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Dr. Stephanie Stuckenholz and Dr. Leonid Lichtenstein; Dr. Helmut Kuhlenbeck,



B Acknowledgements

head of the spectroscopy group. My thanks go to the other former team leaders and
their colleagues as well.

For the provision of the DFT results to determine the atomic model of silica Xmas
star (zig zag) BL phase I want to thank Dr. Denis Usvyat, Prof. Dr. Martin Schütz
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Zusammenfassung

In der vorliegenden Arbeit werden die Ergebnisse einer systematischen Untersuchung
der Präparationsbedingungen von mono- (ML) und bilagendicken (BL) Siliziumdiox-
idschichten (SiO2) auf einer Ru(0001) Einkristalloberfläche präsentiert. Jeder Prä-
parationsschritt wurde detailliert analysiert: Angefangen bei der reinen Ru(0001)-
Oberfläche und deren verschiedenen Sauerstoffterminierungen wurde die Abschei-
dung von Silizium bei geringem Sauerstoffpartialdruck auf eine mit Sauerstoff ter-
minierte Rutheniumoberfläche untersucht und anschließend wurden die verschiede-
nen Silikaphasen präpariert, in dem die Proben im Ultrahochvakuum (UHV) oder in
einer Sauerstoffatmosphäre hochgeheizt und abgekühlt wurden. Als Analysemeth-
oden kamen niederenergetische Elektronenmikroskopie (englisch kurz: LEEM),
Dunkelfeld-LEEM, niederenergetische Mikro-Punkt-Elektronenbeugung (englisch
kurz: µLEED) und Mikro-Fokus-Röntgenphotoelektronenspektroskopie (englisch
kurz: µXPS) zum Einsatz, wobei die einzigartige Möglichkeit von in-situ und
Echtzeit-Messungen genutzt wurde, um ein tieferes Verständnis der ablaufenden
Prozesse während der einzelnen Präparationsschritte zu erhalten. Die verschiedenen
Sauerstoffterminierungen, 1O, 2O, 3O und 4O, wurden ausführlich mit den obigen
Methoden charakterisiert und dienten später als Referenz, um Aussagen über das
Interface zwischen Ruthenium und Silika zu treffen.

Die Untersuchung der Siliziumabscheidung zeigte, dass unter den gegebenen Be-
dingungen (Raumtemperatur, pO2 = 2.0× 10−7 mbar) Ruthenium als Katalysator
für die Siliziumoxidierung fungiert. Ruthenium spaltet dabei an seiner Ober-
fläche molekularen Sauerstoff aus der Sauerstoffhintergrund-Atmosphäre zu atom-
arem Sauerstoff, der dann schon bei Raumtemperatur Silizium oxidiert. Es zeigte
sich, dass ab der Bedeckung von einer ML diese katalytische Wirkung durch das
Siliziumdioxid inhibiert wird und deshalb unvollständig oxidiertes Siliziumdioxid in
der zweiten ML vorherrscht. Eine vollständige Oxidation der zweiten ML erfolgt
durch Hochheizen in Sauerstoff auf 625 K; Sauerstoff diffundiert hierbei durch den
amorphen Film und Ruthenium dient wieder als Katalysator. Siliziumdioxid liegt
danach als vollständig oxidierter, aber ungeordneter Film auf der Oberfläche vor.

Das ML Siliziumdioxid ordnet sich im UHV oberhalb einer Temperatur von 1000 K
zu einer um 30◦ zu Ruthenium rotierten (2x2) Überstruktur ((2x2)R30°) und in
pO2 = 5.0× 10−6 mbar Sauerstoff ab einer Temperatur von 900 K zu einer p(2x2)
Überstruktur. Die (2x2)R30° Silikaphase im UHV ist im Gegensatz zu der in Sauer-
stoff präparierten p(2x2), um 4.3 % relaxiert. Die atomare Struktur der rotierten
Phasen wird mit Hilfe eines Modells erklärt, dass die Besetzung von Adsorption-
splätzen und deren resultierendes Moiré-Muster kombiniert. Im XPS-Spektrum
wurde in der O 1s Linie kein zusätzlich adsorbierter Sauerstoff gefunden, es wurde
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jedoch neben der Silizium-Sauerstoff (Si-O) Bindung noch eine weitere Komponente
bei 529.8 eV gefunden und einer Ru-O-Si Bindungen zugeordnet. Nach der Präpa-
ration in einer Sauerstoffatmosphäre ist auf der Rutheniumoberfläche zusätzlicher
Sauerstoff adsorbiert, der im XPS Spektrum der O 1s Linie als weitere Kompo-
nente bei 529.1 eV auftritt. Durch den Vergleich der Form der Ru 3d5/2 Linien
der sauerstoffbedeckten Oberflächen mit denen der ML-Silika Phasen konnte auf die
Bedeckung der Adsorptionsplätze auf dem Ruthenium zurückgeschlossen werden.
So wurde gefunden, dass die (2x2)R30° Silikaphase einer 1O Bedeckung und die
p(2x2) einer 3O Bedeckung entspricht. Es kann so geschlussfolgert werden, dass der
Energiegewinn durch die Besetzung von zusätzlichen Adsorptionsplätzen auf dem
Ruthenium den Energiebedarf für die Streckung des Siliziumdioxid-Gitters kom-
pensiert bzw. überwiegt. Für beide Siliziumdioxid Phasen der ML wurden keine
Rotationsdomänen gefunden.

Für das bilagen (BL) Siliziumdioxid wurden drei Strukturphasen auf Ruthenium un-
tersucht, worunter eine bisher nicht in der Literatur erfasst wurde. Die neue Phase
bildet sich oberhalb einer Temperatur von 1050 K entweder im UHV oder bei einer
hohen Heizrate von mehr als 7.5 K/s in pO2 = 5.0× 10−6 mbar Sauerstoff. Wegen
ihres auffälligen Beugungsbildes wird sie in dieser Arbeit als Weihnachtsstern-Phase
(Xmas-star) bezeichnet. Sie besitzt 3 Rotationsdomänen im Gegensatz zu den an-
deren beiden Phasen, die keinerlei Rotationsdomänen besitzen. Bei einer niedri-
gen Heizrate von 1 K/s bildet sich ab 950 K in pO2 = 5.0× 10−6 mbar Sauerstoff
zunächst eine kristalline p(2x2) Überstruktur, die sich bei weiter erhöhter Tem-
peratur (>1075 K) in eine (zwei-dimensionale) glasartige Phase umwandelt. Die
Phasenumwandlung von der p(2x2) zur glasartigen Phase beginnt im UHV hingegen
schon bei 1025 K. Die Dauer der Phasenumwandlung wurde in UHV und Sauer-
stoff für verschiedene Temperaturen experimentell ermittelt und mit Hilfe einer
Arrhenius-Auftragung die notwendige Aktivierungsenergie zu 4.2 eV bestimmt, was
gut mit einem theoretisch ermittelten Wert für die Bildung eines Stone-Wales-
Defekts in hexagonalen Silika Bilagen-Gittern übereinstimmt. Die Umwandlung von
kristalliner zu glasartiger Phase findet dabei in Gebieten statt, deren Größe unter
der Ortsauflösungsgrenze des Mikroskops liegt. Eine Analyse der Ru 3d5/2 Peakform
in XPS für die verschiedenen Bilagen-Phasen zeigte, dass je nach Präparationsbedin-
gungen unterschiedlich viel Sauerstoff auf der Rutheniumoberfläche unter dem Silika
adsorbiert ist. Für die Xmas-star Phase wurde eine 1O ähnliche Bedeckung gefun-
den, für die kristalline p(2x2) eine 3O und für die glasartige eine 1O Bedeckung (bei
Präparation in UHV) und eine 4O Bedeckung (bei Präparation in Sauerstoff). Des
Weiteren wurde die Desorption und Adsorption von Sauerstoff unter der glasartigen
Phase untersucht. Dabei wurde die Bildung von makroskopischen Löchern bei der
Desorption von Sauerstoff im UHV bei einer Temperatur über 1125 K beobachtet.

Mit Hilfe der hier gefunden Ergebnisse ist es möglich, gezielt die verschiedenen Silika-
Phasen zu präparieren und für weitere Untersuchungen zu nutzen.



Abstract

This work presents the results of a systematic study of the preparation conditions of
silica mono- and bilayers on a single crystal ruthenium (0001) surface. Each prepa-
ration step was analysed in detail with different methods. Starting with the clean
Ru(0001) surface and the different oxygen terminations on it, the deposition of sili-
con in a low oxygen atmosphere onto an oxygen-pre-covered ruthenium surface was
investigated and the preparation of different silica phases by annealing and cooling
of the deposited films under ultra-high vacuunm (UHV) or oxygen atmosphere con-
ditions was studied. As analysis methods Low energy electron microscopy (LEEM),
dark-field LEEM, micro spot low energy electron diffraction (µLEED) and micro
spot photoelectron spectroscopy (µXPS) were applied, where the unique possibility
of in-situ and real-time measurements was used to gain a deeper understanding of
the ongoing processes during the preparation steps. The different oxygen termina-
tions, 1O, 2O, 3O and 4O were extensively characterized with these methods and
were later used as reference to gain knowledge about the interface of ruthenium and
silica.

The investigation of the silica deposition shows that under the used conditions (room
temperature, pO2 = 2.0× 10−7 mbar) ruthenium acts as a catalyst for the silicon
oxidation. At its surface ruthenium dissociates oxygen molecules to atomic oxygen,
which is used to oxidize the silicon already at room temperature. It was found that
upon reaching the amount of one ML the completed silicon dioxide film inhibits the
catalytic properties of the ruthenium substrate and therefore only partially oxidized
silicon exists in the second layer. A full oxidation of the second layer was achieved
by a short annealing in pO2 = 5.0× 10−6 mbar oxygen at 625 K; oxygen diffuses
through the amorphous film and ruthenium acts as a catalyst again. Afterwards the
silicondioxide film is fully oxidized but disordered.

The ML silicon dioxide formed two structures depending on the preparation condi-
tion: (a) annealed in UHV a 30◦ rotated (2x2) superstructure ((2x2)R30°) is formed
above temperatures of 1000 K and (b) annealing under an pO2 = 5.0× 10−6 mbar
oxygen atmosphere led to a p(2x2) superstructure above a temperature of 900 K.
The (2x2)R30° ML-phase of silica in UHV is 4.3 % relaxed in comparison to the
p(2x2) ML-phase produced in oxygen. The atomic structure of the rotated phase
could be explained by a model, which combines the occupation of adsorption sites
and their resulting moiré-pattern. In the XPS spectrum of the O 1s line no ad-
ditional adsorbed oxygen was found. However, besides the silicon-oxygen bond an
additional component at 529.8 eV was found and assigned to Ru-O-Si bonds. After
the preparation under the oxygen atmosphere additional oxygen was adsorbed on
the surface appearing as an additional component at 529.1 eV. By comparing the
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Ru 3d5/2 XPS line shape of oxygen covered Ru surface as reference with the ones of
the ML silica the occupation of adsorption sites on ruthenium could be concluded.
It was found that the (2x2)R30° ML-phase of silica matches a 1O termination and
the p(2x2) ML-phase a 3O termination. With this it could be concluded that the
energy gained by additional occupation of ruthenium adsorption sites compensated
or even exceeded the energy need to stretch the silicon dioxide lattice. For both ML
silicon dioxide phases no rotational domains were found.

Three phases of the bilayer (BL) silica on ruthenium were investigated and one of
them has not been reported in literature so far. This new crystalline phase appears
at a temperature of 1050 K in UHV or at a high annealing rate of more than 7.5 K/s
in pO2 = 5.0× 10−6 mbar oxygen. Because of its specific diffraction pattern, it will
be referred to as Xmas-star phase in this work. It consists of three rotational do-
mains, contrary to the other two phases, which show no rotational domains. By
annealing in oxygen at a low heating rate of 1 K/s a crystalline p(2x2) BL-phase
was formed at about 950 K and subsequently transformed into a (two-dimensional)
vitreous BL-phase at higher temperatures (>1100 K). The phase transition from the
p(2x2) to the vitreous BL-phase started in UHV already at 1025 K. The duration
of the phase transition was determined experimentally in oxygen atmosphere and in
UHV, respectively, and from an Arrhenius plot, the activation energy for the trans-
formation was estimated to be 4.2 eV, matching very well a theoretically calculated
value for the Stone-Wales defect appearing in hexagonal silica bilayer lattices. The
transformation from the crystalline to the vitreous phase occurred in very small
areas with a domain size below the lateral resolution limit of the microscope, thus
appearing as a homogeneous change on the whole surface. An analysis of the shape
of the Ru 3d5/2 lines for the different bilayer phases showed that depending on the
preparation conditions different amounts of oxygen were adsorbed on the ruthenium
surface below the silica layer. For the Xmas star phase a coverage similar to a 1O ter-
mination was found, for the crystalline p(2x2) BL-phase a 3O termination and for
the vitreous a 1O termination (after preparation in UHV) and a 4O termination (af-
ter the preparation under an oxygen atmosphere). Furthermore, the desorption and
adsorption of oxygen below the vitreous phase were investigated. Here, the appear-
ance of macroscopic holes in the layer during the desorption of oxygen at elevated
temperatures of about 1125 K in UHV was found.

Based on the results reported in the present dissertation, it will be possible to prepare
different target-oriented silica ML- and BL-phases for further investigations.



Chapter

1
Introduction

Silicon dioxide, SiO2 or silica, surrounds us in our daily life everywhere. It is found

in nature as sand, rock, mountains, and in the earth mantle [1,2], even in meteorite

craters [3], but also as basic material for many industry products. The easy process-

ing and large availability make Silica irreplaceable nowadays. Glass, its amorphous

phase, is its main application, for example for windows, cups or lenses. Moreover,

silicon dioxide plays a major role in semiconductor industry [4], especially in the

silicon planar technology, where it is used as insulator in metal-oxide-semiconductor-

field-effect-transistors (MOSFETs) or in the chemical industry as basic component

for catalytically active materials like zeolites or as support for heterogeneous cata-

lysts [5].

A large variety of bulk crystalline silica phases is well known [6], for example quartz,

cristobalite and tridymite. Their structure and formation have been studied down to

the atomic level. The basic unit in the silicon-oxygen system is a tetrahedron, where

one silicon atom is surrounded by four oxygen atoms. The tetrahedra are connected

by corner-sharing oxygen atoms so that one-dimensional chains (inosilicates), two-

dimensional sheets (phyllosilicates), or three-dimensional networks (tectosilicates)

are formed. For glassy or vitreous silica, a two-dimensional model was proposed by

Zachariasen in 1932 [7]. In the model, the tetrahedra build a network which has

no long-range order. In the two-dimensional case a mesh-net is formed, where a

mesh is a ring and each ring can consist of a variable number of silica tetrahedra

as ring-members, for example 3, 4, 5, 6, 7 or more. The random distribution of

these rings leads to the amorphousness of the silica. 80 years after the suggestion of

Zachariasen, the model was experimentally verified by atomically resolved Atomic

force microscopy (AFM) and Scanning tunneling microscope (STM) measurements

at the Fritz-Haber-Institute [8]. This was possible through the finding, that a sil-
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ica bilayer forms a two-dimensional sheet on ruthenium(0001), which is covalently

bound in itself and only weakly coupling to the surface by van der Waals forces [9,10].

Therefore, it lifts off and floats on the surface in contrast to the silica monolayer,

which is covalently bound via Ru-O-Si bonds to the substrate. Both systems, the

monolayer (ML) and bilayer (BL) silica on ruthenium have been studied in detail

in terms of their structure and properties [11–17]. These studies even evolved to

the exploration of the chemistry in confined spaces, here between the BL and the

ruthenium support, to model the basic properties of zeolites [18]. For the monolayer

two different crystalline phases have been found, and for the bilayer two different

phases, a crystalline and a vitreous. The crystalline phases consist exclusively of

6-member rings of silicon dioxide tetrahedra. In the monolayer of silica each tetra-

hedron has a covalent bond to ruthenium, while the other three bonds connect to

other tetrahedra. In the case of the bilayer, only silicon-oxygen-silicon bonds ex-

ist. The transition from the crystalline to the vitreous phase is of special interest

here, because its understanding could provide new insights for the transformations

of silica-based or derived materials [19].

However, a detailed in-situ study of the formation of these phases and its depen-

dency on parameters like temperature, oxygen pressure or heating rate, has not

been done yet: it is the topic of this work. With the knowledge of the influence

of the preparation conditions, it should be possible to prepare target-oriented sam-

ples to get later snapshots of the formation processes of these phases with ex-situ

techniques. The spectro-microscope used in this work combines the investigation of

macroscopic properties in microscopy like the morphology of the films on a larger

scale than in AFM/STM (several tens of micrometres vs. hundreds of nanometer)

with the local chemical environment and its structure than integral methods like

IRRAS or conventional XPS and LEED (several hundreds of micrometres vs. tens

of micrometers). The knowledge of the macroscopic properties is very important for

already found applications like using the layer as molecular sieve [20] or transferring

it [21].
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2
Experimental setup and theory

2.1 The setup

The experiments of this work were done at the SMART system at Berlin Electron

Storage Ring Society for Synchrotron Radiation, facility II (BESSY II). The SMART

system is a unique spectro-microscope. Through its aberration correction and energy

filtering system (with an energy resolution of 180 meV [22,23]) it has up to now the

best lateral resolution in LEEM of 2.6 nm [24] and in Photo emission electron mi-

croscopy (PEEM) of 18 nm [25] in the world. It is located at beam line UE49-PGM-c

at the third-generation synchrotron source BESSY II at the Helmholtz Center Berlin

in Germany [26].

Different kinds of measurements methods are possible with this spectro-microscope,

e.g.:

• XPEEM (X-ray photoelectron emission microscopy)

• µXPS (Micro spot photoelectron spectroscopy)

• NEXAFS-PEEM (Near edge X-ray absorption fine structure PEEM)

• XMCD (X-ray magnetic circular dichroism)

• PED (Photoelectron diffraction)

• Valence band structure mapping/ARUPS

• LEEM (Low energy electron microscopy)

• DF-LEEM (Dark field – LEEM)
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• µLEED (Micro spot low energy electron diffraction)

• LEED(IV), LEEM(IV) (Intensity vs. voltage LEED/LEEM)

In-situ and real-time experiments with x-rays are possible in a gas atmosphere up

to about pO2 = 1× 10−7 mbar, limited by the interlock system of the beamline.

