer inspection

in figure 4.27 of the same defect and the step edges, recorded at the same bias, all

taken from figure 4.25 are marked with red, blue and green lines, all perpendicular

to the margin around the defect, are used to compare the orientation to those of

the step edges. In figure 4.27 A) are blue and red lines, which mark the same

A B

C D

Fig. 4.27: A) Camber orientation at supposed stoichiometry conserving
defects. Sides with and without the chamber are opposed
at the defect and when extrapolated to the step edge of the
layer in B) and C). D shows a cut trough the topography,
revealing a uniform defect width and depth along the blue,
green and red lines.

directions in figure reffig:Camberorientation B). Analog the green line in the frame

A points in the same direction as the green line frame reffig:Camberorientation C).

It is clearly visible, that at opposing sides of the defect, one side shows a camber

while the other does not. Same as step edges of type I and type II discussed earlier
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when introducing the stoichiometric (111) film and its step edges. This behavior is

intrinsically connected to the symmetry of the lattice. Two step edges with the same

orientation, one with the outermost atom at the bottom, one with the outermost

atom on top have different structures and therefore different properties. Apparently,

the defect sides marked with blue, green and red show similar properties as step

edges running in identical directions. A cut trough the topography of the defect at a

bias which does not show the camber is presented in figure reffig:Camberorientation

D). The defect is almost equally deep and wide when measured along the blue, green

and red lines.

In order to support the idea, of a stoichiometry conserving defect, a missing O-Ce-O

trilayer with electric states comparable to a step edge of type I+II should be formed

upon defect formation. It should be possible to remove a CeO2 complex or more from

the lattice, since the defect width in figure 4.27 of about 1.4 nm to 1.7 nm is larger

than a single defect when comparing to the 0.388 nm lattice constant of CeO2(111).

Comparing the top and bottom frame of figure 4.28, one can see that removal of a

complete CeO2 building block, results in type III step edge like formations. In case

the defect consists of missing O-Ce-O building blocks, marked with blue and black

dots in figure 4.28 A), step edge of type III can easily be formed. Figure 4.28 B)

shows a triangle resulting from three missing O-Ce-O building blocks of this kind.

This triangle has an extra oxygen atom. This means that either the oxygen atoms

needs to get stabilized with a negative charge from somewhere else in the film, which

in principle means, that one of the Ce3+ cations needs to lend a charge to that

oxygen atom or the oxygen is removed together with the O-Ce-O building blocks and

the film gets reduced. Another starting point is shown in figure 4.28 B). Removing

only a single Ce atom leaves the film with excess oxygen, which needs to be treated

as above, but immediately a seed for type I and II step edges is available. Further

removing Ce atoms can be done in a stoichiometric way as figure 4.28 D) shows. The

orientation of the defect build by removing Ce atoms controls the ratios between

the step edges of type I and II. Removing the four now under coordinated oxygen

atoms results in missing Ce3O4, meaning two excess oxygen atoms are present. These

atoms are still remaining because the first Ce atoms was taken out of the surface

without any loss of oxygen. One can continue this defect growth indefinitely, without

change the fact, that two oxygen atoms still have to be removed in order to get

a stoichiometric defect. However, the ratios approach CeO2 more and more, the

larger the defect grows. Figure 4.28 G) and H) show a missing Ce12O22 patch. The

orientation of the initial seed (Figure 4.28 E) vs.F)) determines the ratios between

type I and II step edges (frame G vs. frame H). Type I step edges are on the opposite

side of type II step edges. The size of the defect is 1.54 nm, which is in agreement

with the cross sections in figure 4.27. These special defects explored here might
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Fig. 4.28: Defect accumulation leads to step edge formation. A) and
B). Starting with a stoichiometric defect, step edges of
type III (marked with blue elipses) are easily build. C)
Nonstoichiometric starting point with a missing Ce atom,
precursors for step edges of type I and II are present. D)
The second Ce vacancy first requires removal of oxygen
in order to create step edges of type I and II. E) and F)
Orientation of the defect does not have any impact on the
stoichiometry. G) and H) Orientation of the seed for the
defect impacts step edge type ratios. Frame I: step edges
for comparison.

be close to stoichiometric defects, which exist additionally to the oxygen vacancies

widely explored in literature.

4.3.5 Scanning Tunneling Spectroscopy on Defects in the Ceria Film

Oxygen vacancies in the film should provide new filled states since cerium atoms

change from 4+ to 3+ charge state. This results in occupied Ce4f states inside

the band gap, which in turn will cause the O2p states below the Fermi energy and
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Ce4f above the Fermi energy to shift and rearrange [33][119]. This is reflected in

spectroscopic data as can be seen in figure 4.29. Interestingly defects keep away from

the step edges of a terrace as visible in the bottom of Figure 4.29 A). Figure 4.29

B) and C) are enlarged areas from figure 4.29 A). The film shows a large amount

of defects visible as depressions and some as protrusions. The spectra marked B1

was taken at a point further away from the defects, representing a spectra of an

unreduced film. Spectra B2 and B3 are recorded directly on the edge of defects.

While spectra B1 show a large featureless band gap spectra B2 − 3 show a little

peak inside the band gap at about 5 eV shortly before the CB onset. The spectra

found in this work are comparable to spectra calculated for step edges found in [95]

(figure 4.4). Frame B2− 3 compare to type III edges with their pronounced peak,

roughly looking at their shape. Frames C1− 2 resemble type I edges to a certain

degree since they display a more spaced out wavy feature without an extra peak.

However, the band gap has narrowed down while being on the same terrace of the

film. This might be due to a dipole induced by the locally polarized film at the

step edge. Its noteworthy that all of the presented band gaps are larger than the

theory values of about 6.4 eV. In order to explain the general broadening of the

band gap with band bending one needs to know the dielectric constant ε for CeO2 or

CeO2−x since this value might change depending on the reduction state of the film.

Literature provides values for ε in the range from a few kHz to PHz [120] [121] [122].

However, we need the dielectric constant for a DC voltage without the interference

of the particle size due to the nano-particle nature of the investigated powders [123].

A simple calculation using the film thickness of about 8 ML or about 2.5 nm, a tip

sample distance of about 0.5 nm and a potential difference between tip and sample

of6 V gives rise to the situation depicted in figure 4.30. An estimate of the band

bending can be gained by first considering the situation on the left of figure 4.30,

with 3 nm separation between tip and sample and a bias of 6 V resulting in an electric

field of 2 GV
m

, serving as orientation for the electric field inside the cerium oxide film.
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Fig. 4.29: Scanning tunneling spectroscopy on a film which was post
annealed without oxygen flow into the preparation chamber
for 30 minutes. A reference spectra was taken on a flat spot
away from the defects marked as spot B1. Spots B2 and
B3 are shown as depressions in topography and therefore
should be defects. The STS reveals a featureless but large
band gap well above 10 eV. Spectra recorded in frame C
follow a defect structure. See labels in the top panels.
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The electric field inside a dielectric film as depicted on the right can be written as
~Edie =

~Evac

εr
. If we take εr = 23 from [121] we get a shift in potential due to the

electric field over 2.5 nm of φ = 2 GV
m
· 1

23
· 2.5nm ≈ 217mV.
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Fig. 4.30: On the left side, gold tip and a ruthenium substrate are
separated by a vacuum. The right side shows the same
situation, with an extra cerium oxide layer on the metal
substrate. Below are the electric fields (blue) and potentials
(black).

This happens at positive and negative bias, which leaves a total increase in apparent

band gap of 434 mV. Additionally the STM tip could be covered with ceria which,

depending on the amount of material at the apex of the tip, broadens the band

gap too. To address the shift of the band gap to the negative bias side we can first

model the cerium oxide film as a semiconductor with n-type conductance as shown

in figure 4.31. When the Fermi energy sits in the middle of the band gap it pins the

Fermi- Dirac- distribution in a way that the number of electrons in the conduction

band and the holes in the VB are equal in numbers and equal to zero at 100 K and

6 eV band gap, when no additional doping is present. Upon doping with electron

donors this balance is disturbed which leads to a shift if the Fermi energy towards

to the conduction band which in turn leads to a correct description of the energy

distribution of the electrons and holes again. In tunneling spectra, the Fermi levels

of tip and sample align at 0 V bias leading to a shift of the band gap in negative

energy direction. Oxygen vacancies can be treated as electron donors in the case of

Cerium oxide. Analog to a junction between n-doped and p-doped semiconductor

this will also make the CB shift downwards in energy with reference to the defect free

film. Differentiation between the general shift of the Fermi energy due to defects can

roughly be done by comparison betweenspectra taken on defective and defect-free

surfaces. One also has to consider differential screening due to different mobilities of
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holes and electrons.

In practice, the resistance of our thick film makes it hard to measure the LDOS.
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Fig. 4.31: Shift of the band gap due to surface defects and doping

Fu-Chien et. al. [99] measured the specific resistance of the film to increase by

five order of magnitude which implies current densities decreasing from around

10−4 A
cm2 to 10−9 A

cm2 when cooling down from 500 K to 300 K at electric fields of

1 MV
cm

. Continuing this trend down another 200 K, one reaches currents densities

of 10−14 A
cm2 at the above electric fields. Additionally one has to consider that my

measurements were performed on confined oxide regions, while measurements from

Fu-Chien et. al. are averaging over larger areas of a grainy film. This makes current

densities of orders below 10−14 A
cm2 plausible. From this we can calculate the specific

resistance of the film to be ρ =
| ~E|
|~j| = 108 Ωnm. Considering the dimensions of our

film, 4 nm (roughly 10 ML) and our tunneling currents of about 1nA before the

feedback is turned off for STS, one has to deal with a considerable voltage drop,

before the tunneling current becomes visible. Assuming, that the current through

the film flows through an area of 1nm2 we get the following situation, analogue to

equation 2.32.

Ub = ρ~jd = 108 Ωnm · 10−9 A

nm2
· 4nm = 0.4V (4.5)

Any inaccuracy in this estimate for ρ directly effects the voltage drop from the films

surface to the substrate to stabilize the set-point current. Increasing the tunneling

current, to increase the tip and surface wave functions overlap, results in a higher bias

drop. Also the area of about 1nm2 might be too large initially, since the tunneling

current diminishes exponentially with distance to the tips apex atom. A smaller

initial area will increase the voltage drop needed for a specific tunnel current. This

explains why probing small LDOS peaks in thick insulating films is so challenging by

means of STS. The above presented model for the current transport is a classical
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one, devoid of any quantum mechanic considerations. In reality electrons lose energy

after inelastic scattering. For ceria its known, that small polaron hoping is one

conduction mechanism for the electron transport [124][125]. Any model that more

accurately predicts the specific resistance of a film would have to involve at least

such considerations.
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4.4 Defect Structures in XPS

In order not to be limited to the surface with STM measurements, I employed XPS

measurements to gain inside into the stoichiometry deeper inside the film. The next

subsections will explain why researchers routinely measure the Ce3d states in XPS

to obtain information of the stoichiometry of the film, followed by an overview of

the experimental approach and the results.