However, using the electron gun, experiments are possible under a gas atmosphere

up to about pO2 = 1× 10−4 mbar.

The microscope itself consists of several steel chambers, which are evacuated to

ultra-high vacuum conditions (UHV = p < 1× 10−9 mbar) by ion getter and turbo

pumps. The base pressure of the whole system is ×10−10 mbar. This prevents

contamination of the sample surface because in the pressure of 1× 10−7 mbar at

room temperature one can assume an adsorption of one layer per second of the

residual gas molecules on the surface (corresponding to 15 min for one layer in the

10−10 mbar range). The mean free path length for electrons needed to travel through

the microscope is sufficiently high for pressures better than 10−5 mbar. In the main

experimental chamber, the sample can be exposed under controlled conditions to

clean gases like oxygen, carbon monoxide or hydrogen, while the sample is heated

or cooled. In an attached preparation chamber samples can be cleaned by argon ion

sputtering if needed, and preparations under higher pressures up to about 5 mbar

can be carried out. The sample temperature can be measured by a thermocouple

spot-welded close to the sample on the sample holder or by an infrared pyrometer.

Several e-beam evaporators (Focus GMBH, EFM 3s, address: Neukirchner Str. 2,

65510 Huenstetten, Germany, [27]) are attached to the main chamber, allowing the

in-situ investigation of the deposition of e.g. silicon, iron or germanium on the sample

surface. Through a port at the side of the main chamber, the microscope is connected

to the beamline and x-rays from the synchrotron light source can illuminate the

sample surface. A side view of the microscope with its main components is shown

in figure 2.1.

The synchrotron, a particle accelerator, is used as light source, providing soft x-

rays with a high flux, a very well-defined energy, and high brilliance. The main

component of the synchrotron is the electron storage ring, a large scale UHV system

(circumference 240 m), in which electrons are circling in a closed loop with an energy

up to 1.7 GeV. In some ring segments undulators are located, which are periodic

structures of dipole magnets that force the electrons to travel in an oscillating path

while emitting energy in the form of photons. The photons leave the storage ring

of the synchrotron tangentially in the ring plane. They are guided through tubes
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Figure 2.1: Sideview of the SMART system. The main components of the microscope are high-

lighted.

under UHV by plane and curved mirrors first to a grating monochromator and then

to the end station. The segment between the undulator device and the end station

is called beamline. The beamline for this experiment allows to use x-rays tuneable

in an energy range from 90 eV to 1200 eV.

A short description of the working principle of the microscope will be given, for a

more detailed description see reference [28] and the papers cited therein. A detailed

description of the alignment procedure can be found in [29].



6 Chapter 2 Experimental setup and theory

The microscope consists mainly of four parts: (i) the illumination column (light red),

(ii) the beam splitter, (iii) the main chamber with the sample and the objective lens

(light green), and (iv) the imaging column (light purple) (these transparent colours

are used for assignment in figure 2.2).

Figure 2.2: Scheme of the SMART. For details see text.

The illumination column consists of an electron gun and several condenser lenses.

Electrons are emitted from a zirconium oxide coated tungsten field emitter tip in

the electron gun and accelerated to 15 keV. The source of the electrons, in this case

a Schottky field effect emitter, should ideally be point but is in reality a disc and

is imaged via a condenser lens system into the image plane of the beam splitter.

The potential of the electron emitter is set to -15 kV, therefore the electrons are

accelerated to a kinetic energy EKin of 15 keV.

The beam splitter is a central part of the microscope. It is a dispersion-free magnetic

beam separator [30] which connects the illumination column with the objective lens,

the corrector tetrode mirror and the imaging column. It consists of four magnetic

sector fields and has therefore a fourfold symmetry. It bends the incoming electron

beam from the illumination column by an angle of 90°.

The electron beam of the gun is bent to the objective lens, which forms an immer-

sion lens [31] with the sample, the so-called cathode lens. Apart from a small offset

called start voltage (StV), the sample is at the potential -15 keV. The difference of

the emitter and the sample potential is therefore just the StV (plus the difference

of the workfunction), which means, the kinetic energy of the electrons at the sam-
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ple surface corresponds to the StV value. If the sample potential is lower or equal

-15 kV, then the electrons cannot reach the sample surface and are reflected in front

of the surface. Because of the 100 % reflectivity of the electrons, this mode is called

mirror electron microscopy (MEM). Here, one is sensitive to the local work function

and the contrast is dominate by the vacuum potential.

Is the sample potential higher than -15 kV, then the electrons have a kinetic en-

ergy high enough to penetrate the sample and are reflected inside the bulk. The

start voltage can be tuned between 0 V and +1000 V. Due to the small mean free

path length the electrons probe the first few (up to 10) atomic layers of the sample

surface and the measurement is therefore very surface sensitive. The electrons inter-

acting with the surface atoms can be inelastically scattered, or elastically reflected or

diffracted. The backscattered electrons leave the sample surface and are accelerated

into the direction of the objective lens, where they reach a kinetic energy of 15 keV

again and enter the beam splitter. The electron beam trajectory is then bent by

90°; however, because of the Lorentz law, into the direction of the corrector tetrode

mirror.

The imaging column consists of a corrector tetrode mirror, transfer optics, an energy

filter, projecting optics, a micro-channel plate, and a detector. The tetrode electron

mirror induces spherical and chromatic aberrations of the opposite sign, compensat-

ing the aberrations of the objective lens [32–34]. The electrons entering the tetrode

are slowed down and reflected by the electric field within it. Spherical aberrations

for a fixed kinetic energy of the electrons are corrected by the shape of the equipo-

tential surfaces in the electric field of the mirror; chromatic aberrations for lower or

higher kinetic energies are corrected by the equipotential surfaces after or before the

equipotential surfaces of the electric field for this fixed energy. In principle electrons

with a higher kinetic energy penetrate deeper into the electric field, while electrons

with a lower kinetic energy penetrate less. The reflected electron beam is then bent

by the beam splitter again by 90° to the transfer lens optics, where the electrostatic

lenses magnify the image and appropriately place the image and the back focal plane

at the entrance of the energy filter. The contrast aperture is situated in the back fo-

cal plane and blocks diffracted electron beams; at the same time it is the entry slit of

the energy filter. The energy filter consists of four magnetic sector fields. Electrons

on the optical axis with the right kinetic energy pass the energy filter in a Ω-shape

and therefore the energy filter is referred to as Omega filter [22,35]. Electrons with

lower or higher kinetic energies traverse the magnetic sector fields with different tra-

jectories. In principle, the electrons with lower kinetic energy than the pass energy
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(Epass) will be strongly bent, the ones with higher energy less. The Omega filter

generates a 1:1 image at its exit in an achromatic plane. In this plane, electrons

with different kinetic energies will generate identical images, but the electrons cross

the image point under an angle, i.e. here one has an angular energy dispersion in

this plane. Behind the achromatic plane there is a (lateral) energy dispersive plane;

different kinetic energies will be focussed with different horizontal displacements.

With the help of a slit aperture inserted into the energy dispersive plane electrons

with a certain kinetic energy can be selected (see figure 2.3). The projection optics

behind the Omega filter magnifies the image further onto the 2d detector system. It

consists of a micro-channel plate that multiplies the incoming electrons and projects

them onto a phosphor screen, where the incoming electron signal is converted to

photons. The light image at the back of the phosphor screen is imaged with a CCD-

camera in real time. The overall magnification of the microscope ranges from M =

500 to 100000, corresponding to field of views between FoV = 80 µm to 400 nm.

Figure 2.3: Illustration of the working principle of the Omega filter. The electrons enter the filter

through the contrast aperture on the left side. The trajectories in this image are simplified and

much more complex in reality.
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2.2 LEEM, LEED and DF-LEEM

Of all the possible measurements that the microscope allows, the most important

ones for this work, namely LEEM, DF-LEEM, µLEED and µXPS will be briefly

discussed focusing on their operation principle and theory.

LEEM was developed by Ernst Bauer in the early nineteen sixties. It is a true imag-

ing electron microscopy method where all image pixels are acquired simultaneously

from an illuminated sample area on the surface [36]. To understand the principle

of LEEM and DF-LEEM, the kinematic theory of Low energy electron diffraction

(LEED) is a good base. Here, only the real basics of this theory will be addressed,

for details see references [37, 38]. In contrast to the technical working principle, it

is easier to use the wave-particle-dualism and to treat the electrons as waves [39].

Their energy at the surface is the start voltage StV plus an offset value (depending

on the workfunction). The higher the StV applied to the electron the shorter its

wave length and therefore the higher their kinetic energy.

As for all wave scattering events, a pattern is formed for waves passing an obstacle

or slit. The atoms or molecules act as scattering centres for the electron waves and

their arrangement leads to the typical pattern found in LEED.

In more detail, a crystal consists of a periodically repeated unit, the basis that is

distributed in an ordered manner in space. The ordering could be described by

lattices, which are built by different operations like translation, rotation, mirroring,

inversion and their combination. For each crystal lattice in real space a corresponding

lattice in the reciprocal space can be described and constructed by its basis vectors

~b1, ~b2 and ~b3:

~b1 = 2π ~a2 × ~a3

~a1(~a2 × ~a3) ,
~b2 = 2π ~a3 × ~a1

~a1(~a2 × ~a3) ,
~b3 = 2π ~a1 × ~a2

~a1(~a2 × ~a3) (2.1)

Here ~a1, ~a2 and ~a3 are the basis vectors of the lattice in real space and define the

unit cell in real space. The reciprocal basis vectors are perpendicular to the plane

defined by the two vectors ~a1 and ~a2 and their unit is reciprocal to the one of the

real space, thus defining the unit cell in reciprocal space. The unit cell itself is the

smallest volume element of a lattice and contains exactly one lattice point.

The basis and lattice describe the crystal structure. It should be noted here, that the

basis could be one atom, like in ruthenium, or multiple atoms like in SiO2 or even

large organic molecules like PTCDA [40] or proteins [41]. If the wave length of the

electrons is comparable to the periodic length of the crystal structure, interference

of the backscattered waves of the electrons occurs.
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The Bragg condition describes the reflection at lattice planes of the crystal, where

only lattice planes lead to a constructive reflection, which follow:

nλ = 2d sin θ = ∆s (2.2)

d is the distance between parallel lattice planes, λ the wave length, θ the angle

between the incoming wave and the lattice plane, n a natural number and ∆s the

phase shift (see figure 2.4). So, for a known wave length and known diffraction

geometry the distance of neighbouring planes can be calculated. This procedure is

used in the Debye-Scherrer-method in x-ray diffraction.

The Laue equation describes the reflection due to identical objects (atoms,

molecules) at points of the lattice: constructive interference appears, if the change

of the wave vector during the scattering process corresponds to a vector of the re-

ciprocal lattice:

~k − ~k′ = ∆~k = ~g (2.3)

~k and ~k′ are the incoming and outgoing beam, δ~k is the change of them, ~g a reciprocal

lattice vector. For elastic scattering is k = k′ = 2π
λ

.

A geometric interpretation of the Laue condition is the Ewald sphere (see figure 2.4).

Its radius is the inverse of the electron wave length and its centre is the centre in

real space. Points of the reciprocal space which are on the sphere are connected by

reciprocal lattice vectors ~g. Constructive interference occurs in the direction, where

reciprocal points are on the sphere. As shown in figure 2.4, the image on the detector

is only a gnomonic projection; therefore, a diffraction pattern is the two-dimensional

projection of the three-dimensional surface of the Ewald sphere in reciprocal space.

For low energy electrons, the mean free path length in the sample is very small (about

1 nm) in comparison to the width of the probed sample surface (about 5 µm). So, the

probed area is a disc, with only the topmost slice of the sample being probed. This

transforms the lattice points to perpendicular streaks to the surface in reciprocal

space.

The intensity of the diffraction spots I found in LEED can be described as a function

of the combination of the diffracted intensities by the lattice G
(
~k, ~k′

)
and by the

basis F
(
~k, ~k′

)
:

I = G
(
~k, ~k′

)
· F

(
~k, ~k′

)
(2.4)
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Figure 2.4: Illustration of the Bragg and Laue condition. For details see text.

G
(
~k, ~k′

)
is the intensity lattice factor and F

(
~k, ~k′

)
is the intensity structure factor.

The intensity structure factor is the addition of the atomic form factor fk, which

describes the reflection of each atom k of the basis as function of the angle of the

incoming electron beam. In general, the intensity lattice factor is strongly dependent

on the lattice orientation relative to the incoming electron beam, while the intensity

structure factor is more dependent on the kinetic energy of the electrons.

With increasing StV the radius of the Ewald sphere increases and the intensity

dependence on the kinetic energy of the streaks in reciprocal space is probed.

The objective lens focuses all diffracted beams in its back focal plane (diffraction

plane). In the µLEED mode at the SMART, the back focal plane of the objective

lens is minimized by the excitation of the first transfer lens in front of the entrance

slit (contrast aperture, in this case acting as a field aperture) of the Omega filter

and therefore projected onto the phosphor screen (see figure 2.5). This enables the

investigation of the crystal structure of a sample area of about 5 µm. In LEEM, the

back focal plane is magnified in the plane of the contrast aperture. Diffracted beams,

which are far off the optical axis, cannot pass the contrast aperture and therefore

are blocked (see figure 2.5). Electrons that mainly contribute to the (0,0) diffraction

spot or that are in close angular range of it can pass the contrast aperture (purple

and green in figure 2.5). This increases the contrast of the image. This mode is
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called bright field mode. In contrast, in the dark field mode (DF) any of the other

LEED spots than the (00) beam is used. In principle, one could mechanically move

the contrast aperture in the LEED plane to select that spot, but that would case

large aberrations (with a related loss of resolution) due to off axis beams. Instead,

in DF-LEEM the incoming electron beam is deflected. By the deflection with the

appropriate angle, a diffracted beam is brought on the optical axis of the microscope

and only electrons mainly contributing to a specific diffraction spot can pass through

the contrast aperture, for example the violet beam in figure 2.5. In the DF-LEEM

image only areas contributing to the selected diffraction spot are visible, so different

phases, or rotated domains can be visualized.

The LEED image contains information of the crystal structure. So using it the

two-dimensional basis perpendicular to the incoming beam and its atomic distances

can be determined. Furthermore, Intensity vs. voltage LEED (LEED(IV)) mea-

surements, which correspond to the intensity dependence of the diffraction spots

when the StV is changed (known as LEED(IV) curves), are very sensitive to the

atomic arrangement and therefore are good finger prints for different phases having

a similar crystal lattice. With the help of the dynamic LEED theory, where multiple

scattering is considered, the intensity dependence for a certain atomic arrangement

can be simulated. However, these calculations are very complex and done in an

iterative way until a good agreement with the experimental data is achieved, so they

are a task in themselves which would transgress this work. The spot profiles contain

information about the statistical distribution of distances or sizes of defects on the

surface like islands, structural domains, terraces or steps.

On the other hand, the LEEM image contains information of the 2D surface morphol-

ogy. In principle, three different kinds of contrast are possible: the phase contrast,

the amplitude contrast and the diffraction contrast. The phase contrast depends

on the kinetic energy of the electrons. A part of the wave is reflected on the upper

part of the step, the other part on the lower side. After reflection the two partial

waves interfere with each other. In case of the phase shift of π, corresponding to

half wave length, destructive interference occurs. Moreover, the amplitude contrast

takes the reflectivity of different atoms and their arrangement in the unit cell into

account, especially in the atomic form factor. Additionally, the diffraction contrast

Figure 2.5 (facing page): Illustration of the principles of µLEED, LEEM and DF-LEEM at the

SMART microscope. The primary electron beam is not shown, it is perpendicular to the surface

like the red beam. For details see text.
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is enhanced by using a contrast aperture and blocking diffracted beams far off the

axis (see bright field or dark field mode above and figure 2.5).
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2.3 µXPS

Here only the basics of photon electron spectroscopy will be addressed. For a more

detailed explanation see [42].

Photoelectron spectroscopy is a widely used technique in surface science. Its early

beginnings go back to the end of the 19th century, when it was noticed that light

interacts with electric charge [43, 44]. In 1900 P. Lenard managed to produce cath-

ode rays by illuminating a cathode with UV light and determined the emittance of

electrons as reason [45]. Moreover, he found a dependence of the frequency of the

light on the kinetic energy of the electrons. Later, Einstein explained this behaviour

by the photoelectric effect [46]. Basically, his theory describes electrons which are

bound by a positive coulomb potential originating from the atom cores. A photon

provides the energy EPhoton for an electron to overcome this potential barrier and to

leave the atom or solid, respectively. A surplus of the photon energy is conserved as

kinetic energy of the electron leaving the solid. The invention of electron spectrom-

eters allowed to determine the spectrum of emitted photo-electrons depending on

the kinetic energy [47, 48]. It was found that each element has specific peaks in its

electron spectrum and that chemical shifts of these peaks exist for differently bound

atoms [48] in molecules or substances. The chemical shift of the electrons of an atom

is very sensitive to the next neighbouring atoms, so that it allows to investigate the

close chemical surrounding of an atom. So, photo-electron spectroscopy can be used

for the chemical analysis of a substance. Each element emits electrons from states

with a specific binding energy EBin, it can be determined through:

EBin = EPhoton − EKin −Θ (2.5)

where Θ is the work function (energy difference between the Fermi energy EF and

the vacuum energy EV ac).

The photoemission process can be described by a one-step model [49] or by a three-

step model [50]. In the one-step model, the wave function of an electron within a

solid couples with a wave function in vacuum, whereby the electron executes the

transition directly into the vacuum. The three-step model describes the photo-

emission of the electron by three partial steps: the excitation of an electron of an

atom, its transport to the surface and its exit into vacuum.

As lab sources for x-rays magnesium or aluminium anodes are very common, how-

ever, their photon energy is fixed. Synchrotrons and their beamlines have the ad-

vantage of the tunability of the photon energy for x-rays. In BESSY II the x-ray



16 Chapter 2 Experimental setup and theory

light is guided in a beamline to the SMART, focused and illuminates then a sample

area of about 16 µm2 in gracing incidence. For these measurements, the electron

beam of the electron gun is deflected so it cannot pass through the beam splitter.

The emitted photoelectrons are then accelerated into the direction of the objective

lens, due to the electric field between the sample and the lens. The part of the

kinetic energy spectrum of electrons which are to be recorded can be set by the start

voltage. Only those electrons can pass the Omega filter. A field aperture can be

introduced in the image plane before the Omega filter, allowing the probing of an

area of typically 5 µm (minimum is 100 nm) to obtain localized spectra of the sam-

ple surface. The projection lens system is set such that the energy dispersive plain

of the Omega filter is directly imaged onto the multi-channel plate and acquired as

image. In the energy dispersive plane, the electrons are dispersive in the horizontal

axis, while in the vertical axis the vertical lateral distribution at the sample surface

is imaged. A raw image of the dispersive plane is shown at the left side in figure 2.6,

with a size of 1600 x 1200 pixel. It is visible that the image of the energy dispersive

plane is smaller than the image acquired by the CCD chip of the camera, it has a

width of about 950 pixel corresponding to 17 eV. The kinetic energy of the electrons

increases from right to left. The photoelectron spectra can be extracted by a cut

along the horizontal plane of the image, which is shown in the right side of figure

2.6. The kinetic energy axis is then calculated by

EKin = StV + x0 − x
56 (2.6)

Here x0 is the position of the pixel, where the electrons with the exactly set start

voltage arrive. Its value is determined by using the elastically backscattered electrons

of the electron gun, because they produce a sharp peak in the energy dispersive plane.

In the horizontal axis 56 pixel correspond to 1 eV, so it is possible to assign a kinetic

energy to every pixel.

The kinetic energy of the electrons at the valence band edge representing the elec-

trons with the Fermi energy E(Kin,Fermi) can be fitted for each measurement. Then

the Fermi energy is arbitrarily set as the zero point for the binding energy scale.

This was the procedure adopted throughout the whole set of measurements of this

thesis because the photon energy could vary due to small changes in the beamline

in the range of one eV or below. The Fermi energy is here more reliable, because of

the small thickness of the silica, so that the Fermi level of bulk ruthenium is always

measured and used as a reference between different measurements. The binding

energy is then determined by
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Figure 2.6: Inverse grey-scale image of the energy dispersive plane and the curve of the horizontal

cross-section through it. The O 1s region of an electron spectrum is shown. For details see text.

EBin = E(Kin,Fermi) − EKin (2.7)

Due to the mean free path of electrons in a solid, the information depth is restricted

to a few atomic layers and XPS is therefore surface sensitive. The mean free path

depends on the kinetic energy of the electrons [51], so by choosing the right photon

energy the same sample depth for different binding energies can be probed. In this

work, the photon energy was always tuned in a way that the region of interest of

the photoelectron spectrum had a kinetic energy of about 70 eV there the mean

free path length has a minimum for most elements of about 0.4 nm. These photon

energies are 175 eV for the Si 2p line, 360 eV for the Ru 3d line and 600 eV for the

O 1s line.



Overview of preparation and

characterization of the investigated film

structures

The following chapters describe the method to prepare a (2x2) crystalline silica

mono- or bilayer [8,9] and the preparation conditions for a yet unpublished crystalline

structure found on Ru(0001). In the chapters, each preparation step is described

and investigated in detail with LEEM, LEED and photoelectron spectroscopy mea-

surements. A model of the oxidation of silicon on ruthenium surface with ruthenium

acting as a catalyst is proposed.

Figure 2.7: Upper row: LEEM images in linear contrast scaling, middle row: corresponding

LEED images in inverted logarithmic contrast scaling, lowest row: ball model of surface; grey balls

represent the Ru atoms, blue ones oxygen atoms, and orange ones Silicon atoms. Column a) clean

Ru(0001), b) 3O terminated Ru(0001), c) after silicon deposition and d) after final oxidation and

annealing.
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As an introductory image, figure 2.7 contains in a) to d) the four main steps of

the common (2x2) silica bilayer preparation: The clean Ruthenium surface, the

oxygen terminated surface, after silicon deposition and after the final annealing in

oxygen. Starting with clean Ru(0001) (figure 2.7a)): In the LEEM image thin black

lines are single atomic steps on the surface, while thick black lines represent step

bunches. The atomically flat terraces show no special contrast and are uniformly

grey. The LEED shows a hexagonal (1x1) pattern with no extra spots. After an

oxygen treatment to produce the 3O structure the surface shows in LEEM still

the same features as for the clean Ruthenium, but the LEED shows an additional

(2x2) superstructure (figure 2.7b)). Silicon deposition at RT leads to an unordered,

not completely oxidized silica film on the surface. In contrast to figure 2.7a) and

b) in c) atomic steps or step bunches are not visible anymore. The surface looks

homogeneously rough. The (2x2) LEED pattern has vanished and only the (0,0)

spot remains. After a final annealing step in oxygen in LEEM atomic steps and step

bunches are visible again (figure 2.7d)). The roughness at the terraces is decreased,

but they do not look as smooth and homogeneous as for clean or oxygen terminated

ruthenium. The LEED pattern shows a (2x2) reconstruction again and a weak ring

structure connecting the (2x2) spots.

Figure 2.8: LEEM(IV) curves for each preparation step. The black curve represents the clean

Ru(0001), the red one the oxygen terminated ruthenium surface, the green one that after silicon

deposition and the blue one that for the silica film after the final oxidation. The curves were

normalized using the maximum intensity of the MEM region.
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As the surfaces show only small differences in LEEM between clean, oxygen termi-

nated, and silica covered and the LEED mainly shows (2x2) spots, visual identi-

fication of the different silica phases is quite difficult. It turned out that for each

preparation step a characteristic LEEM(IV) curve is found. Thus, these curves can

be used as finger print for the various stages, despite the lack of a full understanding

of all features at present. Moreover, the transition from MEM to LEEM changes for

each step, showing also a dependence on the surface dipole, which turns out to be

also dependent on the oxygen coverage (see figure 2.8) and therefore could lead to

misinterpretations.



Chapter

3
The clean Ru(0001) surface

Ruthenium is a noble metal belonging to platinum group metals and therefore a

transition metal. Its atomic number it is 44 and has an atomic weight of 101.07 u

[52]. Its crystal structure is hcp with a = 0.428 nm and c = 0.271 nm [53]. At

room temperature it appears silvery - white metallic. It is used as a catalyst in

ammonia synthesis [54–56] and for the methanol decomposition in direct methanol

fuel cells [57, 58], as organometallic catalyst [59], and plays an important role as

an intermediate layer in hard disk drives [60, 61]. In science it is used as a model

catalyst, for example for CO catalysis [62].

In this study a ruthenium single crystal with a diameter of 10 mm and a height

of 3 mm was used. It has been cut, oriented and polished in the crystal lab of

the Fritz-Haber-Institute from a boule purchased from MaTeck (Mateck GmbH, Im

Langenbroich 20, 52428 Jülich).

To achieve a clean Ru(0001) surface the following cleaning steps were performed.

They were based on the suggested cleaning steps of [63]:

1. Cleaning by Argon ion sputtering for at least 15 min with Is = 5 µA and

UAcc = 1.2 kV.

2. O2 annealing in pO2 = 2.0× 10−6 mbar with 1 K/s up to 600 K, then fast

increasing to 1100 K and holding for 5 min.

3. Closing O2 valve and continuing annealing for 5 min with 1250 K at base

pressure lower than 5.0× 10−9 mbar.

4. Afterwards flash to 1350 K and holding for 1 min and fast cooling down with

>5 K/s.
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This leads to a stepped surface with an average terrace width of about 200 nm or

larger (figure 3.1a) and b)) and the LEED shows a (1x1) pattern of the Ru(0001)

surface (figure 3.1c)). In the LEEM image thin black lines are single atomic steps

on the surface and the atomically flat terraces show no special contrast and are

uniformly grey.

Figure 3.1: LEEM and LEED images of a clean Ru(0001). a) shows the large atomically flat

terraces in detail on the surface, b) is an overview over several micrometres of the surface. c)

(1x1) Diffraction pattern of the clean Ru(0001) surface in inverted logarithmic contrast scaling.

All kinetic energies are 42 eV.

The hcp reconstruction has threefold symmetry, but the experimental LEED pattern

is 6-fold symmetric. The reason for this is the stepped surface, where the atomic

layers on the adjacent terraces are rotated by 180◦ [64] (see figure 3.2). Inside the

unit cell four different adsorption sites are visible: The hcp site, where there is a

ruthenium atom below, the fcc site, where there is no ruthenium atom below, the

bridge site between two neighboring atoms and the top site - on top of an atom.
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Figure 3.2: Models to explain the symmetry of ruthenium. a) is a top view of the Ru(0001) surface

with its preferred adsorption sites. The red balls represent the first layer, grey ones the second, the

dashed line marks the unit cell of Ruthenium. b) is a oblique projection of three ruthenium layers.

c) sketches the situation in b) with the AB stacking by a side view of the ruthenium crystal and the

180◦ rotation of the layers to each other.
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Figure 3.3: LEEM(IV) reflectivity curve of a clean Ru(0001) surface measured in bright field.

The curve is normalized to the MEM region, where 100 % of the electrons are reflected.

The LEEM(iV) curve represents the energy dependent reflectivity in real space of

the electrons contributing to the (0,0) spot in reciprocal space. For the clean surface

it shows characteristic and remarkable features (figure 3.3). The MEM to LEEM

transition for the used microscope (depending mainly on the electron emitter poten-

tial and the possible offset voltage of the voltage supplies) happens at 2.58 eV, then

by a small plateau of nearly constant intensity with a width of 2 eV and followed by

a strong loss of intensity. In the shown energy range there are two minima, assigned

to an unoccupied f-band state of the surface (132 eV) and the bulk states (15 eV)

discussed in detail in [65]. A newer publication suggests that this feature originate

from a complicated multiBloch-wave structure of the LEED state [66]. The intensity

has a broad maximum of 6 eV width at 20 eV and a following decrease.
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Figure 3.4: LEED(IV) curves of clean Ru(0001) of the (0,0) and {0,1} spots in the energy range

between 10 to 140 eV.

While LEEM(IV) measurements give the opportunity to probe differences in the

lateral reflectivity, LEED(IV) measurements allow to measure the reflectivity dif-

ferences of the diffracted electrons. In comparison to LEEM(IV) measurements

they can be performed much faster over a larger energy range. Figure 3.3 shows a

LEED(IV) of a clean Ru(0001) surface for the (0,0) spot and {0,1} spots with a wider

energy range. As already pointed out the reflectivity curve of the (0,0) spot shows

the same features as the LEEM(IV) curve, comparing the energy range between 10

to 30 eV.
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Figure 3.5: XPS spectra of Ru 3d core level peaks of clean Ru(0001) measured with 360 eV photon

energy.

Figure 3.5 shows the photoelectron spectra of the Ru 3d region of clean Ru(0001).

Two shoulders are visible at the Ru 3d5/2 peak at about 280 eV, they can be assigned

to surface and (sub-) surface core level shifts of the first and second atomic layer

of the clean Ru(0001) surface [67–69]. However the whole peak is shifted by about

0.5 eV to lower binding energies in comparison to the measurements in [69].
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The oxygen terminations of Ru(0001)

4.1 The oxygen covered ruthenium surface

Oxygen can adsorb in different amounts on the surface. The preferred adsorption

site is the hcp hollow site of the Ru(0001) surface, where it strongly chemisorbs

[70]. The different coverages lead to four different ordered arrangements [63,71–73];

three show a “(2x2)” reconstruction and one a (1x1) reconstruction in LEED. The

main difference is the amount of oxygen atoms in a (2x2) unit cell, so they are

here referred as: 1O termination corresponding to a coverage Θ of 0.25 ML, 2O

termination corresponding to a coverage Θ of 0.50 ML, 3O termination corresponding

to a coverage Θ of 0.75 ML and 4O termination with a corresponding coverage Θ of

1.00 ML [74] (see figure 4.1). A further exposure to an oxygen atmosphere will lead

to an oxide formation with the stoichiometry RuO2 [75–77], crystallizing in a rutile

structure, or nonstoichiometric RuOx [78,79].
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Figure 4.1 (facing page): Ball models and corresponding diffraction patterns of the different

oxygen terminations on Ru(0001). Black, grey and white balls represent the Ru atoms in different

layers/terraces of the surface. Blue, green and red balls represent adsorbed oxygen atoms. For each

model the unit cells are drawn in the ball model, in the diffraction pattern the unit cell of Ru(0001)

are indicated as thin black lines and the corresponding oxygen unit cell is marked as thick dashed

line.

A plot of the overall intensity in DF-LEEM of one (1/2) spot during oxygen exposure

at room temperature is shown in figure 4.2 a) (next page). It resembles the LEED

intensity behavior published in [63] quite well. However, the structures are shifted

to lower exposures than in [63] and they are in good agreement with data reported

in [69]. A possible explanation for the difference to [69] would be that the initial

surface in our experiments was already pre-covered with a small amount of oxygen.

At the beginning of the oxygen exposure the intensity increases very fast and goes

through a sharp maximum, indicating the appearance of the 1O termination (point

c) in the curve). With increasing oxygen amount the intensity decreases and goes

through a local minimum, marked d) and increases again steeply afterwards. A

broad maximum indicates the formation of the 2O termination (point e)). With

continuing exposure, the intensity decreases further until theoretically a 3O and

then a 4O termination is formed.
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The DF images in figure 4.2 b)-d) show the most critical changes during oxygen

adsorption and are taken from the same data set as the intensity curve. a) shows

the surface at the start of the experiment, before the introduction of oxygen into the

chamber. As already mentioned in chapter 3, ruthenium has a threefold symmetry,

so every second terrace is out of phase and appears dark at certain energies. b) After

introducing oxygen the surface looks rougher and the formation of homogeneously

distributed small white islands over the surface is visible. Comparing with [80,

81] this indicates the adsorption of oxygen onto the surface. c) The islands grow

until their borders meet. Because of the statistical appearance of the islands, their

unit cells can be shifted about half a unit cell to each other, leading to antiphase

boundaries, visible as black lines in the image. The coverage corresponds to 1⁄4 ML

of oxygen at this point. With increasing oxygen amount on the surface, one atom is

added to the p(2x2) unit cell transforming it to a (2x1); this starts at the antiphase

boundaries and the 1O islands vanish. When a coverage of 0.375 ML is reached, one

half of the surface consists of a 1O termination and the other half of a 2O termination

(see point d) in the curve and the corresponding DF-image). When the entire area of

1O termination is converted into 2O the intensity reaches a second, global maximum,

point e). The DF image in e) shows the three different domains of this structure:

a bright, a grey and a black one on the terraces that are in phase, and the grey

one on the terraces that are out of phase. Because of how the transformation is

occurring, some similarities between the shape of the domains of the 2O and the

1O islands can be found. A further increase of oxygen leads to a dissolution of the

domains, starting again at the phase boundaries (see image f). The formation of

the 3O and 4O terminations could not be visualized by DF field imaging. Possible

reasons could be that the temperature was too low, the formation of the domains

are below the resolution limit of the microscope or a significantly longer exposure

would be needed [74].
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Figure 4.2: Plot of the overall intensity in DF-LEEM of the (1/2) spot as a function of oxygen

exposure on a clean Ru surface at 320 K. The points a-f mark critical points in the curve and

the according images of the measurement are shown in the lower half of the figure (for a detailed

description see text). A kinetic energy of 16 eV was used.
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Figure 4.3: Comparison of the LEEM(IV) curves of the different O-Terminations of Ru(0001)

measured in bright field. The curves are normalized to the MEM region, where 100 % of the

electrons are reflected.

In figure 4.3 the LEEM(IV) curves for the different terminations are shown. Four

main points are clearly visible.

First, while increasing the oxygen amount, the work function (also known as MEM

to LEEM transition) also increases. The values for each curve’s transition are given

in the legend of the figure. The measured differences are in agreement with [63],

only for the lowest coverage of 1⁄4 ML the value differs and is lower than expected.

Second, with increasing amount of oxygen the peaks arising between 6to 14 eV are

clearly assignable to oxygen. Especially the peaks between 10 to 14 eV seem to be

connected to the rising amount of oxygen in the unit cell.

Third, the “dip” of the unoccupied 4f surface states at around 13 eV for clean

Ru(0001) vanishes (compare to figure 3.3), while the minimum for the unoccupied

bulk states is still present, just shifted by the same amount as the MEM to LEEM

transition to values about 17.5 eV. The same shift can be assigned to the peak of the

maximum of clean Ru(0001) at 20 eV (see figure 4.3) that shifted to around 23 eV.
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Fourth, with increasing amount of oxygen the overall reflectivity increases, a possible

reason could be the increased amount of scattering centres on the surface. The shown

measurements fit very well to vLEED measurements reported in [82], comparing

there to measurements with a small offset of the surface normal. A special option of

LEEM/LEED microscopes is the possibility to measure with very low energies, even

lower than vLEED, and to access so the range between 0 to 10 eV kinetic energy.

Figure 4.4: Photoelectron spectra of the O 1s binding energy region for the different oxygen

terminations on Ru(0001). The intensities are normalized to the background level before the O 1s

peak at around 525 eV.

Figure 4.4 shows the measured photoelectron spectra of the O 1s region. The 1O,

2O, 3O and 4O termination exhibit a peak at 529.2 eV binding energy. Within the

given resolution of our system no energy shift was found, only an increase in intensity

with increasing oxygen amount could be observed. A slight asymmetry in the peaks

is visible. One explanation is the difference in the experimental setup in compari-

son to standard hemispherical XPS analysers, so the background behaviour is not

necessarily comparable and the influence of hexapoles in the Omega filter could lead

to an x dependent spreading in the y-axis of the energy dispersive plane. Another

explanation is the coadsorption of another oxygen species like H2O [83] or CO. Also,
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a strong interaction of the chemisorbed oxygen with the metallic ruthenium atoms

and their DOS near the Fermi energy could be a reason, as described in [84] for the

oxidation of Ni on Cu. A possible explanation of the peak shift for the 4O termina-

tion could be that, in comparison to the lower termination now in the unit cell that

some fcc positions are also occupied. Another could be that the formation of buried

oxygen between the first and second surface layer of ruthenium took place [85], but

in this case, a shift to lower binding energies would be expected [79].