4.4.1 Introduction - Ce3d states in XPS

X-ray photoelectron spectroscopy of lanthanides has been in the focus of research for

decades now [126][127][128]. The 4f states in lanthanides are very sensitive to core-

holes, at least for the lighter lanthanides such a lanthanum, cerium, praseodymium

and neodymium. Early studies indicate that a core-hole impacts the energetic

positions of the 4f electronic shells in the same way an extra proton would do, due

to a weak screening of 4f electrons against core-holes. Moreover the peak width

in the XP spectra as well the shift in energy indicate the probability for electron

transfer from outer shells to inner shells for core-hole screening and minimization of

total energy[129]. Willoud et. al.[130] explain the features in XPS with different final

states of the cerium atom which all lead to different binding energies of the 3d electron

due to different core-hole screening by various 4f final-state configurations. Ce+4 can

be found in the final state (after core hole creation and relaxiation) 3d94f 0, 3d94f 1

and 3d94f 2, which combined with spin-orbit coupling results in the six features in

the XPS spectra, named v, v′′ and v′′′ for the 3d5/2 contributions to the XPS spectra

and u, u′′ and u′′′ for the 3d3/2 components (see figure 4.32). The core-hole allows for

an energetic rearrangement of the 4f shells, which pulls them below the Fermi-level

and allows electrons to occupy the 4f shells. The f 0 state means an electron is

missing since a core electron was ejected and no other electron came from the O2p

band. In the case of f 1 and f 2 we first have a neutral atom, since the missing core

electron was followed by a transfer of a single electron, and secondly a negatively

charged atom since two electrons were transferred from O2p states into Ce4f states.

Since Ce+3 always has one 4f electron, only 3d94f 1 and 3d94f 2 components are

present in XPS of Ce in this charge state. Those components are named v0 and v′

respectively u0 and u′ for the 3d5/2 and 3d3/2 components (figure 4.32 shows such a

spectra with the respective peaks). Therefore one should expect six components for

Ce+4 and four components for Ce+3 and a total of ten components for compounds

with mixes stoichiometry[130]. Note that the difference between Ce+4 and Ce+3

in XPS is not only that the 4f 0 state is impossible but that the 4f 1 state already
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existed before the creation of a core-hole in Ce+3. Therefore, the two different initial

states lead to energetically different final states. The electrons needed to occupy the

4f 0−2 states stem from the oxygen atoms in ceria. Bagus et. al [131] explain the

origin of XPS peaks not only by means of a mixed valence involving Ce4f 0 O2p6,

Ce4f 1 O2p5 and Ce4f 2 O2p4 but additional charge localized in the Ce5d states.

Fig. 4.32: Ceria film grown at 1120 K, supplied with oxygen until
cooled down. Red and blue peaks stem from Ce3+.

4.4.2 A Ceria Reduction Study by P. Luches et. al.

The study [94] by P. Luches et. al was done on a Pt substrate and looked at the,

temperature and oxygen partial pressure dependence of the degree of reduction

of a ceria film. The film preparation involved deposition at room temperature in

a 10−7 mbar with post annealing at 1040 K. Reduction was observed during UHV

annealing while for oxidation a O2 partial pressure as low as 2 ·10−8 mbar is sufficient.

Samples with 2 to 10 ML thickness were grown.Their 3 ML thick film reduces to

about 50% in 30 minutes and above 60% in 100 minutes, meaning that reduction

at 1040 K is not fast enough to reach an equilibrium value within a few minutes. A

5 ML thick film which was UHV annealed for 15 minutes nicely showed the angle

dependence of the XPS, revealing a preferred reduction at the surface ( 31% at

normal incidence and 45% at grazing incidence). Most interesting is that Luches et.

al. found that films of different thickness reduce to different final reduction states.
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Figure 4.33 shows the comparison between two films of 2 and 10 ML thickness.

Fig. 4.33: Reduction over time for films of 2 ML (left) and 10 ML
thickness (right). The degrees of reduction depend on time
and oxygen partial pressure. Taken from [94]

4.4.3 Shifts of the Ruthenium 3d peaks in XPS

XP-spectra for the same sample shift slightly from XPS machine to XPS machine.

Therefore a calibration of the XPS has to be done first. The ruthenium substrate

for our films can be used for such a calibration. Table 4.1 shows a synopsis of the

various ruthenium 3d3/2 and 3d5/2 peaks recorded before every investigation of the

ceria film. Eight different Ru3d XPS spectra are taken into account to find the mean

values and their standard deviation. In our experiments the splitting between the

Ru3d3/2 and the Ru3d5/2 was measured in a single spectrum. The ∆E in table 4.1

therefore has a mean value and a standard deviation for the experimental values.

The literature values for the Ru3d3/2 and Ru3d5/2 peaks are from the NIST XPS

database [80]. The energy splitting between the Ru3d3/2 and the Ru3d5/2 peaks is

now calculated from the mean values.

Ru3d3/2 Ru3d5/2 ∆E

µexp 284.23 eV 280.05 eV 4.18 eV

σexp 0.11 eV 0.08 eV 0.05 eV

µlit 284.39 eV 280.01 eV 4.38 eV

σlit 0.29 eV 0.14 eV 0.322 eV

Tab. 4.1: Summary of ruthenium 3d peaks found in XPS

The Ru3d3/2 peaks measured in our experiment are more than a standard away from

the literature values, but within the standard deviation found in the literature values.

The Ru3d5/2 peaks from our experiments are well within their respective standard

deviations from the literature values. The energy splitting ∆E is 200 meV smaller,
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i.e. over four standard deviations away from literature values. Note that Ce3d peaks

should be equally far away from literature values if the offset is independent of the

binding energy. However, we can already see, that deviations from literature values

are different for different energies, even if the separation is only about 4 eV.

4.4.4 Experimental Challenges: Effects of the Transport between two UHV

Chambers

The films for XPS measurements have been prepared in the same way here, as they

were prepared in the previous subsection. However transporting the film from the

STM chamber to the XPS chamber demanded a transport box, which was presented

in subsection 3.1.8. The transfer of a sample from the preparation chamber to

the XPS setup exposes the sample to vacuum pressures in the 10−7 mbar regime.

Adsorbates from the rest gas in a load-lock of the XPS-chamber, the transport

system or the STM chamber should mostly be CO, CO2, H2O, N2, O2 from the air.

Other operators of the XPS machine, touching parts with bare hands should not

be a concern, since the sample comes on its own holder handled exclusively by me

inside a vacuum. Ru3d peaks show no variable features that would indicate any

unintentional oxidation and reduction process of the sample. Figure 4.34 shows only

minor shifts in peak positions, which are easily within the variations normally found

in XPS spectra of the same sample.

Fig. 4.34: Ru3d peaks show no signs of superimposed C1s signals at
285− 287 eV binding energy, indicating that the transport
works as intended
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Fig. 4.35: Left: O1s peaks for three different preparations. When
transport time exceed 30 minutes hydrogen adsorption be-
comes visible. Right: Zoom into the O1s peak for the con-
terminated sample after transport times which exceeded 30
minutes The peak position for the adsorbates is at 531.1 eV
binding energy

Since C1s and Ru3d peaks are energetically roughly equivalent, any carbon based

adsorbate should in principle show up directly at or very close to the Ru3d peaks[132].

Their absence indicates that the transport mechanism should in principle work well.

After the load-lock is pumped and the gate valve separating transport box and

load-lock is opened, no further carbon based adsorbate should find its way to the

sample. Other rest gases in UHV could be hydrogen based, e.g. water evaporating

from the chamber walls. Looking at the O1s states of oxygen bound to cerium in

XPS one can see that rest gas adsorption is measurable (figure 4.35). The blue and

green lines show the O1s peaks when transport times stay below 30 minutes and

the load lock is clean. Opening the transport box’s gate valve when the load lock

of the XPS is at 5 · 10−7 mbar results in a small reduction of the pressure, meaning

that the transport box held a vacuum better than 5 · 10−7 mbar. The O1s peak show

a very small shoulder best visible in the blue line due to the better signal to noise

ratio. When transfer times exceeded 30 minutes or the load-lock was dirty due to

former users, a larger shoulder on the high-energy binding side is visible in red.

This shows, that the transport box is able to hold a vacuum that is sufficient to

keep an impact on the Ce3d states minimal, when transport times are short. The

shoulder could indicate an OH formation, since the energetic position fits quite well.

Carbon containing species, as from CO, have been tested as well but can be excluded

due to the Ru3d spectra which show absence of carbon. Molecular water normally

displays O1S peaks between 532 eV and 535 eV according to the NIST database[80].

This leaves us most likely with OH adsorbates, probably from water dissociation at

oxygen vacancies.
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4.4.5 Ceria Stoichiometry Depending on Temperature and Oxygen Supply During

Preparation

Reduction of ceria can be investigated in XPS by inspection of the Ce3d peaks

and their ratios as pointed out above. Peak fitting was done with the software

XPSpeak 4.1. Positions of the peaks were fixed while area and peak shape are fitting

parameters. A Shirley background was subtracted for every spectrum. Figure 4.36

shows the same Ce3d spectrum as 4.32 and the ten peaks and their ratios used to

calculate the reduction state of ceria. The particular film was heated to 850̊C and

kept in an 10−6 mbar oxygen partial pressure until it cooled down to almost room

temperature. As expected, the film is slightly reduced. A calculation of the degree

of reduction is done by comparing the Ce+3 intensity (area under the fit lines for a

peak) in XPS to the overall intensity Ce+3 + Ce+4. Peaks named v, v′′ and v′′′ and

their partners (spin orbit splitting) u, u′′ and u′′′ (in green) are contributions from

unreduced Ce+4 ions while the peaks named v0 and v′ with their partners u0 and

u′ (in red and blue) are contributions from reduced Ce+3 ions [25]. The fraction of

the overall intensity coming from Ce+3 ions shows the reduction state of the film

and amounts to 10.1%± 1.5%. The error interval of 3% stems from the fact, that in

order to fit the XPS spectra peak positions on the energy scale have to be moved up

to 0.6 eV compared to literature values.

Fig. 4.36: Ceria film grown at 1120 K, supplied with oxygen until
cooled down. Red and blue peaks stem from Ce3+.
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Additional shifting of the peaks into every direction to obtain a maximum and a

minimum value for the degree of reduction yields a difference of maximal 3% and

thus becomes my error estimation. Peak positions can be found in table 4.2. 10.1%

of the cerium atoms are in the Ce+3 state or in other words the whole film is in

CeO2−x with x = 0.091 or CeO1.909 stoichiomentry.