Figure 4.5: Photoelectron spectra of the Ru 3d5/2 binding energy region for the different oxygen

terminations on Ru(0001). The intensities are normalized to their maxima and minima.

Figure 4.5 presents the Ru 3d5/2 peak for the different O terminations. In contrast

to the O 1s spectra a slight peak shift and prominent change of the peak shape in

dependence of the O termination is found. In [69] this is explained by surface core

level shifts of the first and second layer of the ruthenium surface. Considering the

energy resolution of SMART these results fit very well to [69].

The preparation of the different O terminations and some details to each of them

are discussed in the following:
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4.2 1O Termination p(2x2) – 0.25 ML

As already shown in figure 4.2 oxygen is dosed at room temperature until the first

maximum in intensity in DF is reached, this preparation is very close to the one

used in [70]. In our case this was done by exposing the sample to 2.0× 10−9 mbar

oxygen for around 2 min.

Figure 4.6: Image sequence marked 1-6 are DF images, the numbers indicate the spots in the

LEED pattern a) above them. b) bright field image of the same area. All images are taken at

17.5 eV, this energy was chosen because the 1O termination is best visible on the surface. The

LEED was taken at 42 eV kinetic energy. Coloured, dashed lines mark antiphase domain boundaries

in the bright field and in the corresponding DF images.

Figure 4.6 shows the surface after this preparation. The typical p(2x2) LEED pattern

is shown accompanied with a bright field image in the same row, below them are DF
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images from the same area as the bright field image. First, it should be noted that the

contrast changes of the terraces reflects the ABAB stacking of the (0001) orientation,

already mention in chapter 3, and inverts for a terrace when the selected diffracted

spot for imaging is switched. So the reflectivity of a terrace for a single image

depends on the spot and on the kinetic energy used, but independent of the spot

all bright and dark terraces show the same intensity behaviour (see figure 4.7). The

contrast also flips in one image from bright to dark for adjacent terraces separated

by one atomic step. Terraces separated by a dark line, but with the same contrast

therefore are separated by at least an atomic double step or multiples of it. As

already described above, oxygen islands (white) separated by antiphase domains are

visible. Comparing the images 1, 3, 5 and 2, 4, 6 it is easily visible that, depending on

the (1/2) spot used for imaging, different antiphase domain boundaries are visible.

A closer look reveals that the antiphase boundaries and also the oxygen islands are

not necessarily stopped by atomic steps from one terrace to the other (highlighted

by coloured dashed lines in the DF images). This was found already by LEED(IV)

and SPA-LEED analysis of this O termination [86, 87] and predicted in [88]. Here

it is shown in real space for the first time. Because of the strong chemisorption of

oxygen changes in the spatial distribution of the electron density are given in [87] as

a possible explanation for this coupling over steps. An interesting point is that some

of these boundaries are found in the bright field image b) again (they are marked

with the same colour like in the DF images). Looking at the bright field images

shows that the surface seems to be very “rough” at this oxygen coverage; with the

observation above, this contrast could be a consequence of the superposition of all

the antiphase boundaries.

A special feature of LEEM is the possibility to do DF-LEEM(IV) of selected areas

and to experimentally disentangle in this way their contribution to a diffracted re-

flection. In figure 4.7 this is shown for the contrast behaviour of the 1O terminated

surface in DF for the {1/2,0} spots. The black curve represents the reflectivity of

terraces bright at 16 eV in a DF image, the red one those dark at this energy, the

green the sum of both curves. An important point is that the highest contrast dif-

ference occurs at energies around 12 and 16 eV, close to the energies of the minima

for the clean Ru(0001) surface connected to unoccupied f states. The sum curve

resembles the LEED(IV) curve of the {1/2,0} spot shown in figure 4.8.

Figure 4.8 shows the LEED(IV) of the 1O termination. The curves resemble very

well the measurements done in [71,82].
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Figure 4.7: DF–LEEM(IV) measurements of selected terraces.

Figure 4.8: LEED(IV) curve of the 1O termination. The (0,0) spot (black), the average of the

1/2,0 (red) and 1,0 (green) are shown.
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4.3 2O Termination p(2x1) – 0.5 ML

The 2O termination was produced by annealing the crystal in UHV up to 1170 K,

introducing oxygen up to 5.0× 10−8 mbar oxygen at this temperature and holding

for 1 min, cooling down and closing the oxygen valve at 470 K. In this way, the overall

oxygen exposure is about 3-4 L until RT and UHV better than 1.0× 10−9 mbar are

reached. Corresponding to figure 4.2 this will lead to the highest reflectivity of the

(2x2) spots at RT.

Figure 4.9 shows the diffraction pattern and microscopy images after the 2O treat-

ment. Image a) shows the p(2x1) LEED pattern of this coverage and b) a bright

field image. Image c) highlights the 3 oxygen domains visible in the DF-images 1-6.

In comparison to figure 4.9 e) the domains are about 10 times bigger. In [88] the

strong influence of steps is already described. It is visible in the DF 1-6 that the

domains do not tend to cross the steps. However, the red ellipse highlights an area

where domains cross a step. In [87] this was already described for the 1O termina-

tion, but not expected for this termination. Examining the large scale DF image in

figure 4.10 reveals that even very long range order extending over a few micrometres

is possible (highlighted by red dashed lines in the images). A possible explanation

for the shape of these large domains could be a dislocation network in the crystal

and the resulting formation of small-angle dislocations. However, this is not an ex-

planation how the orientation is preserved over several atomic steps. The contrast

switching for areas belonging to one domain, but on different terraces is again a

result of the ABAB stacking of Ru. This is nicely visible comparing DF images in

one column in figure 4.9 and comparing with corresponding spots image a) because

they are opposite of each other with respect to the (0,0) spot.



4.3 2O Termination p(2x1) – 0.5 ML 39

Figure 4.9: a) p(2x1) LEED pattern of the 2O termination, taken at 42 eV. b) Bright field image

of the same area as the dark field images 1-6. All pictures are imaged with 16 eV and use a

logarithmic contrast scaling. The numbers in the image indicate the spot in a) that was used for

imaging. c) pseudo-colour superimposition of the three oxygen domains of the images 1-6.

Figure 4.10: Large scale DF images showing the 2x1 domains, the numbers indicate in the LEED

image of figure 4.9 a) the spot used for imaging. All images are taken at 16 eV. (Details see text)
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Figure 4.11 shows reflectivity curves of the bright and dark areas belonging to the

same domain but on different terraces. The black curve represents the domains

which are bright in the DF images 1-6 in figure 4.9, red the grey ones, and green

the sum of both. Comparing the dark field LEEM(IV) curves of 2O termination

with the ones from the 1O termination (Figure 4.7) two things are clear. First,

different terminations have peaks at the same energy. Second, they are much more

pronounced for the 2O termination, especially the peaks of the darker areas. The

sum curve fits very well to the LEED(IV) curves in figure 4.12, which are in good

agreement with the results of [71].

Figure 4.11: DF-LEEM(IV) curves of selected domains
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Figure 4.12: LEED(IV) curve of the 2O termination. The (0,0) spot (black), the average of the

1/2,0 (red) and 1,0 (green) are shown.

Annealing this sample in UHV leads to a diffusion of oxygen atoms on the surface

[89]. At 470 K the domains start to fluctuate and rearrange. With rising temperature

the diffusion rate increases and at 500 K the domain size decreases rapidly. At around

530 K the domains disappear and the reversible order-disorder transition is reached

as described in detail in [90]. While cooling down the domains reappear at 510 K

and start to grow with decreasing temperature, but still tend to fluctuate until 400 K

(see figure 4.13). An explanation for the difference between heating up and cooling

down is that the thermocouple is positioned at the side of the crystal, spot welded

to the sample holder. While cooling down the thermal mass of the sample holder

leads to measured slower cooling rates than the surface actually has. Because of

the reversibility of this process it is most likely that in both cases, at heating up

and cooling down, the sample has the same temperatures when the ordered domains

disappear/appear and their fluctuations start/stop. This hypothesis is supported by

the fact that the intensity and sharpness of the LEED spots enhances drastically at

a temperature of 540 K while cooling down to prepare this surface in the first step.
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Figure 4.13: DF-LEEM image series of cooling down a 2O terminated Ruthenium surface in

UHV. In the first image the area of interest drifted out of the field of view, so it is slightly shifted

to the rest. As guide for the eye a red arrow markes the same positon in the next image. The

temperatures are indicated in the images, the kinetic energy is 16 eV (details see text).

4.4 3O Termination p(2x2) – 0.75 ML

The 3O termination is produced by annealing in UHV up to 1170 K and introducing

oxygen up to 1.0× 10−6 mbar holding at this temperature for 10 min, cooling down

and closing the oxygen valve at 520 K. The oxygen exposure in this case is about

800 L. Again a p(2x2) diffraction pattern is visible after this treatment. Figure 4.14

shows LEED images and the intensity increase of (0,0) and p(2x2) over decreasing

temperature for this treatment. At 1170 K the LEED shows a very blurry p(2x2)

reconstruction, where the spots sharpen with decreasing temperature until 540 K

is reached and very sharp spots start to appear, that are the only remaining ones

below 500 K. The intensity over temperature plot shows that the (0,0) spot increases

linearly over temperature until a fast increase happens in the range of 540 K to 500 K,

afterwards a slow increase of the intensity is found. The p(2x2) spots increase their

intensity slowly until 700 K, then their intensity begins to increase faster, until from

540 K to 500 K a very fast increase happens and afterwards a slow increase continues.

These results indicate an order-disorder phase transition and are consistent with the
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findings in the paragraph before for the 2O termination. However, a contribution of

the Debye-Waller factor should not be neglected [91].

Figure 4.14: In the upper panel LEED images during the cooling down in 1.0× 10−6 mbar oxygen

are shown. Below them the intensity evolution of the (0,0) and p(2x2) spots over temperature is

plotted. For the measurement a kinetic energy of 42 eV was used.

Figure 4.15 shows a LEED pattern and microscopy images of the surface after this

treatment at room temperature. In bright field the atomic steps of the surface are

visible and the terraces look rather smooth. In the DF images 1-3 show the same

contrast behaviour as for the 1O coverage: the contrast inversion from step to step

because of the ABAB stacking of the Ru support and the appearance of antiphase

boundaries depending on the chosen spot for imaging. On the other hand, because

of the preparation conditions the islands are much larger.



44 Chapter 4 The oxygen terminations of Ru(0001)

Figure 4.15: 3O termination in bright and DF field at room temperature. a) shows the p(2x2)

pattern of the 3O termination, taken at 42 eV. b) is a bright field image of the same area as the DF

images 1-3, all are taken at 18.5 eV and the numbers in a) indicate the used spot. The coloured,

dashed lines in 1-3 highlight antiphase domain boundaries crossing steps.

The energy depending reflectivity of two adjacent terraces in dark field is shown in

figure 4.16. In comparison to the DF-LEEM(IV) curves of the 1O and 2O termina-

tion (Figure 4.7 and figure 4.11) it is visible that peaks appear again at the same

energy and that the trend already observed for the LEEM(IV) is continued; i.e., with

increasing oxygen coverage the features in the curves get more pronounced. So the

LEEM(IV) and DF-LEEM(IV) will give a good fingerprint for the oxygen coverage

on Ru(0001).

The LEED(IV) curves in figure 4.17 resemble the measurement in [72,92] very well.
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Figure 4.16: DF-LEEM(IV) curves adjacent terraces of the 3O surface at room temperature.

Figure 4.17: LEED(IV) measurement of 3O coverage at room temperature.
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4.5 4O Termination (1x1) – 1 ML

The 4O termination is produced by annealing in UHV up to 1170 K and introducing

oxygen up to 5.0× 10−6 mbar, holding at this temperature for 10 min, cooling down

and closing the oxygen valve at 520 K. The oxygen exposure in this case is about

4000 L.

Figure 4.18 shows a LEEM and a LEED image of the surface after the 4O treatment.

The terraces look again rather smooth and the LEED is (1x1) as expected for this

coverage.

Figure 4.18: Bright field image of the 4O terminated Ru(0001) surface at room temperature, the

kinetic energy in both images is 42 eV.

Figure 4.19 shows a LEED(IV) measurement of the 4O termination, the curve fits

very well to [74].
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Figure 4.19: LEED(IV) measurement of the 4O termination on Ru(0001).



Chapter

5
The silicon deposition

In this section the calibration of the Si-evaporator will be described first, because

it is one of the most crucial parts of the sample preparation. Later on, the actual

sample preparation conditions will be discussed.

5.1 Calibration of deposition rate

The flux rate of the e-beam evaporator depends, strongly, on the emission current

of the filament and the acceleration voltage applied between the filament and the

silicon rod. However, the shape of the tip formed at the end of the rod, where the

actual silicon evaporation happens, plays a major role on the flux measurement and

can change over time depending on the usage of the evaporator. For this reason, it

turns out to be necessary to calibrate the evaporator in regular intervals in order to

guarantee a fine control of the thickness of the oxide film.

Silicene is a 2-dimensional hexagonal network, analogous to graphene, but instead

of carbon atoms it has silicon atoms. Inspired by the findings in [93–95] showing

the growth of silicene on Ag substrates and its study by LEEM [96], the same pro-

cedure was adopted for silicon on ruthenium. The growth of an silicon over-layer

on Ru(0001) was consistently imaged in many occasions, thus allowing its use for

the calibration of the flux rate for a given evaporation geometry and parameters of

the system. Afterwards, samples with different amounts of silica were prepared and

transferred in air to the Fritz-Haber-Institute to perform IRRAS measurements for

silica thickness determination [11]. With the accurate flux rate measurements and

the IRRAS references it is possible to calibrate the silicon evaporator. Moreover, it

will be shown that with the given knowledge described above it is possible to deter-

mine the exptected silica thickness via the LEED decay in-situ (see subchapter 5.2).
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Figure 5.1: Silicene grown on Ag(111). A LEEM image at an energy of 5 eV (left) and the

corresponding LEED pattern with an energy of 28 eV (right) are shown. (for details see text)

First the deposition on Ag(111) was revisited to get a first indication on the ex-

pected deposition times needed. Figure 5.1 shows a LEEM and LEED image of a

silver surface after one hour of silicon deposition in UHV at 510 K. The bright areas

in the LEEM image are silicene islands, while the grey ones are the Ag substrate.

Silicene resembles in its triangular shaped growth the 3-fold symmetry of the fcc

structure in <111> orientation quite well. 50% of the surface is covered with sil-

icene and the LEED pattern corresponds very well to the one in [97] assigned to a
√

13×
√

13R13.9◦ structure.

As a next step silicon was deposited under nearly the same conditions onto

Ru(0001) (UHV, 520 K). However, in comparison to the growth on Ag(111), sil-

icon first decorates the step edges and then starts to grow from one side of the

terrace to the other (see figure 5.2). The images show that around 1 ML islands are

forming on the deposited silicon, and with increasing coverage new layers seem to

form, indicated by the contrast in the images between 1.5 – 5 ML. Interestingly, after

5 ML the film starts to close, looking more homogenous. One possible explanation

for this behaviour could be that the surface is very disordered and, consequently, all

the imaging contrast is lost. This observation fits to the observed behaviour in the

LEED images: it is visible that at the beginning an ordered phase is formed, but

with increasing coverage it starts to disappear and only the 1,1 spots of the substrate

are visible, until the whole surface is covered and only a (0,0) spot is left.



50 Chapter 5 The silicon deposition

Figure 5.2: Snapshots of the silicon deposition in UHV at 520 K on Ru(0001). Right of the

LEEM image (5 eV) is the LEED (42 eV) image corresponding to it. The deposited amount in

terms of silica ML is indicated in red, which was calculated afterwards.
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After the deposition of 7 ML the film looks closed and the LEEM(iV) (see figure 5.3)

measurement shows no structure with nearly no intensity for higher kinetic energies

than 3 eV. The MEM to LEEM transition is shifted to 1.82 eV, indicating a 0.76 eV

lower work function than for clean Ruthenium.

Figure 5.3: LEEM(iV) after the deposition of silicon in UHV at 520 K, the amount corresponds

to 7 ML silica. In the inset the MEM to LEEM transition is given.
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Figure 5.4 shows in-situ photoelectron spectra of the Si 2p line collected during

silicon deposition in UHV at 520 K on Ru(0001). The inset in the upper plot in

figure 5.4 reveals that the very first silicon atoms at the surface lead to a peak at

around 103.3 eV, while after the deposition of about 0.075 ML another Si peak

starts to grow at around 99.2 eV. With increasing deposition time only the intensity

of the peak with the lower binding energy increases and splits into two different

contributions (99.3 eV and 99.75 eV), thus showing the typical peak splitting and

intensities ratio associated with a 2p line. This behaviour continues for a coverage

up to 0.6 ML. In the lower plot the Si 2p line for an amount between 1.8 to 2.2 ML

is shown. In this coverage range the peak with the lower binding energy shows a

shoulder on the high binding energy side. This signal vanishes for higher coverage

followed by a peak shift towards higher binding energies (upper inset in the lower

plot in figure 5.4). Finally, for high silicon amounts mainly one peak is visible (lower

inset in the lower plot in figure 5.4).
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Figure 5.4: In-situ photoelectron spectra of the Si 2p line during the deposition of silicon in UHV

at 520 K onto Ru(0001). The upper plot shows the initial stages of the deposition in 0.1 ML steps

up to 0.6 ML silicon, its inset shows the very beginning of the deposition up to 0.15 ML in 0.025 ML

steps. The lower plot shows the deposition in 0.2 steps from 1.8 ML up to 2.2 ML silicon, its insets

shows the continuing deposition, the upper one up to 7.5 ML and the lower for 14.5 ML. hν =

175 eV.
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Taking into account the previously mentioned observations, the following scenario

is proposed for all the processes during the silicon deposition. First residual oxygen

in the background gas can re-adsorb on the ruthenium surface, although the base

pressure in the experimental chamber was below 5.0× 10−10 mbar during the whole

measurement and ruthenium was flashed several times to 1520 K in UHV right before

the start of the experiment. This oxygen layer does not lead to a (2x2) LEED pattern

because of the low amount and substrate temperature of 520 K (compare to the

findings in chapter 4 above and the LEED image for 0 ML in figure 5.2). When the

first silicon atoms reach the surface they immediately are oxidized. In this step silicon

atoms may diffuse towards an adsorbed oxygen ad-atom, or the oxygen ad-atom can

diffuse to meet Si (or both situations). In this case, none of them can be discarded

based on the experimental results presented. The binding energies of 99.2 eV for

metallic and 103.3 eV for the oxidized state and chemical shift of about 4 eV fit very

well to values associated in the literature with ’metallic’ and Si4+ in SiO2 [98–100].

Metallic is kept in quotation marks, because pure silicon is a semiconductor and

not a metal, it is used here to refer to the unoxidized state ’0’. Later on metallic

silicon will be used in the test following this assignment. These results reflect on one

hand the high affinity of ruthenium towards oxygen, and on the other hand, that if

silicon is available oxygen will prefer to bind to it, which is in line with data reported

in the literature for ruthenium silicides and other noble metal silicides exposed to

oxygen [101–103]. When residual oxygen is consumed by silicon, silicon starts to

grow in a metallic state showing the expected value for the spin-orbit splitting and

the binding energy of bulk silicon. However, the substrate temperature seems to

be too low to get an ordered over structure for higher silicon content at the surface

(see the LEED images above 2 ML in figure 5.2), which leads to a smearing of the

Si 2p line as observed for amorphous silicon [104,105]. The formation of ruthenium

silicide cannot be excluded, but seems very unlikely - the Si 2p is shifted about

0.3 eV or more to higher binding energies [106,107] and in comparison to the in-situ

study in [103] no additional shoulders appear, also all reported silicides on ruthenium

were prepared above 650 K so far [106,108]. Interestingly a newer publication [109]

suggests the formation of silicene on Ru(0001) by depositing amounts of less than

one ML silicon at room temperature and annealing up to 750 K in UHV. No chemical

analysis of these samples was performed, but it is highly likely that small amounts

of silicon behave like the carbon/ruthenium system, where a 2D growth of graphene

is preferred instead a 3D growth of ruthenium-carbide [110].
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Figure 5.5: Plot of the intensity decay (black) over time from the deposition in UHV and at 570 K

shown in figure 5.2. A linear fit of the first 10 minutes in shown as a red curve. The coverage is

calculated after the deposition and refers to ML of silica.

Figure 5.5 is the overall intensity over time during the deposition shown in figure 5.2.

In the first 10 minutes the intensity decays very fast linearly, afterwards an expo-

nential like behaviour is observed corresponding to the growth rate of the over layer

across the Ru(0001) terraces. The linear decay was fitted to determine a deposition

time corresponding to a closed over layer at this growth rate and hence a flux rate

can be calculated to 8.41 minutes per monolayer.

With the calculated flux rate, different amounts of silica were prepared as described

in the beginning of this chapter and transferred from BESSY-II (HZB) to the loca-

tion of the chemical physics department of Fritz-Haber-Institute for IRRAS measure-

ments. There, the samples were first measured as received and afterwards annealed

to 900 K in 1.0× 10−6 mbar oxygen to get a contaminant-free surface and exclude

drastic changes due to annealing. Comparing to reference measurements already

done in the Fritz-Haber-Institute it was then possible to calculate a deposition time
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Figure 5.6: Comparison of IRRAS measurements of mono- and bilayer silica on Ru(0001). First

the reference measurement of the Fritz-Haber-Institute and below the sample grown in the SMART

microscope are shown

for a mono- or bilayer of silica for a given flux rate. Figure 5.6 shows the compari-

son IRRAS reference measurements of the FHI and samples prepared as described

as above aiming for the amounts of a mono- or bilayer of silica. The monolayer

films exhibit a characteristic phonon peak at 1134 cm−1 and the bilayer films at

1300 cm−1 [11].

5.2 Silicon deposition in oxygen at room temperature

As already described in the introduction of this chapter the deposition of silicon for

the silica is done in an oxygen atmosphere and at room temperature. The oxygen

background pressure for the deposition is 2.0× 10−7 mbar and room temperature is

here referred to the thermocouple showing less than 320 K.
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Figure 5.7: LEED investigation during silicon deposition onto 3O terminated Ru(0001). a) shows

the added cuts through the reciprocal space over coverage in logarithmic scaling. b) LEED picture

from the surface with a coverage of 0.45 ML, the dashed red curve highlights the cut, which was

used for image a) and c). c) Cut through the intensity around the (0,0) spot at 0.45 ML coverage,

showing a Henzler ring. The measurement was done with Ekin = 42 eV

Figure 5.7 a) shows the intensity evolution of a cut through reciprocal space from

the (-1,0) to the (1,0) spots during the silicon deposition over time. At the beginning

all spots are very sharp and with high intensity. First the (-1/2,0) and (1/2,0) spots

belonging to the p(2x2) pattern of the 3O termination start to vanish, decreasing in

size and brightness. At around 0.2 ML (amounts refer to silica coverage) the initial

p(2x2) spots vanish, leaving behind a very blurry and weak spot and at this time

the formation of a Henzler ring [111, 112] around the (0,0) spot is visible. With

further silicon deposition, the intensity of the remaining p(2x2) spots decrease and

the intensity of the Henzler ring increases. At 0.5 ML the p(2x2) spots disappear

while the Henzler ring has its maximum intensity (see figure 5.7 a), b) and c) and the

green curve in figure 5.8). The diameter of the (0,0) spot reaches at this stage a first
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minimum. In figure 5.7 b) a LEED image is shown where the Henzler ring around

the (0,0) spot is very visible and c) is a magnified cross section of the (0,0) spot and

its close surrounding. Above a coverage of 0.5 ML only faint traces of the p(2x2)

spots are visible, the Henzler ring starts to decrease its intensity while the diameter

of the (0,0) spot increases again. At 1 ML the (0,0) spot intensity reaches a local

maximum and the Henzler ring has nearly vanished. Above 1 ML the (0,0) spot

decreases its diameter and starts to disappear rapidly around 1.5 ML. The p(2x2)

spots and the Henzler ring vanish for a coverage higher than 1 ML. The (1,0) spots

show no special behaviour, they decrease in intensity and diameter right from the

beginning until they disappear at around 1.25 ML.

Figure 5.8: LEED intensity decay during deposition in oxygen and at room temperature onto

a 3O terminated Ru(0001) surface. The black curve is the intensity of the (0,0) spot, green the

intensity of the Henzler ring and blue the intensity of the first order of the p(2x2) pattern. For the

red curve the area of interest for analysis included (0,0) spot and the Henzler ring. The kinetic

energy was 42 eV.

The presented curves in figure 5.8 show a detailed analysis of the spot intensity

decays already described above. It includes the intensity analysis of all the 1/2,0

and 1,0 spots visible in figure 5.7 b). The black curve shows the intensity decay of

the (0,0) spot where the background between the (0,0) spot and the Henzler ring
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was subtracted. The intensity decays at the beginning with an exponential like

behaviour until 0.5 to 0.6 ML and has there a first minimum. Then the intensity

increases again until a maximum at 1 ML is reached and decays afterwards again.

At around 2 ML nearly no intensity of the (0,0) is left. The red curve represents

the usual result by following the deposition in-situ and in real time at the SMART

microscope, including the intensity of the (0,0) spot and its surrounding Henzler ring.

Three different slopes in the intensity can be noticed: First a fast exponentially like

decay behaviour until 0.5 ML; followed by a slow linear decay that increases at

around 1 ML until 2 ML coverage, where nearly no intensity of the (0,0) spot is

left. The p(2x2) spots follow an exponential like decay until a 0.25 ML coverage is

reached, then a linear decay continues until their intensity is as the background level

above 1 ML. On the other hand, the intensity of the Henzler ring reaches a maximum

at 0.5 ML (see figure 5.7 and figure 5.8). The intensities at the beginning and the

above 1 ML are most likely an artefact due to the influence of the background signal

around the (0,0) spot. Comparing to figure 5.7 a) it is clearly visible that the Henzler

ring is appearing only above 0.25 ML and nearly vanished at 1 ML.
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Figure 5.9: LEED investigation during silicon deposition onto 4O terminated Ru(0001). a) shows

the added cuts through the reciprocal space over coverage in logarithmic scaling. b) inset of a LEED

picture from the surface with a coverage of 0.25 ML, the dashed red curve highlights the cut, which

was used for image a). c) Intensity decay of the LEED spots during deposition. The black curve

is the intensity of the (0,0) spot, green the intensity of the Henzler ring and blue the intensity of

the first order of the p(2x2) pattern. The area of interest for the red curve in the analysis included

(0,0) spot and the Henzler ring. The kinetic energy was 42 eV.

Figure 5.9 shows the LEED intensity behaviour of the deposition of silicon onto a

4O terminated Ru(0001) surface. a) presents the cross-sections of the reciprocal
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space from the (-1,0) to the (1,0) spots as a function of coverage. The (0,0) and the

{1,0} spots resemble very well the behaviour already seen for the deposition onto a

3O terminated Ru(0001) surface (compared to figure 5.7 and figure 5.8). Because of

the (1x1) pattern of the 4O termination there are no p(2x2) spots at the beginning of

the deposition. However, already after 0.1 ML an increasing intensity at the position

of the (-1/2,0) and (1/2,0) spots can be noticed that reaches a maximum at 0.25 ML.

Two oxygen atoms are required to fully oxidize one silicon atom, if the oxygen atoms

are supplied by the 4O termination, assuming that no additional oxygen adsorbed,

0.25 ML silicon will leave an amount comparable to the 2O termination. This

agrees with the intensity behaviour of the (1/2,0) spot during oxygen exposure of

clean Ru(0001) (see figure4.2). With the ongoing consumption of the oxygen of

the Ru(0001) surface the 1/2,0 intensities start to decay, but in comparison to the

3O terminated surface this process takes longer. Again a formation of silica islands is

indicated by the formation of a Henzler ring around the (0,0) spot starting at around

0.25 ML. It is worth mentioning that the (0,0) spot shows the same behaviour in

terms of intensity and a local maxima is found at a coverage of 1 ML (see figure 5.8).

Thus, it is possible to calculate the deposition times needed for films with more than

1 ML silica in real time.
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Figure 5.10 shows the progress of the Si 2p line during the silicon deposition in

2.0× 10−7 mbar oxygen onto a 3O terminated Ru(0001). During the deposition, the

sample was periodically moved (every 5 min) over 50 µm to minimize the effect of

beam damage. The opposite behaviour than the deposition in UHV at 420 K is seen

(see figure 5.4); i. e., starting with a more metallic character for very low coverages

and evolving to more oxidized. In the inset in figure 5.10 a) the chemical state of

the first fractions of a silica ML are shown, with the first peak appearing at 99.6 eV

for a coverage around 0.01 ML. With increasing coverage, the intensity and binding

energy increases rapidly to about 101 eV for about 0.1 ML. As the silicon amount

increases further the intensity of the Si 2p line increases as well and the energy

shifts even more, until 102.42 eV binding energy for 1 ML is reached. Figure 5.10

b) shows that for amounts higher than 1 ML not only an intensity increase and

binding energy shift is seen, but also new components start to appear at the lower

binding energy side, which increase with coverage. The inset in figure 5.10 b) shows

the continued shift of the Si 2p peak and its strong dependence on the coverage. It

has an exponential dependency for low coverages (as can be seen from the fitting

results) until 0.25 ML coverage is reached. Then the shift shows a linear behaviour

until 1.5 ML, when a constant binding energy of about 102.6 eV is reached for the

main peak.
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Figure 5.10: In-situ photoelectron spectra of the Si 2p line during the deposition in O2 onto 3O

terminated Ru(0001). In a) the large spectrum shows the deposition from 0 to 0.5 ML in 0.1 ML

steps, while the inset shows the very initial deposition from 0 to 0.1 ML in about 0.01 steps. In b)

the spectra shows the deposition in O2 onto 3O terminated Ru(0001) from 0 to 2.0 ML in 0.5 ML

steps. The small inset on the right shows the energy shift of the absolute peak maximum during

deposition.
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5.2.1 After deposition of 1 ML

Figure 5.11: After the deposition of 1 ML at room temperature in O2; a) LEEM and c) LEED

image measurement with 42 eV b), d) photoelectron spectra of Ru 3d5/2 and O 1s. In b) are the

spectra of the 1O and 2O termination for comparison included.

Figure 5.11 a) shows a LEEM image of the surface after the deposition of 1 ML

silicon. As can be seen from the picture, it looks blurry and has very low contrast.

Nevertheless, atomic steps and step bunches of the Ru(0001) surface are still visi-

ble and also brighter areas island-like areas can be found. In the LEED image in

figure 5.11 c) a blurry p(2x2) and a Henzler ring is still visible suggesting a very un-

ordered surface, in agreement with the LEEM image. In XPS the Ru 3d5/2 line got

much narrower in comparison to the one from the 3O termination (see figure 5.11)

and even narrower than the 1O termination (indicated by the red dashed line in

figure 5.11 b). The O 1s line shows an additional component with high intensity at

531.3 eV indicating silicon-oxygen bonds (Si-O), which overlaps with another com-

ponent at 529.8 eV (see figure 5.11 d)) ascribed to ruthenium-oxygen-silicon bonds

(Ru-O-Si). This is supported by a simulation in [11], where it is predicted that the
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O 1s binding energies of Ru-O-Si and the binding energies of the different adsorption

sides of ruthenium (hcp, top, fcc) are very close to each other in an energy range

<1 eV. For the sake of comparison, the O1 s line of a 3O terminated Ru(0001)

surface is also shown.

Figure 5.12: After the deposition of 1 ML silicon in UHV onto a 3O terminated Ru(0001) surface.

a) is a LEED image with 42 eV kinetic energy. The photoemission spectra of the Si 2p, Ru 3d and

O 1s are shown in b), c), d).

In order to study the influence of the oxygen pressure during deposition, Silicon was

deposited in UHV at room temperature onto a 3O terminated Ru(0001) surface.

The obtained LEED pattern and photoemission spectra for Si 2p, Ru 3d5/2 and

O 1s lines are shown in figure 5.12. For comparison, the photoelectron emission

lines of a deposition with oxygen background pressure are shown as red dashed

lines. In comparison to figure 5.11 c) the LEED pattern does not exhibit a p(2x2)

reconstruction, but the Henzler ring has an higher intensity around the (0,0) and

{1,0} spots. The Si 2p line at 102.59 eV in figure 5.12 b) is slightly shifted in

comparison to the Si 2p line for the deposition in oxygen atmosphere (102.42 eV)

and also shows a wide feature at the lower binding energy side with at least two

components. The Ru 3d5/2 line in c) is narrow, but not as narrow in the case
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where deposition takes place in oxygen. Moreover, the O 1s line in d) shows again a

component at 531.3 eV, but is less intense and broadened at the low binding energy

side.

5.2.2 After deposition of 2 ML

Figure 5.13: LEEM, LEED and photoemission spectra of Ru 3d5/2 and O 1s after the deposition

of silicon corresponding to 2 ML silica. The LEEM image is done in the MEM to LEEM transition

with a kinetic energy of 3 eV, the LEED image with 42 eV. The plot of the photoemission spectra

includes the results for 1 ML as comparison (red dashed dotted line).

Figure 5.13 a) shows a LEEM image that is taken after the deposition of 2 ML silicon

in 2.0× 10−7 mbar oxygen at RT onto a 3O terminated Ru(0001) surface with in

the energy range of the MEM to LEEM transition, because in LEEM no contrast for

an unordered surface is found. This fits to the LEED image shown in c) where only

a (0,0) spot is visible. Although the high sensitivity on work function differences in

MEM leads to mainly blurred images, it is still possible to distinguish small particles

on the surface and to see even step bunches of the substrate (marked as red line in
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the image). Otherwise, because of this special contrast, it is not possible to say if the

black round features are holes between the particles or if they are particles too, just

with a much lower work function or blurred by a lens-effect due to their geometry.

Figure b) compares the Ru 3d5/2 spectra after the deposition of one and two ML,

where no significant difference can be distinguished. The O 1s spectrum shown in

d) exhibits one peak at 531.39 eV, in comparison to the deposition of 1 ML it has

no shoulder at lower binding energy, but has the same maximum intensity, but is

slightly broadened.

Figure 5.14: LEEM(iV) curves after the deposition of 1 ML (black) and 2 ML (red) silicon, for

comparison the dashes lines show the 1O (purple) and 2O (blue) LEEM(iV) curves.

Figure 5.14 shows the LEEM(iV) obtained after the deposition of 1 ML or 2 ML

silicon on a 3O terminated Ru surface in oxygen. For 1 ML the MEM to LEEM

transition is lowered from the 3O value of 3.50 eV to 3.3 eV close to the value of

the 2O termination. For 2 ML it is lowered even more to 2.67 eV, close to the value

obtained for a 1O termination. The LEEM(iV) curves for 1 ML still show some

features for low kinetic energies, which could be related to an oxygen coverage or a

low ordered silica over-layer, while the 2 ML coverage does not exhibit any special

structure and is completely amorphous.
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5.2.3 The role of Ru as a catalyst during the deposition in oxygen

The oxidation of pure crystalline silicon occurs at either considerably higher oxygen

pressure (1 bar at room temperature) or higher temperatures (700 K at low pres-

sures) than the conditions used in this study [113–115]. To explain the oxidation at

low pressure and low temperature in this subchapter: The possibility of Ruthenium

acting as catalyst for silicon oxidation by supplying atomic oxygen should be con-

sidered. A possible scenario is proposed for the processes occurring during sample

preparation.

When the first silicon atoms adsorb on the ruthenium surface, they diffuse and most

likely occupy adsorption sites of ruthenium (hcp, fcc, bridge, top). Then, silicon

oxidizes by a transfer of oxygen atoms from the surrounding hcp sides, most likely

at defects of the 3O termination, to form a Si-O molecule. Afterwards, another

oxygen atom of the surrounding 3O termination is transferred to the Si-O molecule

to oxidize it further, leading to O-Si-O molecule. At the same time this reaction

recovers adsorption sides and makes them available for new oxygen dissociation and

adsorption from the oxygen background atmosphere. The subsequent silicon atoms

adsorb on the surface and diffuse until they attach to an already existing silica O-Si-

O precursor. They get oxidized by the precursor and by an additional oxygen atom

of the 3O termination. With increasing coverage silica cluster form, that grow to

islands with some Ru-O-Si bonds, forming an unordered silica tetrahedra network,

until a closed ML is reached. The growth of silica over the surface inhibits the oxygen

dissociation until the entire surface is covered and ruthenium loses its catalytic

activity. Since the growth occurs at room temperature, the film is quite unordered,

but already nearly completely oxidized. Additional silicon atoms adsorbing on this

surface cannot find free atomic oxygen anymore to get completely oxidized, finally

leading to a partially oxidized amorphous silicon bilayer.