In order to obtain information of the degree of reduction of different depth of the

film, the angle of detection has to be changed. The angle of detection is measured

against the surface normal of the supported crystal. An increase of this angle results

in a more and more surface sensitive measurement. To find out where the defects

are, several spectra were recorded at different angles for every sample. An exemplary

course through several detection angles and their resulting spectra (same film as in

figure 4.36) can be found in figure 4.37.

Electron current diminishes with increasing detection angle. Normalizing each

spectrum reveals the differences in the spectra. While the films seems to have an

overall contribution of 10.1% of Ce3+at normal incidence, the contribution seems

to rise to 15.3% at 20 degree and then decrease to 11.8% and 9.9% at 40 and 60

degree again. Measurements with angles close to grazing incidence are most surface

sensitive but have the largest error. Therefore the film seems to be less reduced

close to its surface. At grazing incidence (70 degree) the ratio of Ce3+ ions cannot

be extracted due to the low signal to noise ratio. The increased reduction with

increasing penetration of the film shows that the film is stronger reduced further away

from the surface. However, at normal incidence the reduction is smaller, where the

penetration depth into the film of the XPS measurement is the largest. The inelastic

mean free path for electrons of about 500 eV, which is about the kinetic energy of

the electrons emitted when analyzing Ce3d electrons, is about 1.3 nm at normal

incidence [133]. From this it follows, that under 20˚, 40˚, 60˚and 70˚the information

depth is 1.22 nm, 1 nm, 0.65 nm and 0.44 nm This is smaller than the roughly 4 nm of

our 10 ML thick films and excludes errors due to always measureing the whole film.

The film could be more difficult to reduce at the interface with the ruthenium support.

Due to DFT calculations showing a preferred reduction in the top ML, the thick film

is predicted to be less reduced a few ML further away from the surface. That the film

is less reduced at 60˚ is therefore not predicted for a closed film. Several attempts to

fit the XPS spectra resulted in very similar degrees of reduction, but values found for

a 20 and 40 degree detection angle were always larger than the values found for a 60

degrees detection angle. A part of this behavior can be explained by the fact, that at

the temperatures involved here, the film already opened up and islands have formed,

which leaves the side facets in a lower angle to the detector, hence the increased

penetration depth of the measurement. The side facets could be more reduced than

the top facet of the film. This would make an angle of detection of 20 to 40˚sensible
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to those side facets and explain the increased degrees of reduction often measured

for those angles. The sketch in figure 4.37 on the top right side indicates areas of

origin of the XPS signal. Marked in red are the areas where the information of the

film stoichiometry stems from for a 0˚ detection angle. Areas for a 70˚ detection

are marked in green. The blue line represents the 2nd layer of a film, where the

reduction happens preferably.

Binding energy in eV Spin orbit splitting in eV ∆Elit in eV

v′′′ 898.3 18.5 +0.25

u′′′ 916.8

v′′ 888.85 18.7 +0.25

v′′ 907.55

v 882.5 18.5 +0.08

u 901

v′ 884.2 18.7 −0.6

u′ 902.9

v0 880.7 18.7 0

u0 899.4

Tab. 4.2: Summary of cerium 3d peaks for a film grown at 850 K cooled
down in an oxygen partial pressure of 10−6 mbar and their
deviations from literature values
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0 Deg

70 Deg

Fig. 4.37: Ce3d XPS for a film grown at 1120 K with oxygen supplied
until the film was cooled down. The film thickness is between
8 and 10 ML. From left to right, the first two frames show
the raw XPS signal, the same signal normalized for better
comparision and a graph indicating the degrees of reduction
depending on the angle of detection together with a sketch
of the region of origin of the XPS signal for two angles of
detection.
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For larger angles of detection the fraction of the volume of the film, where it is

preferably reduced, becomes smaller compared to the whole volume inspected by

XPS. However, the change in reduction versus angle of detection due to the rough

film should not be very pronounced since the changes in volume of highly reduced

ceria versus slightly reduced ceria are not that big. The idea that at the step edges

reduction is different, as can be seen in figure 4.29 is intriguing but that effect appears

at other preparation conditions.

Keeping the film for 30 minutes without oxygen supply but at a lower temperature

(1080 K) reduces it even more as can be seen in figure 4.38. Increasing the temperature

again makes no difference at detection angles close to the film normal, but results in

increased overall reduction at the film surface.

Fig. 4.38: Degrees of reduction versus detection angle for two different
preparation temperatures without oxygen flux for 30 min-
utes. The film in the left frame of figure 4.38 was prepared
at 1080 K, while the film belonging to the XPS in the right
frame was prepared at 1120 K.

The rather high reduction close to the films surface in the right frame is less reliable

due to the lower signal to noise ratio, but in agreement with theory predicting

a preferred reduction close to the surface. The left film reduced at 1080 k has a

stoichiometry of CeO1.852, while the film annealed 1120 K has a stoichiometry of

CeO1.849. The reduction of the films can be increased when instead of the turbo-

molecular pump, the ion-getter pump is used to remove the oxygen. Figure 4.39

shows the pressure over time in the vacuum chamber after the oxygen supply is cut

off.
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Fig. 4.39: Pressure over time during reduction of cerium films. The
blue line marks minimum pressure needed to oxidize the
ceria film at elevated temperatures found by [94]. Below
reduction of films is observed. The amount of oxygen the
sample was exposed to during reduction is given in langmuir.

The blue line represents the minimum pressure identified by P. Luches et. al.[94]

required for oxidation or in other words the maximum partial pressure for reduction.

The starting point at one minute is mostly likely erroneous, as turning down heating

and oxygen valve, as well as opening the gate valve to the ion-getter pump cost some

finite time of the order of 30 seconds. Therefore the unusually high measurement

for the red line just marks a very early start of the manual data recording for the

pressure. All other points are within one second exact. The decreasing rest gas in the

chamber is most likely oxygen as it was introduced before film growth. The difference

in Langmuir (L) due to different pumping schemes can be as high as 11L. The total

amount of O2 the sample sees after shutting down the O2 supply varies between 12

and 23L. This should have an impact on the reduction state of the film. The chemical

potential µo 1 is different for the stoichiometric CeO2(111) surface compared to the

oxygen deficient surface. A higher reduction is expected for quicker O2 pumping with

ion-getter and sublimation pumps. However, reduction of a film is a highly dynamic

process with changing temperature and oxygen partial pressure and is therefore

difficult to prepare with equilibrium calculations. Theoretical calculations are often

1 Calculated from δG =
∑

µo
i δni︸ ︷︷ ︸

=0

+
∑
niδµ

o
1 = 0 which for a constant pressure (δp = 0) and

assuming an ideal gas (pV = nRT ), leads to niδµi = niRT
pi

δpi ⇔ µi = µo
i +NAkBT ln

(
pi

po
i

)
, G is

the free enthalpy, µ is the chemical potential, n is the number of particles, p is the pressure, V is
the volume, T is the temperature, kB is the Boltzmann constant, NA is the avogadro constant and
R the gas constant
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done for bulk materials [134] and mirror a different behavior than experimentally

observed. This is due to the fact, that oxidation starts at the surface, where reduction

is more easily achived compared to the bulk material, with the exception that in ceria

the 2nd ML is reduced preferably compared to the top layer [135]. Kinetics play a

role in reduction as well, as oxygen that is emitted from the top layer into the vacuum,

has to be replaced with oxygen from lower layers to keep the reduction process going.

In addition, top layer oxygen atoms are less coordinated than bulk oxygen atoms

(8 Ce partners in bulk, compared to 6 Ce partners on the (111) surface). On step

edges oxygen atoms are even less coordinated (4 Ce partners). Therefore reduction

should start at step edges and top layers and the reduction of the bulk is hindered

by transport time of oxygen atoms to the top layers. A phase diagram for surface

stoichiometry found in [134] shows a transition from CeO2 to Ce2O3 calculated with

PBE, PBE+U and HSE06.

Their finding do not fit my experimental data, however,it is a bulk diagram and can

therefore not be applied. Experiments done by others agree with my findings ([94]).

This might be due to the fact that 10 ML are not completely comparable to a bulk

system.

Figure 4.40 shows the resulting degrees of reduction depending on temperature and

oxygen supplied to the sample. The point in time when the oxygen supply to the

chamber is stopped relative to the temperature of the film is crucial the reduction of

the film. The red circles represent two preparations where the oxygen partial pressure

of 10−6 mbar was hold until the sample was cooled down to room temperature. As

long as oxygen is supplied the temperature of the film has no significant impact.

In fact, the degree of reduction seems to decrease with rising temperature, but is

within expected error margins. The black diamonds show the impact of annealing

temperature when the oxygen supply to the chamber was stopped 30 minutes prior

to the cool down procedure. XPS shows an increase of Ce+3 signal of about 5%.

Another 1% can be gained when annealing is done additionally with the getter

pump on. Data in figure 4.40 represents degrees of reduction averaged over all

angels. The film represented by the red circle at 980 K (median temperature) is

grown at a temperature which corresponds to the one where dewetting of the Ru

and development of thick ceria islands occurs.
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Fig. 4.40: Degrees of reduction depending on temperature and oxy-
gen treatment of the sample. An increase in temperature
and decrease in oxygen supplied to the sample increases
the degrees of reduction. Films were kept in oxygen until
room temperature was reached (red circles), kept at ele-
vated temperatures without oxygen (black diamonds + blue
square)

This could mean the film at low temperatures might be thinner than the other

films prepared at higher temperatures and therefore the reduction state is higher,

comparable with [94]. The fact, that reductions starts at the surface and is preferred

in the second layer, leads to an overemphasis of the reduction state of the first two

layers compared to the other films, simply because the lesser reduced lower layers are

not as many. Secondly the interface between the ruthenium substrate and the ceria

film is more present in the XPS data because the film is thinner. The oxygen partial

pressure seems to be most important, as demonstrated by the step in reduction due

to stopping the oxygen supply and the smaller step due to the fast decrease of the

O2 pressure by the additional ion getter pump used.

My low temperature films should be closer to the 2 ML films studied by P.Luches

et. al. [94]. During growth a oxygen partial pressure of 10−6 mbar is applied. If

films behave as observed by Luches et. al. the starting point should be below

20% reduction since I grew my films at a higher oxygen partial pressure. At high

temperatures in where I grew my film, they find their films to oxidize rather than to

reduce when in 2 · 10−8 mbar O2 partial pressure. Therefore my films should also take

up oxygen. One could imagine to shift the O2 heating and cooling phase down to

about 25% where the UHV heating curve starts. This could easily result in reduction

degrees in the middle between 10 and 20% as I observe them. Since my films are

thicker and more layers are available, the preferred region of reduction in the 2nd

layer does not bare too much weight onto the final results measured with XPS. The
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low reduction state results I measure are therefore comparable with the results form

Luches et. al.

The thicker films are also grown at almost two orders of magnitude higher O2 partial

pressure. The same argument as for the thin films can be used here. My films start

at lower reduction states and since 30 minutes are not enough to reach equilibrium,

I end up at lower reductions states as before. Note that Luches et. al. found that

the film oxidizes a bit during UHV cooling. This in principle is on the order of

difference in reduction, my films experience when reduced with turbo-molecular

pump vs. ion-getter and sublimation pump.
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4.5 Copper on CeO2 Films on a Ruthenium Support

Copper insertion into ceria films is expected to change the oxygen storage capacity

and the reduction state. This effect is big for doped films, but might be detectable

also for ad-particles. Therefore the impact of copper adsorption is in the focus

of the following chapter. Adding copper nano-particles, one wonders where they

adsorb and what mechanism is behind it. Theoretical treatments of these questions

will be presented in subsection 4.5.1, while experimental confirmation can be found

in subsection 4.5.2. Bias dependent effects in STM measurements are found in

subsection 4.5.3, followed by an analysis of the nucleation procedure in subsection

4.5.2. Finally subsection 4.6.1 will show XPS measurements showing the charge

transfer from copper nano-particles to cerium atoms.

4.5.1 Metal Particles on a CeO2−x Substrate - Theory

CeO2 is in the focus of research because of its catalytic activity and researchers

are interested in enhancing its catalytic properties. Dopants and ad-particles, from

precious metals, such as gold [13][14][15][136][12][137], silver[18][16][17], platin[30][28]

and copper[138][139] are explored experimentally as well as theoretically. Additionally

the transition metals iron[31], rhodium[24], zirconium[140] chrome, vanadium and

manganese (+6) [141] as well as simple metals with 3+ oxidation state, such as

aluminum, gallium[142], indium and lanthan are under investigation. Doping affects

the oxygen storage capacity of ceria, by modifying the binding energy between oxygen

and metal atoms. Copper can be found in Cu+2 state in CuO, whereas cerium is

Ce+4 in CeO2. Therefore copper doping should reduce the oxygen storage capacity

once a certain amount of copper is reached. A rather large adsorption energy for

copper of −3.03 eV is found on the stoichiometric CeO2(111) surface compared to

that of gold ad-atoms (−1.18 eV) and silver ad-atoms (−1.55 eV) which explains the

large displacement of the oxygen atoms towards the copper atom found in DFT+U

calculations. Theoretically ([22]) it has already been calculated that Cu ad-atoms

should transfer an electron to neighboring cerium atoms, reducing it from 4+ to a +3

oxidation state. The adsorption energy is 1.45 eV lower on an oxygen vacancy in the

reduced CeO2−x surfaces. Figure 4.41 shows the energetically most favorable binding

site and the charge transfer from the copper ad-atom to a neighboring cerium atom

as well as the LDOS at the copper atom and the charge distribution averaged at

different heights. Negative charge is transferred to the cerium atom marked Ce2.

The binding place is somewhat assymetric with respect to a three-fold hollow site,

due to charge localization into single Ce atom (Ce2). Other binding sites (Ce-top,
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Fig. 4.41: Copper ad-atom on a stoichiometric CeO2 films. Binding
site, charge distribution and LDOS, taken from [22]

O-top) are not preferred. The copper s-state is now empty and the Ce2 has a partly

filled f -state. The difference in energy is about 3 eV in this picture. Assuming that

for larger copper ad-particles the charge cannot travel arbitrarily far, the charge has

to sit somewhere below or close to the ad-particle. This will generate a repulsive

field due to the excess of electrons which has to be overcome in order to tunnel into

the film thus shifting the conduction band to higher energies in STS shown later.

Both statements are identical and in agreement with the upward shift we found in

STS on the particles [22]. Considering copper on the defect sites as in figure 4.42

reverses the situation and charge flows out from the Ce3+ towards the Cu atom.

Fig. 4.42: Cu ad-atom on reduced CeO2−x(111) films. On defect sites
Cu takes a partial charge from neighboring Ce atoms. taken
from [22]
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4.5.2 Copper Adsorption Sites in STM

The adsorption sites of copper, silver and gold are shown in figure 4.43.

Fig. 4.43: Top left and right frames show Copper ad-particles and their
nucleation sites on CeO2 and CeO2−x (own experiments).
The copper ad-particles do not nucleate at step edges and
defects in the surface. The films in the top left and top right
frame were prepared at 880 K and 1030 K to vary the defect
density. which had an impact onto the cluster density.
Bottom frame show silver and gold adsorption sites (from
literature). On CeO2, silver binds primarily to step edges.
On CeO2−x, silver binds to step edges and sometimes to
the now available oxygen vacancies. Taken from [17].
The same situation shows that gold atoms titrate the oxygen
vacancies on reduced films. Taken from [143].

The first film in the top left frame was prepared at 880 K with an oxygen partial

pressure of 1 · 10−6 mbar until the film was cooled down. The film in the top right
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Fig. 4.44: Copper ad-atoms and nanoparticles on a ceria film. Copper
clusters sit on the defect free surface.

frame was prepared at 1030 K. The copper ad-particles do not nucleate at step edges.

They sit on the middle of terraces and avoid step edges most of the time. Gold and

silver show an opposite behavior and nucleate primarily at step edges.

A possible explanation is that copper is not as electronegative as other precious

metals, such as gold and silver. This is important, because in order to adsorb at a

oxygen defect, the ad-atom has to take up a negative charge. Gold has a Pauling

electro-negativity of 2.54 and may take an electron and is therefore able to fill an

oxygen vacancy or adsorb very close to it. Silver has a Pauling electro-negativity of

1.93 and sits at step edges, oxygen defects and sometimes on defect free CeO2(111)

surfaces since it can also transfer an electron to reduce Ce from 4+ to 3+. Silver

therefore is somewhat in between gold and copper. Copper has a lower Pauling

electro-negativity of 1.9 and will practically never adsorb on or close to oxygen defect

sites and step edges. Figure 4.44 shows a higher resolution scan of clusters and a

scan with single ad-atoms, apparently the defects in the surface are not populated

and copper atoms seem to avoid defect sites in the ceria surface for nucleation. Note

that the defects are not necessarily missing oxygen atoms but could be larger vacancy

complexes as well. But the fact that the copper ad-particles do not bind to them

makes it likely that those defects are oxygen deficient and may have trapped negative

excess charges in form of Ce3+ ions. Larger copper cluster sit on the defect free

parts of the ceria film, as evident in the top frame of figure 4.44. Some are directly

touching a defect, but do not seem to fill it. This shows that when adding copper
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atoms to the surface of ceria (111) films, copper adsorbs on the defect free surface

and probably transfers electrons to the oxide film and therefore reduces the ceria in

the film while the copper itself gets oxidized (charge transfer). Population of defects

is prevented for the following reasons: Adsorption on the stoichiometric surface forces

copper to transfer a charge to a cerium atom, while adsorption in an oxygen vacancy

would force copper to take a negative charge. The reaction for the first case is:

Ce4+
n O2−

2n + Cu0 → Ce4+
n−1O2−

2n + Ce3+ + Cu+. (4.6)

For adsorption on a oxygen vacancy the reaction would proceed as:

Ce4+
n−22Ce3+(2n− 1)O2− → Ce4+

n−1Ce3+(2n− 1)O2− + Cu− (4.7)

Because of the small electronegativity of copper, the second option is less preferred

over the first one. The question of charge transfer and oxidation will be tackled with

XPS later in subsection 4.6.4 and show that reaction equation (4.6) seems to be

valid.

Copper Cluster Density Versus Degrees of Reduction of the Ceria Substrate

As shown in figure 4.43, the density of the copper clusters seems to depend on the

preparation temperature of the ceria film and therefore on the reduction state of

ceria. The development of the Cu ad-particle density as a function of the reduction

state of the ceria film can be retrieved by counting the number of clusters and defects

for preparations at different temperatures. Figure 4.48 shows that this is not so

easy, since the appearance of the clusters strongly depends on the tunneling bias.

Sometimes defects look exactly like clusters. This effect will be discussed later in

subsection 4.5.3. However, to differentiate between clusters and defects, scans must

be performed that show both entities with different contrast. A scan which shows the

defects as depressions and clusters as protrusions must be found. Additionally the

free area and shape of the free surface surrounded by step edges must be the same.

Figure 4.45 shows two comparable areas with different cluster densities prepared at

880 K and 1080 K
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Fig. 4.45: The cluster density depends on the preparation temperature.
Left frame: 880 K, right frame 1080 K.

By counting the nano-particles on top of the islands for films with different growth

temperatures the table 4.3 has been produced. Many of those tables combined result

in graph from figure 4.46. Table 4.3 shows the density of particles found on different

terraces at different bias voltages exemplary for better understanding of the method

I used to generate the data for figure 4.46. The numbers refer to the islands marked

in figure 4.48. The island size was determined by drawing a line along the shape of

the island and counting the pixels contained within the marked area. The size in

nm2 is calculated from the size of the image in square pixels and the physical scan

range.

Island Area 5 V Area 3 V Cl. 5 V Cl. 3 V Dens. 5 V Dens. 3 V

1 2133 nm2 2219 nm2 41 49 0.0192 0.0221

2 6310 nm2 5471 nm2 134 125 0.0212 0.0228

3 2555 nm2 2545 nm2 57 58 0.0223 0.0230

4 3087 nm2 2620 nm2 55 60 0.0178 0.0230

5 3150 nm2 3214 nm2 81 90 0.0257 0.0280

6 1553 nm2 777 nm2 48 29 0.0309 0.0373

7 687 nm2 756 nm2 20 18 0.0291 0.0238

8 1862 nm2 3705 nm2 45 65 0.0242 0.0175

9 1728 nm2 1301 nm2 37 27 0.0214 0.0207

Avg. 0.024± 0.044 0.024± 0.006

Tab. 4.3: Experimental data for cluster density on ceria islands grown
at a single temperature and scanned with different bias
voltages. More bias voltages and growth temperatures and
island sizes have been evaluated but are not shown here. 3
and 5 V bias are shown here, since those voltages are best
suited to show copper clusters as protrusions and defects
as depressions. However, data for defects is omitted in this
table.
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Fig. 4.46: Cluster and defect density for films prepared between 880 K
(13% reduction) and 1080 K (18% reduction). Not that
defect densities are a bit higher than found in XPS earlier,
since defects accumulate at the surface and defect densities
tend to be higher when counted in STM. Both techniques
are sensitive to different defect types. XPS: Ce3+; STM:
any depression

Diffusion of Ad-Atoms on the Ceria Surface

Since we do not know the defect density of the surface itself, but only the defect

density close to the surface from XPS measurements, the best estimate for the defects

on the surface can be deduced with STM from undecorated CeO(2−x) films. Here, I

face again the problem that positive bias is needed to not destroy the film. However,

data on the defect density is noisy. Averaging over several preparations for the defects

shown in figure 4.48 and counting the particles, correlates defect density and the

particle density as shown in figure 4.46. The error-bars for the defect density mark

the interval of defect densities found for the different preparation temperatures and

they almost overlap for the highest and lowest preparation temperature. In the worst

case found the difference between the lower error boundary for high temperature

preparations and the upper error boundary for low temperature preparations is

0.5 · 1012/cm2. On average the defect density is more than six times larger for films

prepared at 1080 K compared to films prepared at 880 K. The error-bars for the

particle density are quite small, since the number of particles is much larger and

missing or having a few extra particles does not change the density as much. Since
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the clusters did grow or shrink depending on the bias used, it became hard to count

those particles and extra care had to be taken to not include defects on the particle

side. Sometimes the islands with the ad-particles drifted away, introducing another

error source.