The transfer of oxygen atoms from hcp sides to silicon at adsorption sites and the

simultaneous overgrowth of hcp sides lead to an exponential decay of the initial

p(2x2) spots as seen in figure 5.7 and in figure 5.8. The decay constants (0.086 ML−1)

of the p(2x2) LEED spots and the decay constant (0.062 ML−1) of the fitted Si

2p peak shift (see figure 5.10) are in the same order of magnitude indicating a

correlation between both decays. The FHWM of the Si 2p line decreases with

coverage implying the formation of a uniform chemical state of SiO2, see figure 5.10.

A possible reason could be a large size distribution of silica clusters at the very

beginning of the deposition, which narrows with continuing growth. Taking into

account that extra charge can be localized at the perimeter of small clusters [116–
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118], a size dependent charging effect can be assumed and could be responsible

for the peak shift observed. Especially under the consideration that the interior

of the cluster is not affected [119] and so the ratio of circumference to interior

decreases rapidly with growth. The amount of 0.25 ML seems to be a breaking

point, when a unification of the cluster size happens. A possible reason therefore

could be that the average distance between the clusters decreases when adding more

silicon/silica, consequently merging together and forming two-dimensional islands.

This is supported by the appearance of a Henzler ring that indicates a uniform

size distribution on the surface [120]. At the same time the sharp p(2x2) LEED

spots disappear leaving behind a blurry p(2x2) reconstruction possibly attributed

to very small and slightly ordered silica domains. This assumption is supported by

the appearance of these spots for the deposition onto 4O terminated ruthenium at

0.25 ML too. For 0.5 ML the intensity of the Henzler ring reaches a maximum and

starts to decay. Considering the stoichiometric ratio of silica (SiO2), the oxygen of

the 3O termination is completely consumed. However, the Si 2p line still does not

show any features attributed to lower oxidation states. This finding suggests that

atomic oxygen is still supplied for the silicon oxidation through the ruthenium via

dissociation of oxygen from the gas phase. To prove this assumption, silicon was

deposited in the absence of gas phase oxygen on a 3O terminated ruthenium surface.

This preparation leads to silicon species with lower oxidation states, indicated by

the low energy shoulder of the SiO2 component in the Si 2p line (see figure 5.12

b) and a smaller intensity of the SiO2 component accompanied with an absence of

chemisorbed oxygen on ruthenium in the O 1s line (see figure 5.12 d). The increasing

intensity of the (0,0) spot for more than 0.5 ML is the result of the increasing SiO2

amount on the surface, leading to a local maximum in its reflectivity for a closed

layer of low ordered silica (see figure 5.8 and the shallow p(2x2) reconstruction in

figure 5.11). At this point the catalytic property of Ruthenium is inhibited, leading

to the appearance of components attributed to lower oxidation states at the Si 2p

line and their increase with continuing deposition (see figure 5.10). The second layer

grows less ordered, decreasing the intensity further of the (0,0) spot (see figure 5.8

and the LEEM(iV) comparison in figure 5.14). In [121] the formation of an oxidized

ML was already assumed, without a proof. The photoelectron spectra in this work

prove this and the proposed model gives a reasonable explanation.



Chapter

6
The (2x2)R30° ML-phase

6.1 Preparation, and characterization of properties

The 1 ML silica films described in subchapter 5.2.1 were annealed to about

1000 K under UHV conditions, the annealing pressure was always lower than

5.0× 10−9 mbar. The results of this work expand the already published ones of

our institute, where only ex-situ measurements have been done with STM, IRRAS,

XPS and LEED [16]. It is shown, that an annealing in oxygen is not necessary to

prepare this structure, it can be achieved just with a UHV anneal of the as-deposited

silica film. This leads to much less additionally adsorbed oxygen at the ruthenium

surface than reported before.

Figure 6.1 shows the intensity analysis of the appearing LEED spots during these

treatments. The LEED images were acquired in-situ and in real time. In the upper

left of the figure, the usual temperature progress during such a preparation step is

shown. It starts with a heating ramp of 6.5 K/s until nearly the final annealing

temperature was reached. The heating rate was lowered at the end to prevent

exceeding the target temperature. When the final temperature was reached, the

sample temperature was held for 70 s. Then, the sample was cooled down starting

with a 4.5 K/s rate until the thermal mass of the sample holder restricts the cooling

rate. At this point the temperature drops exponentially. Thus, the experiment can

be divided in three sections, namely: heating, holding and cooling of the sample,

marked as a, b and c in the diagram. For each section, the most representative LEED

images are shown. They are connected to the plot of the intensity of the spots in

the lower part of the image by roman numerals. The plot is divided into the three

sections of the temperature treatment, beginning with the heating, continuing with

the holding, and finishing with cooling down. The temperature dependence for the
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Figure 6.1: Analysis of LEED spots appearing during UHV annealing to 1000 K. In the upper

left, the temperature-time profile is shown, and in the middle part LEED images occurring during

this temperature treatment. The lower part presents the analysis of the intensity of the individual

LEED spots during heating, holding and cooling steps, as indicated. An electron kinetic energy of

42 eV was used. (for more details see text)
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heating and cooling steps and for the holding stage are plotted. The areas of interest

used for the analysis are highlighted in the LEED images by the corresponding

coloured boxes.

The LEED image I shows the film at room temperature after deposition. The (0,0)

spot surrounded by a Henzler ring and {1,1} spots are visible. Also, between them

a blurry (2x2) structure can be found. In an intensity versus temperature plot, it

can be seen that with increasing temperature the intensities of the (0,0) spot and

the Henzler ring increases, first linearly until 650 K, and a larger slope for higher

temperatures. On the other hand, the intensity of the p(2x2) structure’s LEED

spots decreases until 650 K, but then starts to increase linearly. At 700 K, another

increase of the slopes is found. At this temperature, the formation of additional 30◦

rotated (2x2) spots ((2x2)R30°) can be found (see the LEED image II). The image

also shows that the intensity of the p(2x2) spots increases and that they change their

shape into elongated structures. In the background between the (2x2)R30° and the

p(2x2) spots a weak ring structure is visible, highlighted with a red dashed ring

segment on the image. Around the {1,1} spots sharp and intense Henzler rings

are visible. The intensities of the Henzler ring and the p(2x2) structure have a

maximum at 970 K and decrease with increasing temperature. The intensity of the

(0,0) spot continues to increase with a much steeper slope, while the intensity of

the (2x2)R30° structure shows an exponential-like behaviour. During the heating

step, the {1,1} spots linearly decrease in intensity until, at 980 K, their intensity

starts to increase linearly. LEED image III shows the end of the heating ramp

and the beginning of the holding time. The (2x2)R30° spots are clearly visible and

faint spots in front of the {1,1} spots also appear. During the holding time the

intensity of the (2x2)R30° spots increases, while the intensity of the p(2x2) spots

decreases. The same intensity drop is found for the Henzler ring, while for the (0,0)

spot and the {1,1} spots the intensity rises. At the end of the holding step the LEED

pattern of image IV is found. The (2x2)R30° spots are very intense and sharp, with

additional moiré spots surrounding them. The intensity of the p(2x2) spots is much

lower and their elongated shape is barely visible. The Henzler ring has disappeared

completely. The spots in front of the {1,1} spots are also intensified, and a shallow

moiré pattern has appeared around the (0,0) spot. During cooling the intensity of

the (0,0) spot increases faster with decreasing temperature than the intensities of all

the other spots. The final LEED pattern is shown in the LEEM image V: very sharp

(2x2)R30° spots are visible, also the p(2x2) have sharpened and the moiré spots are

clearly visible. The intensity evolution of the moiré spots during the annealing is
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Figure 6.2: Intensity-temperature curves of the moiré spots during the temperature treatment in

UHV.

shown in figure 6.2. They appear at 970 K and resemble the intensity progress of

the main spots close to them.

Figure 6.3 shows a LEED pattern (upper part) and a series of LEEM and DF-images

of the (2x2)R30° ML-phase taken at room temperature after annealing in UHV of a

as-deposited ML. The LEED image shows a p(2x2) and a (2x2)R30° reconstruction

with additional moiré spots. The unit cell of the (2x2)R30° is indicated. The bright

field LEEM image shows a surface with three different bright features: white and grey

islands that are delimited by dark areas or lines. The islands are about 25 nm in size

and homogenously distributed over the surface. To correlate these structures with

the LEED image dark field microscopy was applied. In all three dark field images

of the (2x2)R30° spots the same features are bright, but the contrast between them

is much higher than in the bright field image. In the dark field images of the p(2x2)

spots again three different types of bright features are visible. Grey and bright

islands delimited by dark areas and black and white terraces. The terraces switch

in contrast and islands appear and disappear by changing the spot, some of them

are highlighted in the images. Comparing the bright islands with the dark areas in

the bright field image shows that they are the same features. It is also visible that

the dark lines in the bright field image are steps of the Ru(0001) surface.
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Figure 6.3: LEED, LEEM and DF-LEEM images of a ML annealed in UHV to 1010 K at room

temperature. I is the bright field image and II-IV are dark field images from a (2x2)R30° spot, 1-4

are dark field images from p(2x2) spot. The unit cell of the (2x2)R30° structure (red) and of the

p(2x2) structure (blue) are indicated. For a better visualization of the features of the (2x2)R30° film,

the p(2x2) spots and atomic steps are highlighted. The kinetic energy for the LEED images is 52 eV

and for the LEEM and dark field images 20 eV.

The annealing parameters were slightly varied to investigate their influence. In

figure 6.4 the results for three different temperature treatments are shown. In the

first row the used parameters are given. They differ for film I and II in the final

annealing temperature (995 K or 1015 K), the holding time (25 s or 50 s) and the

heating (2 K/s or 4 K/s) and cooling rates (2 K/s or 4 K/s). Both films show in

the bright field LEEM image the same features. Very bright and grey islands are
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Figure 6.4: The influence of different annealing conditions on the structures of the film. In the

first row the annealing conditions are shown, below them the resulting LEEM and LEED images

are shown. The unit cell of the (2x2)R30° structure (red) and of the p(2x2) structure (blue) are

indicated. All images were taken at room temperature and with an electron kinetic energy of 42 eV.
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delimited by black lines or areas. The islands are homogeneously distributed over

the surface (see the images Ia and IIa). However, the islands in IIa seem to be much

larger and closer together. In a larger field of view the steps and step bunches of the

Ru(0001) surface are visible (see Ib and IIb). In IIb the larger size of the islands is

more obvious. The LEED images Ic and IIc show a very sharp (2x2)R30° pattern

and a somewhat blurry p(2x2) pattern. In the image IIc the structures of the moiré

pattern are more intense than in image IIc. Film III was heated up using a faster

rate (7 K/s vs 4 K/s) to the same final temperature as film II (1015 K), but holding

the annealing temperature for 75 s. The cooling rate was also the same (4 K/s)

as for film II. After this temperature treatment the film shows a very homogeneous

surface. The islands have grown in size much more, atomic steps and step bunches of

the surface are clearly visible. In the large field of view in IIb the surface looks very

smooth. The LEED image shows a very sharp (2x2)R30° pattern with an enhanced

moiré pattern. The p(2x2) spots are very blurry and have a low intensity.

Figure 6.5: LEEM(IV) curves of a ML film at RT and heated up to 770 K after a temperature

treatment in UHV. The intensity of the curves is normalized to the MEM intensity and the MEM

to LEEM transition is given in the legend.

Figure 6.5 shows LEEM(IV) curves of a ML film at room temperature after a temper-

ature treatment in UHV (red) and heated up to 770 K again (black). Additionally,

the curves of the 1O termination and after the deposition are shown. The film was
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again heated to 770 K and held there, because the intensity of the p(2x2) spots was

very blurry then. In this way, it was tried to lower their contribution to the reflec-

tivity and to enhance the part attributed to the (2x2)R30° spots. In comparison to

room temperature, the features are much more pronounced at 770 K and the MEM

to LEEM transition changed by only about 0.04 eV. For low energies (0 – 6 eV)

maxima and minima are visible that were already found for the 1O termination and

the pre-annealed film. The minimum at about 13 eV could be connected to the

unoccupied surface and bulk 4f states on Ru(0001). Between 14 eV and 20 eV both

curves have a maximum that is shifted to lower energies for the film annealed at

770 K. Both curves and the curve of the 1O termination show a minimum at 25 eV.

For the sake of completeness figure 6.6 shows the DF-LEEM(IV) curves of the film

at 770 K. They show a decaying intensity with increasing kinetic energy and have

maxima at 13 eV, 19 eV and 25 eV.

Figure 6.6: DF-LEEM(IV) curve of the (2x2)R30° spots of a ML film after temperature treatment

in UHV. The spots used are highlighted in the inset.

Figure 6.7 shows the LEED(IV) curves for a ML after the UHV anneal, that was

again held at 770 K to minimize the contribution of the p(2x2) reconstruction. All

curves show many minima and maxima, as expected for a crystalline structure. A

careful scaling for the data reveals a very weak but sharp ring structure. To enhance

this feature, LEED images were summed up over the energy ranges where it was
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very distinct. The ranges are marked in the LEED(IV) curve with boxes and the

summed up LEED images are shown below the graph. The ring feature was always

prominent, where the (2x2)R30° structure has a maximum in intensity.

Figure 6.7: LEED(IV) curves of a ML prepared in UHV at 770 K. The LEED(IV) curves of the

moiré spots are shown as inset. Below the graph there are two LEED images showing a faint but

sharp circle indicated by a red curve segment, additionally the used spots for the LEED(IV) curves

are indicated (the (0,0) as white box). Both images are the average of LEED images for a) 33 eV

- 37 eV and for b) 52 eV – 59 eV. The energy ranges are marked in the LEED(IV) graph with

transparent boxes.
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Figure 6.8 shows the photoelectron spectra after a temperature treatment in UHV.

The Si 2p line in a) has a maximum at 102 eV and, in comparison to the Si 2p

spectra recorded after the deposition (red), it is shifted about 0.5 eV to lower binding

energies and the FHWM is significantly smaller. In b) the Ru 3d5/2 line is shown.

It has a maximum at 279.8 eV. In comparison to the peak as deposited spectrum

(red) it has broadened and closely resembles the features of the 1O termination

(blue). Graph c) shows the O 1s line with two different components. The one with

lower intensity and lower binding energy (529.8 eV) is assigned to oxygen bound to

ruthenium and silicon (Ru-O-Si), in agreement to the findings from chapter 4. For

comparison, the O 1s before the deposition is shown as blue curve. The second one

is higher in intensity and at higher binding energies (531.2 eV) and is assigned to

oxygen bound to silicon, shown in 5.11. In comparison to the as-deposited spectrum

(red), the line of Si-O has no shift in the binding energy and the peak has a larger

FHWM. Moreover, the ratio of both components (Ru-O-Si to SiO2) has increased.

The binding energies found in this study are shifted about 0.4 eV to lower binding

energies than in the lab-XPS study in [16].

Figure 6.8: Photoelectron spectra of a ML after a temperature treatment in UHV. a) shows the

Si 2p core line, b) the Ru 3d5/2 line and c) the O 1s.
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6.2 Interpretation: Formation and morphology of the

(2x2)R30° ML-phase

Following, the processes taking place during the temperature treatment in UHV

described in chapter 6.1 will be discussed.

The already oxidized but still quite unordered silica ML is transformed by the

temperature treatment to a very well ordered crystalline surface. It exhibits a

(2x2)R30°-structure with a moiré -pattern surrounding the substrate spots. So far,

only the preparation of silica MLs on Ru(0001) via a temperature treatment in oxy-

gen (2.0× 10−6 mbar) has been reported [9]. Therefore, this is the first time there

the processes taking place during a temperature treatment under UHV conditions

of the as-deposited silica film are described and discussed.

The starting surface exhibits features as described in section 5.2 (completely oxidized

silica, that has small p(2x2) ordered islands mixed with an amorphous phase, highly

likely surrounding it). Thus, the intensity of the p(2x2) reconstruction decreases at

the beginning of the heating stage, while the intensities of the Henzler ring and the

(0,0) spot increases (see figure 6.1 in the graph). This is pointing to the growth of

islands or the formation of new ones with similar size distribution. At 650 K the

formation of p(2x2) ordered areas starts to be preferred because the intensity of the

p(2x2) spots begins to increase. Up to 900 K the formation of the (2x2)R30° ML-

phase is favoured. Two scenarios here are possible. First, the still amorphous areas

start to get ordered in a rotated way, with multiple rotations, leading to the forma-

tion of a shallow ring and the (2x2)R30° spots seen in LEED (see LEED image II in

figure 6.1). Second, some p(2x2) areas rearrange, probably at their rim, by rotating

around 30◦. At this point on the surface are p(2x2) and (2x2)R30° domains coexist-

ing and growing at the same time. The growth of the (2x2)R30° ML-phase shows an

exponential-like behaviour on temperature. However, at 975 K the transformation

of the p(2x2) areas to the (2x2)R30° areas starts to be faster than the growth of

these areas. The intensity of the initial p(2x2) spots starts to decrease drastically

with increasing temperature. Holding the sample at 1000 K shows a linear increase

of the intensity over time of the (2x2)R30° spots and a decrease with a smaller abso-

lute slope of the p(2x2). New (2x2)R30° areas are formed and growing in size, while

the p(2x2) areas are increasingly transformed into the (2x2)R30° ML-phase. When

cooling down this situation is quenched and all spots increase in intensity.



6.2 Formation and morphology of the (2x2)R30° ML 81

The exponential-like dependency on temperature of the ordering of the film is also

found in the image series in figure 6.4, where the influence of various annealing

parameters was studied. The annealing and cooling rates do not seem to have a

strong influence on the structure of the film, while the final holding temperature

and the holding time have strong influence. The higher the temperature, the faster

the formation is happening (exponential-like dependency on temperature) and the

longer the holding time (linear dependency on time) the larger the single islands

grow. This suggests a process where an energy barrier has to be overcome to start

it. Additional annealing experiments with different holding temperatures and long

holding times could be used for an Arrhenius plot to determine the activation energy.