In order to form metal nano-particles the copper ad-atoms, which adsorb on the

ceria thin film, have to be mobile. After adsorption, metal ad-atoms can either stick

to defects or regular adsorption sites or at higher coverage adsorb next to other

Cu ad-atoms. The former leads to heterogeneous and the latter to homogenous

nucleation. When more and more ad-atoms stick together, island growth can be

observed. The diffusion coefficient D for equilibrium diffusion can be expressed as

[144]:

D =
1

4
(v0a

2)exp

(
−εdiff

kT

)
= DOexp

(
−εdiff

kT

)
, (4.8)

where εdiff is the activation energy for diffusion, K the Boltzmann constant, T the

temperature, a the distance between two adjacent adsorption sites, v0 a prefactor for

atomic jumps (1013Hz at about 300 K) and D0 the diffusivity factor. To travel the

distance l on average the time:

τ = l2/(4D), (4.9)

is needed. The activation energy for diffusion can be estimated from theoretical

calculations [22] summarized in table 4.4 (figure 4.41 for clarification of the binding

sites): Copper was placed on a bridge site between two cerium atoms and on the hollow

Position HollowO BridgeO-HollowO TopO Ovac

Eads/eV −3.03 −2.91 −2.15 −1.58

Tab. 4.4: Adsorption energies for copper on ceria(111) films. Taken
from [22]

site between three cerium atoms, both starting points relaxed to copper situated

between the bridge of two oxygen atoms and the hollow spot between three oxygen

atoms. Due to the absence of a complete potential landscape, a good approximation

for the diffusion energy would be the energy difference between a hollowO spot and

a topO spot, so that εdiff = 0.88 eV (εdiff ≈ 1
4
Eads), and the length between two

adsorption sites a = 3.88 Å. The prefactor for atomic jump attempts per second is

on the order of v0 = 1013 s−1, which results in a D0 ≈ 1
4
1013 · 15 · 10−20 m2/s−1 ≈

3.76 · 10−7 m2/s−1. Combined with the energetic part of the equation, a diffusion

coefficient of:

D ≈ 3.76 ∗ 10−3 cm2/s−1 · exp

(
− 0.88 eV

8.62 · 10−5 eV/K · 1360 K

)
≈ 2.07 · 10−6 cm2/s−1,

(4.10)
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marks the maximum at the precondition that the melting temperature for Cu is used

as T. However, for the temperature T , I assume multiple temperatures. Appart from

the melting temperature of Cu (1360 K), the temperature matching the copper vapor

pressure during preparation of (Cu vapor pressure at roughly 2 · 10−9 mbar at 950 K

[145]) and room temperature (300 K) is considered. The copper flow is so large, that

within 10 seconds enough material is evaporated to build the clusters observed in

STM. At T = 300 K the diffusion coefficient is D = 6.26 · 10−18 cm2/s−1, marking

the lower end at which ad-atoms have transferred their energy to the substrate and

cooled down. From STM data, defects are separated roughly by about 5 nm, which

leads to travel times of τ = 25 · 10−18m2/(4D), which is approximately 1µs for the

hot incoming atom at 950 K and 1.5 ·106 s or just above 17 days at room temperature.

When using a diffusion pathway over the HollowO-BridgeO sites and therefore an

diffusion barrier of about 0.1 eV, one ends up with times scales of approximately

800 ps and 39 ps for the cooled down and the hot atoms to travel 5 nm.

However, equilibrium diffusion does not take into account, that ad-atoms arrive hot

on the surface and dissipate energy over time, which leads to an initially quite fast

diffusion process, that slows down over time. Also not included are charge effects.

Ad-atoms might explore a potential energy surface which for different charge states

of the ad-atom might change during diffusion [146]. In order to describe a diffusion

process for Cu ad-atoms in an exact way, one needs a map of potential energy surfaces

for every charge state. In my experiments, however, I can reverse the direction taken

here and calculate the diffusion coefficient D and εdiff from the Cluster density and

the Flux F of Cu ad-atoms during preparation. According to [147] the nuclei density

and the diffusion coefficient are linked as follows:

N =

√
40F

D
. (4.11)

Using formula 4.8 this results in a diffusion barrier Ediff of:

Ediff = −kBT · ln(
4 · 40F

νa2N2
). (4.12)

When considering the low temperature preparations as defect free, the cluster density

from figure 4.46 may be used to calculate the diffusion barrier according to equation

4.12. Here we take N to be 2 · 1012, temperatures T of 300, 950 and 1360 K,

v = 1013s−1, a = 3.88 Å and a flux F of 7.7 · 1012 atoms
s·cm2 . Resulting diffusion barriers

are Ediff,300K = 110 meV, Ediff,950K = 350 meV and Ediff,1360K = 503 meV, assuming

that the temperature is constant until nucleation. A diffusion barrier of 350 meV

seems reasonable, but is less than half of what would be expected by the rule of

thumb Ediff ≈ 1
4
Eabs.
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All the error sources combined result in a standard deviation of roughly 30% of the

mean value for films grown at low temperatures. Within those error-bars an increase

in particle density can clearly be found as a function of growth temperature. This

has been done for more bias voltages than shown in table 4.3. However the mean

values and the standard deviations are quite close to each other. In order to explain

the increase of particle densities with the increase of defects density even though the

particles are repelled by defects, a model has been developed as shown in figure 4.47.

Fig. 4.47: Mobility of Cu ad-atoms on the stoichiometric surface is
larger than the mobility on the defect rich surface. Brown
balls are Cu ad-atoms, red circles are movement radii and
black dots are defects repelling the Cu ad-atoms and there-
fore reducing the radii of mobility. The top frame shows
initial adsorption places of the copper ad-atoms on the de-
fect free surface and the radius which explored by copper ad
atoms versus cluster formation when defect mediated growth
is at work. The bottom frame shows a one dimensional cross
section.
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One has to differentiate between homogenous nucleation of copper ad-atoms with

each other on the defect free surface (top frame of figure 4.47) of the ceria film and

heterogenous-nucleation of copper clusters on defects. Depending on the phonon

modes available for diffusion and binding energies involved, cluster sizes as small as

two atoms can be stable on the surface and can serve as a nucleus. Heterogenous

nucleation at defects seems to be unfavorable as evident from cluster positions found

away from step edges and defects earlier in figure 4.44. Figure 4.47 shows a random

deposition of copper ad-atoms on the ceria surface. The red circles show the radius

which marks the area ad-atoms can explore due to diffusion. Starting on the left

side, diffusion lets the atoms meet, and form stable clusters in the top right frame.

The frames below depict the same situation except that now defects are present on

the ceria surface. Those defects could in principle be centers for elastic or inelastic

scattering. For inelastic scattering one would expect clusters to form closer to the

defect sites since energy dissipation is higher at defects than on the stoichiometric

surface. According to figure 4.44 this seems not to be the case. However, it is

thinkable that even with elastic scattering movement of ad-atoms during diffusion is

hindered and more, but smaller clusters are growing as depicted in the middle frame

of figure 4.47. The cross section in the bottom frame shows an arbitrarily chosen

potential landscape and scattering at defects in one dimension. On the defect free

surface the radius around the spot of impact on the cerium surface which the Cu

ad-atoms can explore is limited due to the fact that theoretically copper ad-atoms

bind to the surface with about 3 eV. Nontheless they can move around and build

nano-particles with other Cu ad-atoms upon collision as imagined in the two top

frames. In the lower frames the addition of defects reduces this radius of movement

by repulsion, somewhat like a bumper in a pinball machine. This defect mediated

particle growth leads to more particles with increasing defect density.
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4.5.3 Particle Height Variations Versus Bias Voltage

The appearance of Cu particles on ceria , in particular their diameter and height

sensitively depends on the imaging bias in STM (see figure 4.48 and 4.49).

1

2

3

4

5

6 8

9

7

Fig. 4.48: Ceria film prepared at 880 K. Particle height varies with
bias voltage and thickness of the film below the particles.
Bias voltages are 3.5 (left), and 5 V (right). Particles on
lower and higher islands alternate between appearing large
and small. Marked islands are used to count particle density,
island size and particle height.

Particles seem to grow and shrink in height together with the chamber at step edges

shown before in section 4.1. The development of the apparent height of a single

nano-particle as function of the bias voltage is shown in figure 4.49 B) with cross

sections. Since the particles appear to be of different height on different terraces

(figure 4.48 areas marked 3 and 5 show opposite apparent height of particles versus

bias voltage), particle heights were measured for many particles on many different

islands for many different voltages (figure 4.49 B)). not only the particles, but also

defects in the ceria show a distinct bias dependence, suggesting a similar origin. To

compare both trends, the defect behavior has been included into figure 4.49. This

shows that as mentioned before, careful pre-selection of nano-particles and defects

has to be done, in order not to mistake them for each other.
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Fig. 4.49: Particle height depends on the tunneling bias and the thick-
ness of the ceria film below the particles. A0) shows the
apparent height vs. bias voltage for a particle on thicker
parts of the film. B) shows apparent particle height bias on
differently thick parts of the film. C) shows the appearance
of defects for different bias voltages and D) correlates the
appearance with the step edge height versus bias voltage.

Error bars in figure 4.49 B) are standard deviations. A shift in the maximum apparent

height with increasing thickness of the film is evident. This behavior is explained

by band bending as shown in figure 4.50 which in turn modifies the differential

conductance through the ad-particles. Figure 4.49 A) depicts a situation where the

applied bias voltage is sufficient to allow for tunneling into the ceria CB if band

bending is neglected. Due to band bending, the onset of the conductance band is

shifted to larger energies and the electrons have to tunnel through an effectively

larger gap region in order to reach the conduction band. For electrons which tunnel

into a nano-particle on top of the film a two-step tunneling process is active. First,

tunneling into the particles electronic states and second through the insulation oxide

film. This gives rise to a so called coloumb charging effect and drastically reduces the

overall conductance through the channel. However, since the nano-particle is closer

to the film than the tip locally the band bending is stronger and the tunnel barrier is

not as strong since the distance for tunneling is smaller. A large tip sample distance

is needed since tunneling becomes easier over a nano-particle and the apparent height

of a nano-particle is increased.
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Fig. 4.50: Band bending explains the increase and decrease of the
apparent particle height versus tunneling bias. A), B) and
C) show band bending for a thick film. A shows the situation,
where tunneling into a metal particle is allowed, but band
bending prohibits further conduction,creating a two step
tunnel junction. B) Shows the situation where the electrons
which have tunneled into the metal particle can flow through
the substrate without having to tunnel into the substrate.
C) shows the increasing band bending with increasing bias
voltage. In comparison the influence of the film thickness
can be seen in D), where at the same bias as shown in B)
Electrons are well inside the conduction band of the ceria
film.

This situation changes once the tunneling electrons reach the ceria conduction band

directly in figure 4.50 B). From here on, the aid of the nano-particle for tunneling into

the film is not as relevant as previously. The two step barrier collapses to a one step

barrier. Tunneling though the band gap is less favorable than conduction through the

conduction band. However, the tip retracts and particles become smaller. Electrons

just flow trough and the particle can release its electrons into the conduction band

of the film. Beside a particle the film will be accessible to tunneling more and more,

which in turn drives the tip further away to keep the tunneling current constant.

This distance between tip and sample increases even more when going to larger biases

as seen in figure 4.50 C). This apparently reduces the height of the particle. Figure
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4.50 D) shows, that the situation applies as well to thinner films, but at different

voltages since bend bending depends on film thickness.

Revisiting figure 4.49 C), one can see that for some bias voltages Negative particle

heights are found (defects can mask them self as protrusions). This artifact exists

because I had to separate defects from ad-particles before I can decide what is a

cluster and what is a defect in STM images. Figure 4.50 D) shows the change in

apparent height for step edges and defects. The defects can look like ad-particles

when their diameter is small enough. The cambers which show in STM images, do

expand a bit laterally and when the diameter of the defect is right, prevent the tip

from entering the actual topographic hole.

One would like to gain more information from the data in figure 4.49. The band gap

of the oxide film without the influence of band bending is interesting. Considering a

linear model:
1

εr
·m · df +m · dt = xV. (4.13)

Here εr is the dielectric constant of the film, df and dt are the film thickness and the

tip sample distance. And first keeping the tip sample distances dt = 0.5 nm which

is a lower estimation for a potential difference of 3 − 4 V between tip and sample

surface, εr = 23 and assuming the peaks in figure 4.49 mark the conduction band

onset, one ends up in a situation analog to the one in figure 4.50 B). The band

bending in a metal is negligible. We might as well neglect the particle and look

at the situation in figure 4.30. Equation 4.13 results in a slope m which we can

plot to get the band bending in figure 4.51. With increasing film thickness, the film

resistance increases which results in a reduced tip sample distance to reduce the

tunnel resistance for a constant combined resistance. The band bending derived from

this model therefore maximizes the band bending since 0.5 nm is the on the lower

end of possible tip surface distances and minimizes the band bending by keeping

the tip sample distance constant. Measurements show a difference of about 750 mV

from peak to peak (figure 4.49 B)), while calculations summarized in table 4.5 show

roughly 250 mV difference for every two ML of film thickness. Since earlier studies

[148] could model and predict experimental outcomes quite well with this approach,

additional factor have to play a role. Another error source is that εr = 23 is true for

bulk material. A smaller εr for thin films would add to the large band bending we

found.
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Fig. 4.51: Band bending calculated with εr = 23, a tip to sample
distance of 0.5 nm for film with four to more than eight
ML thickness. One can see that with fixed slopes inside
the film, a different bias at the tip is needed for every bit
of additional film thickness, to keep the slopes constant.
Deviations in the slopes between red, green and blue are for
better visibility.

Film thickness band bending

4/5 ML 340 mV

6/7 ML 592 mV

8+ ML 887 mV

Tab. 4.5: Total amount of band bending and the influence of the film
thickness.

If we compare those values to those of figure 4.49 B), we can see that our calculation

is off by a factor of two compared to our measurement, where the maximum particle

height shifts by about 0.5 eV per two ML. Cutting the tip sample distance down to

half of the initially assumed value to about 0.25 nm will double the band bending.

This will force the calculations to match the measurements.
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4.6 XPS Measurements with Copper on the Ceria Substrate

Before I present my XPS data concerning the copper ad-particles on the ceria thin

films, a brief review of the challenges identifying copper and its oxides in XPS will

be given in subsection 4.6.1. A discussion about my findings will follow afterwards in

subsection 4.6.2. Copper oxides are of interest, since the oxidation states of copper

are identified by charge transfer from copper atoms to oxygen atoms. The charge

transfer from copper to the ceria compount might also be visible in the charge state

of the copper ad-atoms.

4.6.1 XPS of Copper and its Oxides

Differentiation between first row transition metals and their oxides is challenging for

XPS. This is mainly due to asymmetries in the peaks, multiplet splitting, shake-ups,

plasmon loss structures and overlap between binding energies of different components

due to strong screening by filled d10 shell. Peak fitting becomes quite complex for

many transition metals including copper [149][150][151][152][153][154][155]. Several

x-ray photo-electron spectra for Cu and its oxides are presented in figure 4.52. On

the bottom, clean copper shows 2p 1
2

and 2p 3
2

peaks with roughly a 2 : 1 ratio (the

manufacturer of the XPS machine [156] gives a ratio of 0.508 for the smaller peak).

The 2p 3
2

peak sits at 933 eV binding energy, separated by 19.75 eV from the 2p 1
2

peak at 952.75 eV ([149][156]). The Cu2O spectra shows rather similar peaks and

cannot easily be distinguished from bare Cu via the Cu2p peaks. The CuO spectra

consists of additional peaks, one satellite above 960 eV binding energy, and very

pronounced satellite peaks between the metallic 2p peaks. The largest peak (2p 3
2
)

shifts to 933.76 eV, while the 2p1
2

peak shifts about 1 eV upwards compared to Cu2O.

Due to its clear shake-up peaks CuO seems easily distinguishable from Cu and Cu2O.

We know from an earlier study, done in our workgroup ([157]), that Cu+ is practically

not distinguishable from Cu when looking at Cu2p peaks.

Here, Auger spectra of the L3M45M45
1G line combined with Cu2p spectra to a

Wagner plot and Auger Parameters are useful [158][154][151]. A Wagner plot consists

of a plot of Auger peak positions (kinetic energy Ek (L3M45M45
1G)) versus binding

energy of Cu2p
(
Eb

(
2p 3

2

))
. Figure 4.53 shows on the left side, Auger spectra for

Cu, Cu2O and CuO, and on the right side an exemplary Wagner plot taken from the

NIST database [80].
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Fig. 4.52: Cu2p x-ray photo-electron spectra. Clean Cu metal (bot-
tom), Cu2O (2nd from bottom), CuO (3rd from bottom),
Cu(OH)2 (4th from bottom) and Cu(0)+Cu(I) mixture
(top). Taken from [149]

The Auger parameter on the right ordinate of the Wagner graph α′Cu is defined as:

α′Cu = Ek (L3M45M45) + Eb

(
2p 3

2

)
. (4.14)

The Auger parameter shift is approximately:

∆α′ = 2 [∆Ra + ∆Rea] . (4.15)

∆Ra the charge transfer (valence charge) and ∆Rea the extra-atomic polarization.

Both help to stabilize the final state. By the nature of equation (4.14), the Auger

parameter does not depend on the reference level of the energy scale, and charging
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Fig. 4.53: left: Auger spectrum for Cu, Cu2O and CuO, taken from
[156]. Right: Wagner plot from [80]. The clustering of data
points allow for an assignment of chemical compositions,
since the shift in auger spectra is about 2 eV

problems with insulators and semiconductors are canceled out [151]. Plotting of the

Auger parameter is done by rearranging the last equation to:

Ek = α′ − Eb. (4.16)

Plotting those lines for several Auger parameter will result in a Wagner plot.

Small particles shift the Auger parameter away from values found for films [159][160].

The Auger parameter is useful when trying to distinguish Cu from Cu+ (figure 4.53

right side shows almost 2 eV difference).

4.6.2 Copper Ad-Particles on the Ceria Substrate

The films in this section were grown in a way to ensure a low degree of reduction.

Growth temperatures varied between 1050 K and 1100 K with an oxygen partial

pressure of 10−6 mbar until the film was cooled down, resulting in a baseline reduction

(9%) comparable to that of slightly reduced films in section 4.4. Figure 4.54 shows

the associared copper coverage of the ceria film from STM. Frames A to D are

arranged in the same way as XPS spectra later in figure 4.55. Figure 4.54 A) shows

the minimal copper coverage used in this series. Only a few copper clusters, which

are widely spread over the surface are visible. The opposite can be seen in figure

4.54 C), a ceria island densly covered with copper nano-particles. Figure 4.54 B) and

D) represent intermediate coverages. Figure 4.54 A), B) and D) show that copper
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A B

C D

Fig. 4.54: STM images of four different copper coverages. Frame A
shows almost no copper ad-particles, in contrast to frame C
in which the ceria island is completely covered with copper
ad-particles. Frame B and D show intermediately covered
ceria islands. Films were grown between 1050 and 1100 K
with a oxygen partial pressure of 10−6 mbar until cooled
down.

ad-particles do not sit on step edges, in contrast to figure 4.54 C), where the copper

sits everywhere. Figure 4.54 C) therefore shows a mixture of copper ad-particle

adsorption sites. Some sit on defects, while most have to sit on unreduced ceria and

give electrons to the substrate. Copper will not take up a negative charge even at

high copper coverages.
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4.6.3 Influence of Copper Deposition on the Reduction State of Ceria

In order to test the charge state of copper on the ceria substrate, one can test Ce3d

states and see if the ceria substrate reduces upon copper deposition. A step by step

increase in the amount of deposited copper yields the XPS spectra from figure 4.55.