At room temperature, the surface shows clearly the existence of a (2x2)R30° ML-

phase, without any rotational domains (see DF images II-IV in figure 6.3). How-

ever, the film is not completely closed. Instead, it has holes or areas without the

(2x2)R30° ML-phase, wherein a p(2x2) pattern is found, and line features, connected

to step bunches, over which the film could not grow. A comparison of the dark field

images series 1 - 4 of the p(2x2) spots in figure 6.3 suggests that at the bottom

of some of these holes there are oxygen p(2x1) domains. This would also agree to

the seen blurring of these spots during re-annealing to 770 K. For different kinetic

energy ranges a weak ring structure is visible in LEED, because the film used for

the LEED(IV) was quenched during the transformation of the p(2x2) areas or the

growth of small rotated areas. The ring is only visible for high reflectivity of the

(2x2)R30° ML phase and seems in this way to be connected with it. However, the

narrow ring hints for a different ring size distribution than the one already found

in the BL or for certain defects in the layer [8, 122–126]. An additional possible

explanation for the sharp ring structure might be, that the material in excess forms

2 dimensional or 3 dimensional islands of well-ordered structure but arbitrarily ro-

tated on the ML film, which is also referred to as texture.

This finally leads to the following conclusion for the morphology of the film: Large

(2x2)R30° areas exist on the surface, which have holes with a (2x1) oxygen termi-

nation in them. Between or at the rim of the (2x2)R30° areas is a zone with highly

unordered silica. It could be very small crystalline p(2x2) domains rotated in various

angles like in brash ice or a completely vitreous phase without exhibiting a p(2x2)

order in it.

To investigate the surface with the ring feature further, a flash anneal in UHV of the

as-deposited ML could be applied to freeze this situation. The suggested values for
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this are: a background pressure < 5.0× 10−9 mbar, about 700 K final temperature

and heating and cooling rates with 7.5 – 10 K/s.

6.3 The adsorption site model

Considering the understanding reached so far, the question arises: Why is the film

forming a (2x2)R30° ML-phase instead of a p(2x2) reconstruction as already known

for oxygen? A possible explanation and the driving force for this rotated structure

will be given in the next paragraphs. As a hypothesis we propose that the oxygen

atoms from the SiO4 units pointing downwards in the direction of the ruthenium

surface tend to occupy as many hcp and fcc sites of ruthenium as possible. The

film therefore relaxes or even contracts as it is chemisorbed via Ru-O-Si bonds onto

the surface. The Ru-O-Si could be not vertical but tilted to the Ru-surface, in the

following model only small changes of the bonding angles will be allowed. Also,

structural defects (combinations of 4-, 5- and 7-member rings) in the film like the

ones found in STM in [16] are not considered.

To visualize the effect of the occupation of the possible adsorption sites on Ru(0001),

silicon atoms occupying an adsorption site were marked. The procedure and its

result is illustrated in figure 6.9. Each adsorption site (hcp, fcc, bridge, top) was

marked with individual colour code and its size was defined as large as possible, but

without allowing to overlap with another one. Then the silicon atoms, centred over

an adsorption site, are coloured by the colour assigned to the adsorption site. Silicon

atoms that are not above a specific adsorption site are coloured in yellow.

Looking at the <001> direction of ruthenium in figure 6.9, it is visible that 3 out

of 4 possible silicon positions are occupied. They have a distance of
√

1/3 ∗ aSiO2

(aSiO2 is the lattice constant of the p(2x2) silica ML bound to ruthenium [11]) from

each other. The hcp sites in the <001> direction of ruthenium have a distance of

the ruthenium lattice constant aRu of 2.71 Å.
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Figure 6.9: An illustration of the procedure to colour silicon atoms, which are above adsorption

sites on Ru(0001). Directions of the ruthenium lattice are indicated. (Details see text)

In figure 6.10 cross sections of LEED images in the <001> direction are shown. By

comparing the position of the (2x2)R30° silica spot during the temperature treatment

in figure 6.10, it is visible that the silica directly forms this structure without a

stressed or compressed transition state. It is also visible that the spots in front of

the (0,1) spot have a distance of 0.905 times that of the ruthenium unit cell to the

(0,1) spot.

With the assumption that this spot belongs to the first order spots of the

(2x2)R30° silica ML, it is possible to calculate the lattice constant aSiO2 via:
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Figure 6.10: Cross section of a LEED image in direction of <001> of Ru at various temperatures

during the temperature treatment. The LEED image in the inset indicates the cross section. The

kinetic energy used for the LEED images was 42 eV.

kRu = 2π
aRu

(6.1)

kSiO2 = 0.905 ∗ kRu (6.2)

kSiO2 = 2π√
1
3 ∗ aSiO2

(6.3)

with kRu and kSiO2 the distances of ruthenium and silica units in the reciprocal

space.

⇒ kRu = 1√
1
3 ∗ 0.905 ∗ aSiO2

= 1
aRu
⇒ aSiO2 = 1√

1
3 ∗ 0.905

∗ aRu (6.4)

and with aRu of 2.71 Å:

aSiO2 = 5.19 Å (6.5)
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Figure 6.11: Occupation of adsorption sites of stressed, relaxed and compressed rotated silica

layers on Ru. In the left column, a large view of the resulting moiré pattern is shown and the

applied distortion is given in % in comparison to the relaxed free standing state in UHV. In the

middle a unit of the moiré pattern are shown. The right column presents its resulting Fourier

transformation on the Ru(0001) surface.
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The silica ML is then compressed by about 2.4 % relative to its relaxed free standing

state in UHV (5.31 Å [11]) and 4.3 % to its stressed state when annealed in oxygen

(5.42 Å [11]). Taking into account that the LEED image could be distorted due to

experimental reasons of about 1 %, the value given in [17] of 5.23 Å, corresponding

to a compression of about 1.5 %, is in the experimental error (5.19±0.05 Å). Using

these values to compress or stretch the film and combining it with the described

model above, the occupation of adsorption sites is shown in figure 6.11. The model

applies a long-range distortion via the overall lattice constant and a short-range

distortion by giving local silica tetrahedra the possibility to relax into adsorption

sites. It is visible that the resulting moiré pattern of the occupation site gets and

denser when the silica ML is compressed. Also the number of occupied hcp and fcc

sites in the ’unit’ of the moiré pattern increases (middle column in figure 6.11). The

Fourier transformations of these silica layers on Ru(0001) show good agreement with

the LEED pattern of the structure of the experiment.

Figure 6.12: STM image (figure 4b of refer-

ence [16]) of the defect pattern found for the

(2x2)R30° ML phase (purple rectangles and trian-

gles) superimposed with the adsorption site model.

In figure 6.12 a defect pattern found

in STM (figure 4b of reference [16]) is

superimposed with the adsorption site

model. The best match between the de-

fect pattern and adsorption site model

was found for the pattern of the top ad-

sorption sites in the relaxed free stand-

ing silica ML in UHV (see figure 6.11

second row). This is in contrast to

the calculated lattice constants before:

5.31 Å (relaxed free standing silica ML)

versus 5.19 Å (LEED in this work and

STM analysis in [16]). A possible ex-

planation for the differences between the

model and the defect pattern in STM is

that in the adsorption site model defects

were not considered that could change

the distances of on top sites. It is highly

likely that defects will appear especially above top adsorption sites. The stress in

the layer should have a maximum at this positions because of the height difference to

the rest of the film. In the middle column of figure 6.11 it is clearly visible that the

compression of the film leads to the occupation of more adsorption sites, while the
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distance between the top sides increases. So the occurrence of these defects may lead

to an additional increase of the occupation of hcp and fcc adsorption sites in their

close surrounding and decreases the distances of top sites in the 2.5 % compressed

film.

This leads to the conclusion that the driving force to form the (2x2)R30° structure

on Ru(0001) during UHV annealing is the energy gain by the occupation of as many

adsorption sites by oxygen on Ru as possible. It is counterbalanced by the energy

needed to compress or stress the local chemical bonds in the silica layer or to make

the Ru-O-Si bonds not vertical but tilted to the Ru-surface or to produce defects.

Consequently, the (2x2)R30° structure seems to be an equilibrium situation between

these forces. The occupation of hcp and fcc sites with oxygen from the silica tetrahe-

dra is supported by the photoelectron spectra shown in figure 6.8 c). The ratio of the

R-O-Si and Si-O-Si groups is increased, suggesting the formation of more Ru-O-Si

bonds, because the layer is much more ordered. This observation is also supported

by the behaviour of the Ru 3d5/2 line before and after the treatment.

The (2x2)R30° silica ML-film has an incommensurate super-lattice with2.2072 1.1036
1.1036 −1.1036

 = (1.1036
√

3× 1.1036
√

3)R30◦ as lattice vectors for the Ru

base lattice. A LEED simulation done with LEEDpat [127] is superimposed in

figure 6.11 with a LEED image of the silica over-layer after the UHV temperature

treatment. Because of a slight misalignment of the microscope the reciprocal plane

is distorted, so the simulated pattern does not fit exactly, but is in rather good

agreement with the observed LEED pattern.
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Figure 6.13: Superimposition of a LEED pattern simulation of the incommensurate super-lattice

of SiO2 on Ru(0001) with a LEED image of the silica ML after the UHV temperature treatment.

White spots are the Ru(0001) spots, red the incommensurate super-lattice. The kinetic energy for

the LEED image was 53 V. (Details see text)



Chapter

7
The p(2x2) ML-phase

7.1 Preparation, and characterization of properties

The annealing of a silicon ML in oxygen has already widely been investigated by

different experimental techniques, and theoretical approaches, and for various sub-

strates [128–135]. However, only one report describing its in-situ preparation [136]

has been published so far. Our detailed results will be reported in the following.

The procedures follow those reported above for the UHV annealing.

In figure 7.1 the results of the LEED measurements during annealing of a deposited

silicon film in 5.0× 10−6 mbar oxygen are shown. The LEED image I shows the

initial surface. It exhibits a blurry p(2x2) pattern, a Henzler ring around the (0,0)

spot and the (1x1) spots of ruthenium. Below the LEED image the intensity evolu-

tion of these spots during thermal treatment is plotted. As before, the experiment

is divided in three sections: heating, holding, and cooling of the sample.

With increasing temperature, the intensity of the (0,0) spot (black curve) increases

linearly until at around 500 K the slope decreases. After this, it begins to rise

again at 800 K and reaches a plateau at 950 K, with no further increase visible for

higher temperatures. On the other hand, the intensity of the Henzler ring increases

linearly to 900 K where a maximum is reached and then begins to decrease linearly.

The p(2x2) spots increase with the beginning of the annealing and show a broad

maximum at 375 K. At 500 K their intensity starts to rise linearly with a high slope

until at 600 K a maximum is reached and the intensity has plateau until it starts to

drop linearly at about 900 K. The (1x1) spots increase linearly with temperature and

increase their slope at 900 K. The LEED image II shows the pattern of the sample

when a temperature of 1050 K is reached. Clearly, the increase of the spot intensity
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Figure 7.1: Analysis of LEED spots appearing while annealing in oxygen to 1050 K. The upper

part shows LEED images collected during the temperature treatment, the lower part the intensities

of the individual LEED spots during heating, holding and cooling down. An electron kinetic energy

of 42 eV was used. (for more details see text)
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is visible. However, the Henzler ring around the (0,0) spot disappears (compare

images II – IV), so the intensities attributed to the Henzler ring in the holding and

cooling section are most likely artefacts, maybe connected to the behaviour of the

background signal which will not be discussed here. During holding the film at

1050 K, the intensity of the (0,0) spot remains the same as when the final annealing

temperature was reached at the beginning of the holding time. The p(2x2) and

(1x1) spots show a small linear increase while holding the sample at 1050 K for

about 10 min. LEED image III shows the pattern of the sample after the holding

time and before beginning of the cooling. With start of the cooling the intensity

of the (0,0) spots increase linearly, lower their slope at about 925 K and at about

800 K the final intensity is reached and stays constant during further cool down.

The intensity of the p(2x2) spots increases linear up to 925 K also where it reaches

its final maximum. Then it remains constant with decreasing temperature, apart

from small oscillations. Moreover, the (1x1) spots increase their intensity linearly for

cooling down the sample with nearly the same slope as for the heating step. LEED

image IV shows the pattern of the sample surface at 500 K. It is visible that the

intensities of all spots have increased further. However, the p(2x2) spots have gained

sharpness and intensity in comparison to the beginning of the thermal treatment.

These spots and their second order are elongated in the 1,0 direction of ruthenium.

Figure 7.2: LEEM and LEED images at room temperature after annealing in oxygen to 1050 K

and holding it for 10 min there. The white arrow markes the same area in the different fields of

view in a) and b). In the LEED image c) the p(2x2) unit cell of silica is shown. For all all images

a kinetic energy of 42 eV was used.

Figure 7.2 shows LEEM images of the sample surface at room temperature after

thermal treatment in oxygen as described above. Small islands with an average

diameter of 30 nm and larger islands with an average diameter of about 90 nm are

visible as bright structures in image a) and are homogeneiously distributed over the

surface. They are seperated by areas with much less intensity; sometimes there are
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holes in them. The large scale LEEM image b) shows a very homogeneous surface.

In the film some very large, black, elongated structures are visible with a length of

about 200 nm. They are located at areas of the film with step bunches of ruthenium

below, which are visible as white lines in picture b). At room temperature the

spots in the LEED image are much sharper and the p(2x2) spots are not elongated

anymore. The unit cell of the p(2x2) over layer is indicated in image c).

Figure 7.3: LEEM(IV) curve of 1 ML after the thermal treatment in oxygen at RT. For compar-

ison, the LEEM(IV) curves of the 3O terminated ruthenium surface, after the silicon deposition

and after the thermal treatment in UHV are shown. The intensities are normalized to the maximal

intensity of the MEM mode. The values of the MEM to LEEM transitions are given in the inset

of the graph.

In figure 7.3 the LEEM(IV) curve of 1 ML annealed in oxygen is shown in compar-

ison to the curves found for the 3O terminated ruthenium surface, after the silicon

deposition and the UHV annealing. After the thermal treatment the LEEM(IV)

curve shows once again much more structures than after the deposition. For in-

stance, the surface exhibits a first maximum of intensity at about 6.5 eV, followed

by a region with broad maxima close together in an energy rage from 10 eV to

about 14 eV. At 14.5 eV is a shoulder in the intensity decrease before a minimum at

18.5 eV is reached. At about 23 eV is a broad maximum that decreases and shows
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a plateau from 27 eV to 30 eV. A comparison with the 3O terminated ruthenium

surface reveals that the features in both curves are quite similar. The LEEM(IV)

curves of the film resulting from thermal treatment in UHV or in oxygen have only

the maxima at about 6 eV in common and exhibit quite different features.

Figure 7.4: In the upper part of the figure a DF image series is shown. Image I is the bright field

image belonging to an area of interest in DF. The spots used for the images II-IV are marked in

the inset in the plot in the lower part of the figure. The plot shows the DF-LEEM(IV) curves of

the black or white teracces in DF. The kinetic energy for the DF images series was 20 eV.

To study the crystalline structure of the film, the DF imaging mode was used and the

results are shown in the upper part of figure 7.4. Image I shows the area of interest

in bright field, images II - IV are the corresponding dark field images (the used

spots are marked in the inset of the graph). In the dark field images the terraces of

ruthenium appear as black or white areas. On them bright islands are visible in all
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DF images. Now the LEEM(IV) curves show maxima at 13.5 eV, 17.5 eV and 20 eV.

These were also found for the 3O terminated surface in subchapter 4.4, however the

background intensity is much higher.

In figure 7.5 LEEM(IV) curves after thermal treatments in oxygen with different final

annealing temperatures are shown. For each film a new samples was prepared and

held for 10 min at the given temperature. The effect of the annealing temperatures is

clearly visible. For instance, the curve with a final annealing temperature of 1170 K

resembles quite well the LEEM(IV) curve of a 4O terminated ruthenium surface (see

subchapter 4.5), suggesting that the film was partially dewetted, and the 4O holes

have a dominating contribution to the integral measurement.

Figure 7.5: LEEM(IV) curves after different final annealing temperatures. For comparison the

LEEM(IV) curves of the 4O terminated ruthenium surface is shown. The intensities are normalized

to the maximal intensity of the MEM mode. The values of the MEM to LEEM transitions are given

in the inset of the graph.

Figure 7.6 shows the intensity change as a function of electron kinetic energy for the

(0,0), {0,1/2} and {0,1} spots. The curves show several maxima for each spot and re-

semble quite well the results of the LEED(IV) measurements for the 3O termination

of ruthenium already found in figure 4.17 in subchapter 4.4.
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Figure 7.6: The LEED(IV) curves for the (0,0), 0,1/2 and 1,0 spots for a sample after a thermal

treatment in oxygen.

Figure 7.7 shows the results of an XPS measurement after a thermal treatment in

oxygen. The Si 2p, Ru 3d5/2 and O 1s lines are shown in a), b) and c), respec-

tively. The Si 2p core line in a) has a maximum at 102.3 eV. For comparison, the

curves after the deposition, after introducing oxygen in the analysis chamber up to

5.0× 10−6 mbar and after the UHV annealing are given. After introduction of oxy-

gen the Si 2p peak changes only slightly. However, after annealing it shifts to lower

binding energies and has a smaller FHWM. In comparison to the thermal treat-

ment in UHV the energy shift is lower (0.2 eV vs 0.5 eV relative to as deposited)

and the FHWM is broader. The Ru 3d5/2 line in b) after the thermal treatment is

much broader than after the deposition or the UHV annealing. In comparison to the

Ru 3d5/2 line of the 3O terminated ruthenium surface, it is visible that for the high

binding energy side the silica ML resembles it very well. The lower binding energy

side however has slightly less intensity. The O 1s line in c) has clearly two peaks

after the thermal treatment in oxygen. The more intense one is at higher binding

energies (531.2 eV) and the less intense one is at lower binding energies (529.2 eV).