The films were grown at 1050 K to 1100 K with oxygen supplied at all times, to

create a stoichiometric film, and to identify the impact of copper on the reduction

state of the film. Adding very few copper atoms to the ceria film as can be seen

A B

C D

Fig. 4.55: Different amounts of copper deposited on ceria films grown
under equal conditions. A) Small amount of copper, no
influence visible. B) large amount of copper, increased re-
duction of ceria visible. C) Several ML of Copper deposited
on the ceria film. Largest measured degree of reduction of
the ceria measured in my experiments. D) Comparable to
B).

in figure 4.55 A), leaves the film in a slightly reduced state comparable to the bare

film. One can see that the degree of reduction of the ceria film rises with the amount

of copper deposited on top of it. Deposition of several monolayers (figure 4.55 C))

of copper results in a maximum reduction of 53.5 ± 1.5%. Figure 4.55 B) and D)

show intermediate amounts of copper deposited onto the film, resulting in degrees of

reduction of 18% (figure 4.55 B)) and 32.8± 1.5% (figure 4.55 D)). In frame B and D
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an increase of reduction is found when increasing the angle of detection. An outlier is

found in figure 4.55 D). Additionally the copper films were thick enough to suppress

the signal from the ceria film strongly. The control film in figure 4.55 A) behaves

as shown before for bare ceria films under all detection angles. This, compared to

earlier XPS measurements, reveals the increased reduction of the copper covered

ceria film compared to the clean ceria film (figure 4.56). It is therefore plausible that

copper transfers electrons to the ceria substrate.

Fig. 4.56: Influence of the amount of Cu deposited on the film, com-
pared to films without Cu deposition. Films grown were
reduced as minimally as possible before copper deposition.

4.6.4 Formation of Cu, Cu+ and Cu2+?

Since literature often discusses copper and its charge states in terms of oxidation

and XPS spectra for copper oxides are readily available for oxides, I will discuss the

charge state of copper due to electron transfer in terms of oxidation states.

Copper, when oxidized, can form cuprous oxide (Cu(I), Cu2O) and cupric oxide

(Cu(II), CuO). The Cu2p 3
2

and Cu2p 1
2

XPS peaks are shown in figure 4.57. Some

shifts in binding energy of the Cu2p 3
2

peaks are visible, but a broadening of the peaks

is not observed. The characteristic shakeup for CuO between Cu2p 3
2

and Cu2p 1
2

peaks at 945 eV binding energy is also absent for every preparation and every angle

of incidence. From figure 4.57 one cannot assign the chemical state of the copper

ad-particles. Auger spectra for sample A,C and D are presented in figure 4.58 A) ,C)

and D) correlate to STM based data as before).

For very low copper coverage it is quite hard to get an Auger line spectrum with
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sufficient signal to noise ratio. Still, a significant shift towards smaller kinetic energies

can be found. It might therefore be possible, that Cu+ or Cu2+ is present. For

Frames C and D the Auger line spectra match those of metallic copper.

A B

C D

Fig. 4.57: Cu2p 3
2

and Cu2p 1
2

XPS peaks. A) to D) are directly related

to figure 4.55 A) to D), as they where recorded from the
same sample

Figure 4.58 A) shows a much lower ratio between the main peak of the auger line and

the side peaks, at lower kinetic energies and higher kinetic energies. A broadening

of the main peak compared to that of higher coverages is evident. The frame on

the right side shows the findings from [160], where shifts of the auger lines towards

lower kinetic energies is observed with decreasing cluster particle diameter. The

binding energy increases with decreasing cluster diameter. Table 4.6 summarizes the

shifts from [160]. Plotting Auger line kinetic energies versus Cu2p 3
2

binding energies

one yields Wagner plots such as shown in figure 4.59. In addition to the average

energies from my measurements, positions from the NIST database [80] are shown

for comparison in figure 4.59 B).
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C

D

Fig. 4.58: Auger spectra for copper ad-particles from figure 4.55 A),
C) and D) from . For very small coverages in A), the Auger
peak shifts towards whats identified as CuO in the NIST
database [80]. The same database puts Auger peaks from
C) and D) close to Cu0. The frame of the right side contains
two figures taken from [160]. Shown are the size effects of
copper clusters onto Auger and 2p lines.
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Fig. 4.59: Wagner plots for figure 4.55 A), C) and D). Larger ad-
particles are very close to metallic copper, while few and
very small ad -particles seem to drift towards Cu+

d(Å) Ekin/eV Ec/eV Ed/eV U/eV L3V V width in eV

Bulk 918.3 932.9 3.2 8.2 1.2

25 918.1 932.9 3.3 8.2 1.6

16 917.8 933.0 3.5 8.3 1.6

13 916.7 933.4 4.0 8.7 3.0

11 916.4 933.4 4.1 8.8 3.6

atom 900.8 940.0 5.2 - 1.0

Tab. 4.6: Cluster size effect on XPS and Auger spectra, taken from
[160]

For larger amounts of copper, hence larger ad-particles, the Auger line and Cu2p

binding energies are close to the literature values for metallic Cu. This might be due

to partial charge transfer when considering the whole ad-particle. Atoms of a cluster

directly at the interface to the oxide can transfer charge to the oxide, while atoms

on top of those might not be able to do so. Therefore a mixed auger line might be

much closer to the metallic copper and the preparations with a very small amount

of copper might be of interest. Here the auger line peak energy matches the values

expected for CuO, while the binding energy is in the middle between CuO and Cu2O

(see fig. 4.59). However, in the Wagner plot my measurements cluster around the

Cu+ values. This makes sense, since we expect copper to transfer an electron to a
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cer ion. The Auger parameter has shifted by about 0.8 eV, from 1851.2 eV for both

thicker films, down to 1850.4 eV for very low copper coverages. However, one has

to be careful when assigning chemical states with Auger parameters measured on

small particles due to a shift of the Auger parameter depending on the particle size

[161][160][162][163][164][165]. My ad-particles have a mean diameter of 21.5 Å with

a standard deviation of 5.7 Å (statistic derived from 20 cross sections) in STM data

and after correction for tip convolution effects of around 16 Å. The kinetic energies

for Auger lines and binding energies for Cu2p 3
2

peaks fit those found by [160]. It is

therefore reasonable to question whether my data represents chemicals shifts or size

dependent effects (see fig. 4.59). Considering the clear evidence of Ce+4 reduction to

Ce+3, a portion of he copper in the surface of the ceria film must be in Cu+ state.

The size effect is the a perturbation which mask the chemical state of the copper to

some extent.

Another possible way of identifying the chemical state is by looking at O1s binding

energies. Binding energies of the O1s in Copper oxides should be shifted compared to

Cerium oxides. The O1s peaks are shown in figure 4.60. All peaks contain a shoulder

on the higher binding energy side. Assuming the preparations are clean, since no

problems with the load-lock of the XPS machine were experienced, both contributions

must be from different metal oxides. If the shoulder stems from copper in one of its

oxide phases, it should grow with increasing amount of copper deposited on the ceria

islands, which indeed can be found (CeO2 assigned peak to CuOx assigned peak

ratios decline). However, since copper is i the focus of this thesis, as an ad-particle

because of the catalytic activity of ceria supported copper ad-particles, it is essential,

that the possibility of an increases capacity for hydrogen storage and dissociation

due to the copper ad-particles is the origin of the shoulder in the XPS spectra. This

would make it an OH based shoulder. The NIST database [80] pins binding energies

to values found in table 4.7 for comparison with experimentally found values. From

CuO Cu2O CeO2 Ratio
Literature NIST 528.6 - 530.7 eV 530.2 - 531.1 eV 528.7 - 529.6 Ev
Preparation A 530.5 eV 529.5 eV 3.4
Preparation B 530.7 eV 529.5 eV 1.2
Preparation C 531.3 eV 529.78 eV 2.5
Preparation D 530.5 eV 529.35 eV 2.4

Tab. 4.7: O1s binding energy from peak deconvolution shown in figure
4.60

the binding energy positions alone, a distinction between CuO and Cu2O is not easily

possible, because the overlap in possible peak positions reported by others as found

in the NIST database. Combined with the uncertainties from the XPS machine,

the energetic positions of the O1s peaks for copper and cerium compounds are on
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the higher energy sides of the presented intervals from the NIST database. Some

part of the shoulder might be caused by adsorption of rest gases from the vacuum

during transfer from the STM to the XPS machine. However, not all of the shoulders

can be H, OH or CH induced even though some mismatch in the peak area ratios

(Preparation B) make it plausible.

Ru3d peaks were inspected to ensure absence of Carbon species due to their overlap

with C1s peaks. Evaporation of copper onto the ceria film is done in an at least an

order of magnitude better vacuum than cerium evaporation. Heating a well cleaned

cerium evaporator up until the normal flux for evaporation is detected, ends in a

vacuum in the low 10−8 mbar region. The copper evaporator leaves the pressure

in the low 10−9 mbar region. The heat up time for the copper evaporator is a bit

shorter, but the large time dependent impact comes from the short growth time of

the copper film (100 s) compared to ceria film (600 s). Contamination from the gas

atmosphere, here produced by the evaporation process, should therefore be minimal

( 1
60

of the contamination due to the ceria evaporation process).

A B

C D

Fig. 4.60: O1s peaks for various amounts of copper deposited on ceria
islands. A) to D) correspond to STM data from figure 4.55
same as above. With increasing copper coverage, the CeO2

to CuOx assigned peak ratios decline.
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Arguments for a copper induced shift of the O1s peak are summed up as follows.

The area of the peak fitted into the shoulder of the O1s peaks is correlated with the

amount of material deposited, while evaporation time and pressure are kept constant.

Ru3d peak region shows no adsorption of carbon containing molecules, which further

indicates a minimal contamination from the rest gas atmosphere. Transport times

are kept within the time frame in which bare Ceria showed a low contamination

as well. As stated above, the pressure during copper evaporation is an order of

magnitude below the compared to the cerium evaporation pressure and two order of

magnitude below the pressure in the transport box.

Counterarguments, are, that the peak position of the Shoulder in the O1s spectrum

fits perfectly to hydroxilated samples as well as to copper oxides. When samples show

Cu0 with minimal deviations, why should it be a copper induced shoulder? Of course,

even when the pressure is low, the evaporation process of copper contaminates the

vacuum.

My proposal is that a mixture of both is happening, but it remains unclear what the

ratios between copper and hydroxilation influence on the XP-spectra are. If figure

4.60 A9 shows minimal influence of copper and all of the shoulder is attributed to

hydroxilation, the change in intensity following in B) to D) could be attributed to a

copper induced effect.

When attributing the shoulder to Cu, it seems clear, that CuOx has formed. However,

this is only an oxide with respect to the charge transfer away from the copper. The ad-

particles neither possess the right geometry to build and oxide nor are the enthalpies

of formation for cerium oxide (260 kcal/mol [166]) or copper (162 kcal/mol [167]) in

favor of building an actual oxide. Some tendency leans towards CuO, however, the

CuO satellites are absent in Cu2p spectra, but the shift in Auger lines is closer to

CuO, when neglecting the influence of the the particle diameter. When shifting the

CeO2 peaks into the middle of the range of values found in the NIST database, the

resulting shift in the CuOx assigned peaks would favor Cu2O even stronger for all

preparations. This supports the reduction of the ceria film seen earlier. Therefore

a charge transfer from copper to the oxide film and thus a reduction of the cerium

atoms must be happening.
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5. SUMMARY

We are able to grow ceria thin films at different temperatures in a oxygen partial

pressure of 10−6 mbar at elevated temperatures between 750 K and 1100 K which

resulted in thin films of different morphology. Starting at low temperatures (750 K)

closed films with triangularly-shaped terraces grow epitaxially on the Ru(0001)

substrate and exposed the CeO2(111) surface. The triangular terraces expose type

I and type III step edges which feature a camber in topographic images due to a

dipole induced downward shift of LDOS at the step edges. Any increase in growth

temperature changed the morphology of the film. At 850 K first the straight edges of

the terraces vanished, the film began to roughen and holes down to the ruthenium

formed. This sometimes hints where the first grains for the growth of larger islands

form. Growth temperatures of 1000 K results in films in which large islands and

open substrate co-exist due to dewetting. The roughening of the film decreases

and smoother edges become visible. The film locally thickens, even though the

same amount of material was deposited on the substrate. Beyond 1000 K, large

triangular islands with several hundreds of nanometers diameter form. The roughness

of the top terraces of those islands is very low compared to films grown at lower

temperatures. The islands are often up to 10ML thick. The growth behavior seen

in STM measurements, is confirmed with LEED and therefore not only a local

phenomena. The band gaps of these films behave unexpected. A band gap of about

4 eV suggests that STS shows the gap between O2p and Ce4f states. Literature pins

the band gap to 6.4 eV, for the O2p to Ce5d gap and neglects the more localized Ce4f

states. For very thick films beyond 10 ML a gross overestimation of the band gap

due to band bending and electron transport properties is shown. Scanning tunneling

spectroscopy on defects reveals such a much larger band gap than expected in theory.

Some defects feature peaks in LDOS near the band onsets.

Literature discussions of defects in the ceria surface mostly focus on oxygen vacancies

due to the strong connection with catalysis. These defects are best observed at

negative biases in STM, which in my case resulted in a destruction of the film. We

believe that this destruction of the oxide surface is due to hydrogen adsorption on

the sample in either the form of H2O, OH, or elementary hydrogen. Several scans

at negative bias showed the subsequent destruction with formation of defects on



the scanned areas.Theoretical calculations predict clustering of defects only when

hydrogen is present on the surface, otherwise defects will repel each other. The

defects found at negative bias are almost never isolated but cluster to larger defect

complexes. The latter are not consistent with single oxygen vacancies, but are deeper

and feature LDOS at their boundaries that are identical to the one at step edges on

defect free films. The intermixing of camber and camber free parts of the defects

edges suggest that the properties of the defect complexes largely resemble those of

extended step edges with the same orientation. Removing Ce and O atoms from

the surface reveals that step edges can be build into intact terraces at the used

preparation conditions. Water in the rest gas might hereby play an important role

in etching these Ce-O holes.

XPS measurements are performed in an additional machine, which required the

construction of a new transport chamber. The chamber I built for the sample

transport keeps the UHV conditions, good enough to ensure a clean transfer from

the STM to the XPS. O1s and Ru3d peak taken on clean samples confirm negligible

adsorption of hydrogen or carbon containing molecules. Measurements with XPS show

an increased reduction when films are grown at higher temperatures. The highest

reduction has been observed after annealing without an oxygen partial pressure.

Ce3d spectra show degrees of reduction range from 9% to 18%. A comparison against

a reduction study from Paola Luches et. al. confirms this behavior considering my

film thickness and the starting points for reduction.

Copper ad-particles practically never sit at step edges and defects, due to the electro-

negativity of copper compared to gold and silver, which are known to adsorb on

defects and step edges. Copper rather transfers an electron to the ceria film and

becomes Cu+. The additional reduction of the ceria films due to the copper ad-

particles is quite pronounced and degrees of reduction of up to 53% are measured with

XPS. Confirming that not only ceria films are more reduced, but copper ad-particles

contain Cu+ species is quite hard, and cannot be done by Cu2p measurements or

Auger spectra alone. Connecting both in a Wagner plot reveals the charge state of

copper which indeed points to a charge transfer from copper ad-particles to the ceria

film. For thicker films or large nano-particles, Cu2p and Auger LMM energies are

quite close to the literature values for pure Cu. When moving to ad-particles with

very few atoms, a shift in binding and kinetic energy can be observed, which might

be induced however by two factors, an increased Cu oxidation state or initial state

effects due to smaller particle sizes. From combined data of Ce3d spectra, and Cu

Wagner plots as well as O1s spectra a charge transfer from copper to the ceria film

seems evident.
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6. OUTLOOK

Doping ceria thin films could be an interesting path to continue experiments started

in my PhD work. Divalent doping agents such as copper, distort the ceria lattice

when they substitute a cerium atom. This distortion results in less strongly bound

oxygen atoms, which could increase the catalytic activity of ceria films. Theoretically

copper could replace platinum as doping ion, which is used widely at the moment

and leading to catalytic activity within 5 % of a platinum doped ceria catalyst [20].

Without doping cerium CexCe and oxygen Ox
O on their correct lattice places undergo

reduction involving oxygen vacancies V ··O with +2 charge as follows:

Ox
O + 2Cex

Ce → V
′′

O + 2Ce
′

Ce −
1

2
O2(g) (6.1)

where Ce
′
Ce denotes a single negatively charged ion. With doping this reaction

changes to

MO + Ox
O + Cex

Ce → M
′′

Ce + CeO2, (6.2)

where M is a metal dopant. In case of copper, the dopant M enters the lattice in a

+2 oxidation state, which requires a charge compensating oxygen vacancy to form.

While Pd, Pt and Cu have been shown to catalyze CO oxidation and NOx reduction,

Ni has been found to catalyze methane oxidation and WGS reaction. When the

cation radius of the dopant is smaller than that of the host cation, short and long

oxygen metal bonds are formed. The long bonds are easier to break and oxygen

therefore is easier to remove, which increases the catalytic activity. In principle the

lattice distortions should be visible in STM studies. Charge states of dopants can be

determined with XPS.

Besides Cu doping also adsorption experiments with water could be interesting, a

subsequent work could focus on the water adsorption and defect clustering on ceria

and most importantly advance my work from copper ad-particles to copper dopants

and compare adsorption sites of molecules and catalytic activity. Other machines

in our work group are now up and running and have access to thermal desorption

spectroscopy (TDS). This could in principle result in an activity vs. doping vs.

dopants map. This is of relevance due to the way we harvest electrical energy and

could lead to a better understanding of catalysts for exhaust gas cleaning.
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[48] Albert Einstein. Über einen die Erzeugung und Verwandlung des lichtes betreffenden
heuristischen Gesichtspunk. Annalen der Physik, 17:133–143, 1905.

[49] C. Davisson and L. H. Germer. Difraction of Electrons by a Crystal of Nickel.
Physical Review, 30(6), 1927.

[50] Gerd Binnig and Heinrich Rohrer. Patent CH643397 (A5) -1984-05-03, 1979.

[51] G. Binning, H. Rohrer, Ch. Gerber, and E. Weibel. Tunneling through a controllable
vacuum gap. American Physical Society, 49(1), 1982.

[52] G. Binning, H. Rohrer, Ch. Gerber, and E. Weibel. Surface Studies by Scanning
Tunneling Microscopy. American Physical Society, 49(1), 1982.
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[135] S. Torbrügge, M. Reichling, A. Ishiyama, S. Morita, and Ò. Custance. Evidence of
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als die angegebenen Hilfsmittel benutzt habe. Die Stellen der Arbeit, die dem Wortlaut
oder dem Sinn nach anderen Werken (dazu zählen auch Internetquellen) entnommen sind,
wurden unter Angabe der Quelle kenntlich gemacht.

_____________________________ ________________________

(Ort, Datum) (Unterschrift)


	Title: STM Study of Bare and Copper Covered CeriaThin Films
	List of Publications
	Abstract
	Kurzfassung
	Table of Contents
	List of Figures
	List of Tables
	List of Abbreviations
	Introduction
	Ceria in General
	Catalysis
	Automotive Catalysts
	Water Gas Shift Reaction

	Outline of This Work
	Structure of This Thesis


	Experimental Methods
	Scanning Tunneling Microscope
	General Working Principle of an stm and First Approach to the Tunneling Current
	Detailed Theory of the Tunneling Currents and the Origin of the Atomic Resolution in stm
	Tunneling on Thin Semiconducting Films
	Scanning Tunneling Spectroscopy
	Band Bending and Electrical Resistivity - Influence on Measurements

	X-RAY Photoelectron Spectroscopy
	Basic Theory
	Backgrounds in xps
	Auger Processes
	Coster-Kronig Processes

	Low Energy Electron Diffraction
	Theoretical Treatment of the Origin of the Reflection Pattern


	Experimental Setup
	Createc stm
	stm Head
	Tip Holder and Transfer Mechanism
	Sample Holder
	Wobble Stick
	stm Chamber and Cryostat
	Preparation Chamber
	Manipulator
	xps Transfer System
	Selected Problems and Their Workarounds
	Time Consumption

	xps Setup

	Results
	Structural and Electronic Properties of Cerium Dioxide Films - State of the Art
	Ceria Film Growth on Ruthenium
	Ruthenium Substrate Before Film Growth
	Low Temperature Preparation with Post Annealing
	High Temperature Preparations

	Defect Structures in stm
	Defects in the CeO2(111) surface
	Exploring Defects in the Ceria Thin Films
	Defects in stm With Positive Bias
	What Kind of Defects are Reflected in stm
	Scanning Tunneling Spectroscopy on Defects in the Ceria Film 

	Defect Structures in xps
	Introduction - Ce3d states in xps
	A Ceria Reduction Study by P. Luches et. al.
	Shifts of the Ruthenium 3d peaks in xps
	Experimental Challenges: Effects of the Transport between two uhv Chambers
	Ceria Stoichiometry Depending on Temperature and Oxygen Supply During Preparation

	Copper on CeO2 Films on a Ruthenium Support
	Metal Particles on a CeO2-x Substrate - Theory
	Copper Adsorption Sites in stm
	Particle Height Variations Versus Bias Voltage

	xps Measurements with Copper on the Ceria Substrate
	xps of Copper and its Oxides
	Copper Ad-Particles on the Ceria Substrate
	Influence of Copper Deposition on the Reduction State of Ceria
	Formation of Cu, Cu+ and Cu2+?


	Summary
	Outlook
	Literature
	Acknowledgements
	Curriculum Vitae
	Eingeständigkeitserklärung