For comparison, the O 1s lines after the deposition, after increasing the oxygen pres-

sure, after a thermal treatment in UHV and that of the 3O terminated ruthenium
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surface are shown. The increase of oxygen in the chamber after deposition has no

strong influence on the O 1s line. Comparing the O 1s lines after the thermal anneal-

ing in oxygen with the ones from the annealing in UHV and of the 3O terminated

ruthenium surface reveals the existence of a third peak, hidden between both lines.

This peak is assigned to the Ru-O-Si bond and has a binding energy of 529.8 eV.

This is in agreement with the findings for the ML annealed in UHV (see figure 6.8)

and after the deposition of 1 ML (see figure 5.11 in subchapter 5.2.1).

Figure 7.7: Photoelectron spectra of the Si 2p in a), Ru 3d5/2 in b) and O 1s in c) regions at room

temperature after the thermal treatment in oxygen. For comparison, the photoelectron spectra after

Si deposition, after increasing oxygen, of the UHV treatment and of the 3O terminated ruthenium

surface are shown. (Details see text)
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7.2 Interpretation: Formation, morphology and model of the

p(2x2) ML-phase

In this section, an interpretation to the processes taking place during the annealing

in oxygen will be given. The results found in [11] serve as model for the p(2x2) phase

and the results of this work are brought in agreement with it.

The film starts to order with increasing the sample temperature. The islands of

silica already existing after the deposition start to grow, as indicated by the increase

of intensity of the Henzler ring (see figure 7.1). The intensity increase of the p(2x2)

spots at 525 K could be attributed to the growth of p(2x2) islands. This could hap-

pen by the growth and ordering of the already existing silica islands or the formation

and growth of new p(2x2) silica islands. The different islands sizes found after the

thermal treatment in LEEM suggests a combination of both processes. As third pos-

sibility the co-adsorption of oxygen should be considered. This would explain the

intensity decrease of the p(2x2) spots above 900 K, because the temperature is then

above the disorder temperature of oxygen and leads to a high mobility of the free,

disordered oxygen atoms on the surface. At the constant temperature of 1050 K,

the increase of intensity is attributed to the growth of silica islands. On the other

hand, a possible reorganization of the islands like the healing of antiphase domains

could also be responsible for this behaviour. Moreover, the intensity behaviour of

the p(2x2) spots suggests a formation process with an activation energy. Future

experiments could determine this energy from the slope of the intensity increase of

the p(2x2) spots during the holding time at different holding temperatures. Cooling

down quenches this process, and the ordering in a p(2x2) pattern becomes favoured.

At the same time the co-adsorbed oxygen starts to order, leading to a high increase

in the intensity of the p(2x2) spots.

After the thermal treatment in oxygen the film could be described as followed:

The model in [11] suggest that the downwards pointing oxygen atoms of the silica

tetrahedra units are either in fcc or top adsorption sites of the ruthenium surface.

They are marked green (fcc) or red (top) in the model in the middle of figure 7.8. In

this configuration, the film is compressed about 1.9 % in comparison to free standing

in UHV [11]. The length of the silica unit cell is twice the unit cell length of ruthe-

nium (5.42 Å vs. 2.71 Å). The lattice is commensurate with ruthenium and therefore

no moiré structure is found (see figure 7.8). The additional low intense points in the

image are an artefact of the fourier transformation due to an ’overstructure’ formed



98 Chapter 7 The p(2x2) ML-phase

Figure 7.8: Atomic model of the surface and its fourier transformation. Left a large field of

view, in the middle a closer view of the proposed structure. The silicon atoms are coloured by their

adsorption site on ruthenium (green = fcc and red = top) The first ruthenium layer is coloured

grey, the second black. Coadsorbed oxygen is coloured light blue. In the fourier transformation the

(1,0) and (1,0) spot of ruthenium are highlighted. (Details see text).

by the bright and dark ruthenium atoms, the periodic boundary conditions lead to

these periodic features.

Per silica unit cell one additional oxygen is found that is in the centre of the sil-

ica rings above a hcp ruthenium site, thus resembling a 1O termination. In such a

p(2x2) cell on ruthenium, there are 3 oxygen atoms (1 Ru-O and 2 Ru-O-Si) leading

to an overall oxygen content comparable to a 3O terminated surface. This effect is

also seen in the Ru 3d5/2 line in figure 7.7 c) and in the LEEM(IV) and LEED(IV)

curves (Figure 7.3 and figure 7.6). The additional oxygen bound to ruthenium shows

up in the O 1s spectra as additional peak at lower binding energies next to the Ru-

O-Si components. However, in contrast to the 3O termination, not only hcp sites

but also fcc and on top positions are occupied. The surface could be described then

as a combination of the lattice of 1O termination of oxygen and additional silica

tetrahedra at (1/4), (1/4) and at (3/4), (3/4) positions in its unit cell.

Because of the adjustment of the film to the underlying ruthenium surface, nearly

the same reflectivity as for the 3O termination in DF is found, with the AB stacking

of ruthenium leading to terraces appearing as black or white features. The symmetry

change induced by the stacking is marked as orange triangles in the middle image

of figure 7.8.

With the findings exposed in 6 a lowering of the surface energy due to the co-adsorbed

oxygen at ruthenium is indicated. It could be a driving force for the appearance of

the p(2x2) phase instead of the UHV phase.
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8
The Xmas star BL-phase

8.1 The oxidation of the BL

8.1.1 Preparation, and characterization of properties

Before the annealing of the deposited BL in UHV a mild pre-annealing in oxygen

is needed to oxidize silicon completely. This procedure leads to an amorphous, but

completely oxidized silica template on ruthenium. It consists of the following steps:

1. Introduction of 5.0× 10−6 mbar oxygen in the analysis chamber

2. Increasing the sample temperature up to 625 K with a rate of 1 K/s

3. At 625 K evacuating the chamber and decreasing the temperature with about

2 K/s to room temperature

Figure 8.1 shows the LEED pattern and the results of the intensity analysis of

the (0,0) spot and its surrounding Henzler ring during the thermal treatment. It

is divided into two sections: the heating and the cooling. For both sections, the

intensity of the spots vs. temperature is shown in the graph at the lower part of the

figure. In the cooling section the oxygen pressure during cooling is included.

Image I shows the LEED pattern after the deposition. The (0,0) spot and its sur-

rounding Henzler ring are slightly visible. Both intensities decrease at the beginning

of the heating step and have a minimum at about 400 K. Then they increase up

to 500 K and stay constant for the rest of the temperature rise at nearly the same

value as at the beginning of the heating. The image II shows the LEED pattern col-

lected at 625 K in oxygen. No change in comparison to the beginning is visible. The
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Figure 8.1: LEED images and LEED spot intensity behaviour of a BL during a pre-annealing

to 605 K in oxygen. In the upper part three LEED images collected at room temperature (I), at

605 K (II) and at 425 K (III) are shown. In the lower part, the temperature dependences of the spot

intensity for the heating and cooling sections are shown. The blue line marks the oxygen background

pressure during cooling. An electron kinetic energy of 42 eV was used.

white elongated feature in the image is an artefact due to the slight defocus of the

objective lens and is attributed to the contrast aperture. The intensity of the (0,0)

spots stays constant during cooling and starts to decrease slightly at 550 K, while

the Henzler ring shows a slight increase with decreasing temperature. The oxygen

background pressure decreases very fast during cooling to less than 1.0× 10−8 mbar.

Image III shows the LEED pattern at 440 K. No noticeable differences compared to

the situation before the treatment are found.

Figure 8.2 shows two LEEM images of the film after the pre-annealing in oxygen.

The film consists of bright features, which appear to be small islands homogeneously
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Figure 8.2: LEEM images of a BL silica after the pre-annealing in oxygen. The white arrows

mark the identical surface region in both images. An electron kinetic energy of 42 eV was used.

distributed over the surface with a diameter of about 35 nm. In addition, areas with

very low intensity in the film can be seen, especially at step bunches of the ruthenium

surface.

Figure 8.3: MEM to LEEM transitions of films with different annealing temperatures in oxygen.

The electron energy of the MEM to LEEM transitions is given in the insert. For comparison, the

MEM to LEEM transition of the 3O surface is included.
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Figure 8.3 shows MEM to LEEM transitions of films pre-annealed in oxygen to

various temperatures, appearing as a drop in the reflected intensity with increasing

electron energy meaning that the illuminating electrons are able to overcome the

vacuum level of the surface. The energy of the transition shifts towards higher

electron energies with increased final annealing temperature (2.95 eV for 605 K), but

stays below the value for the 2O (3.41 eV) and 3O (3.50 eV) terminated ruthenium

surface.

Figure 8.4: Photoelectron spectra of the Si 2p, Ru 3d5/2 and O1 s lines at room temperature

after pre-annealing to various maximal temperatures in oxygen. The temperatures are given in the

legend. (Details see text)

Figure8.4 shows Si 2p, Ru 3d5/2 and O 1s XPS spectra at room temperature af-

ter a pre-annealing step in oxygen. The results for experiments with various final

annealing temperatures are shown. For the Si 2p line in a) it is visible that intro-

ducing oxygen up to 5.0× 10−6 mbar has only a slight influence on the features of

the deposited film. Before and after introducing oxygen an intense component of

Si4+ is found accompanied by features attributed to lower oxidation states of Si.

With increasing final annealing temperature, the intensity of the Si4+ component

increases while the intensity of the lower oxidation states decreases. For tempera-
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tures above 605 K only minor changes appear; Si4+ is then the main component of

the film and only minor traces of lower oxidation states are found. The Ru 3d5/2 line

in b) shows only minor changes at its higher binding energy side after introducing

oxygen and annealing in it. The O 1s line in c) is only slightly shifted by about

0.2 eV after the introduction of oxygen into the chamber, it shows a component at

531.4 eV attributed to Si-O bonds on the surface. After the pre-annealing to 555 K

in oxygen, a new, less intense feature appears on the lower binding energy side of

the Si-O component. It mainly consists of a component attributed to Ru-O-Si bonds

(529.8 eV) and a smaller component attributed to Ru-O (529.2 eV) on the surface.

For comparison, the O 1s line of a 3O terminated ruthenium surface is also shown.

The peak connected to Si-O bonds increases in intensity in comparison to after the

introduction of oxygen. With increasing the final pre-annealing temperature, the in-

tensity of the Si-O component increases while the components of Ru-Si-O and Ru-O

remain constant.

8.1.2 The morphology and chemical state of film pre-annealed in oxygen

The silicon BL after deposition has already been described in subchapter5.2: the

amorphous film consists of silicon islands in various oxidation states, mainly of Si4+.

It is assumed that the silicon at the ruthenium interface is completely oxidized,

while the additional silicon on top of it is not completely oxidized. The catalytic

effect of ruthenium by suppling atomic oxygen for the further oxidation of silicon

is inhibited due to the blocking by the silicon layer itself. Therefor, increasing the

oxygen background pressure does not change the state of the film. This raises the

question, how the oxidation of the entire layer could happen?

With the described treatment, complete oxidation of the entire silicon film is reached

at 625 K. This fits to reports in the literature: it is already known that the oxidation

state of amorphous silicon films grows linearly with time and temperature [137,138].

However, the pressures and temperatures used in these studies exceeded those used

here. A detailed spectroscopic study [105] reported that amorphous silicon films (0.2

to 3 ML) on top of SiO2 tend to be incompletely oxidized after a thermal treatment

in 2.7× 10−4 mbar oxygen at 725 K for 10 min. With this knowledge, a mechanism

including only silicon/silica and oxygen for the oxidation can be excluded and with

the results of the deposition in subchapter 5.2, it is more likely that the ruthenium

substrate somehow supports the oxidation with atomic oxygen. Therefore, the oxy-

gen of the background gas has to reach the ruthenium surface, where it dissociates to
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Figure 8.5: Model of the processes during (top) the pre-annealing in oxygen to 625 K and of the

surface after it (bottom). (For details see text)

atomic oxygen and then can react with incompletely oxidized silicon. The processes

are sketched on the left side in figure 8.5. Oxygen could reach the ruthenium surface

only in two ways, through holes in the film down to the ruthenium or by diffusing

through the amorphous silicon film. The assumption that oxygen molecules can

diffuse through amorphous silicon has already been made in [137] and it is highly

likely that the diffusion will be temperature dependent. However, when the oxygen

reaches the ruthenium surface, it needs to find an adsorption site to dissociate which
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is not occupied by a Ru-O-Si or Ru-O bond. From subchapter 4 it is already known

that oxygen atoms are mobile on the ruthenium surface above 400 K and that would

give an explanation why the further oxidation of silicon next to holes is hindered

at room temperature. So, with rising temperature the supply of atomic oxygen

through dissociation of oxygen molecules will be increased. Furthermore, it is highly

likely that atomic oxygen diffuses much better than oxygen molecules through the

amorphous film and will find incompletely oxidized silicon centres to oxidize them.

This interpretation is supported by the observation of the temperature dependent

behaviour of the Si 2p and the O 1s lines in figure 8.4. However, the temperature

still seems to be too low to allow an ordering of the established silica network (see

the LEED results in figure8.1), but instead leads to the growth of unordered silica

islands on the ruthenium surface (see figure 8.2). The islands do not lift off from the

ruthenium substrate and are still attached to the ruthenium surface. On one hand,

the occurring of Ru-O-Si bonds support this (see figure 8.4 c)). On the other hand,

if adsorbed oxygen below the silica film on the ruthenium surface would be expected,

it would manifest itself in a change of the Ru 3d5/2 line and additional Ru-O bonds

in the O 1s line (see figure 8.4 b) and c) and subchapter 4). The situation after the

pre-annealing step is sketched on the right side in figure 8.5.

8.2 Preparation in UHV, and characterization of properties

After the pre-annealing in oxygen, the silica template formed is annealed in UHV up

to 1080 K. Figure 8.6 shows LEED images and the intensity behaviour of different

diffraction spots during the annealing. As in the previous sections, three stages are

examined: first a heating, then holding at a defined temperature, and finally cooling

down. The LEED image A shows the initial diffraction pattern, containing the (0,0)

spot, a very faint p(2x2) pattern and a blurry Henzler ring. During heating the

p(2x2) pattern vanishes while the Henzler ring first slightly increases in intensity

(see LEED image B) but then disappears above 700 K. At this point the intensity in

of the sharp peak in the centre of the (0,0) starts to decrease in the plot, due to an

increase of the diameter exceeding the chosen measurement box, while the overall

intensity of the (0,0) spots remains the same. The comparison of the intensity versus

temperature curves of the inner part of the (0,0) spot with the entire (0,0) spot ((0,0)

large) and the comparison of the LEED images B and C (in C only a low intense

peak in the (0,0) is visible) show this behaviour quite clearly. The diameter reaches a

maximum at 975 K. At 1050 K the intensity of the (0,0) spot increases and additional
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Figure 8.6: Analysis of LEED spots appearing during UHV annealing to 1080 K. In the upper

part LEED images during this temperature treatment are shown and the lower part presents the

analysis of the intensities of the individual LEED spots during heating, holding and cooling steps,

as indicated. The black (0,0) is only connected to the sharp peak in the centre of the (0,0) peak,

while the (0,0) – large (cyan curve) includes its close surrounding. An electron kinetic energy of

42 eV was used. (for more details see text)
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spots start to appear (see LEED image D). During the holding time at 1080 K their

intensity increases first quite fast, going over to a linear increase with time after

2 min, which continues also when holding the sample at 1050 K. During cool down

the intensity of the spots increases further, but no additional spots appear (compare

LEED images D-F). It is stressed that all additional spots besides the (0,0) spot

appear at the same time.

Figure 8.7: LEEM and LEED images recorded at RT after the annealing in UHV to 1080 K. The

white arrow marks the same area in the different field of views in a) and b). In the LEED image

c) the Xmas star like pattern is shown. For all images a kinetic energy of 42 eV was used.

Figure 8.7 shows LEEM and LEED images of the silica film after the UHV annealing.

Bright and dark areas with sizes around 15 nm are visible in image a). The bright

areas decorate the steps and step bunches of the Ru(0001) surface, while the dark

areas are mainly distributed in the middle of the terraces. The large field of view

in b) supports these findings. A very complex LEED pattern is found after the

annealing and is shown in c); its star-like pattern will be addressed as Xmas star in

the ongoing discussion and it is stressed that this pattern appears at every position

of the sample.
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Figure 8.8: LEEM(IV) curves of the silica film annealed in UHV (black), after the deposition

of 2 ML (red) and of the 1O Termination (blue). The kinetic energies of the MEM to LEEM

transitions are given in the legend.

Figure 8.8 shows the LEEM(IV) curves of the silica film after UHV annealing. First

it should be noted that the MEM to LEEM transition decreased to 2.83 eV from

2.95 eV after the pre-annealing in oxygen, indicating a decrease of the work function

of about 0.1 eV. In comparison to the LEEM(IV) curves after deposition it shows

various structures. It has its first maximum at about 3 eV, i.e. very close to the

MEM to LEEM transition, followed by a deep minimum at about 4.5 eV. A broad

maximum at about 7 eV is found, afterwards the intensity decreases stepwise with

increasing kinetic energy of the electrons, with plateaus at about 12 eV, 18 eV and

22 eV. For comparison, the LEEM(IV) curve of the 1O termination is shown, and,

as can be clearly seen, it has no features in common with the curve for the UHV

annealing of silica.

Figure 8.9 shows DF-LEEM images and DF-LEEM(IV) curves of a silica film after

UHV annealing. In contrast to the bright field images of figure 8.8, the DF images

show bright islands with an average size of 10 nm, homogeneously distributed over

the terraces. The steps and step bunches, which were decorated with white islands
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in the bright field image appear black in all DF-images. The images T0, T1 and

T2 (DF-LEEM labels correspond to used LEED spots, labeled in the same way)

show no resemblance within the white islands structures. T0 and T3 (corresponding

to the opposite LEED spot) however show the same features. All DF-LEEM(IV)

curves exhibit the same features, with maxima at 10 eV, 15 eV and 20 eV.

Figure 8.9: DF-LEEM images and DF-LEEM(IV) curves of a silica film after UHV annealing.

The DF-LEEM(IV) images T0 - T3 were taken with a kinetic energy of 15 eV. Step bunches

(white lines) and equal areas are marked as guide for the eye. In the lower part of the figure the

DF-LEEM(iV) curves of the indicated spots in the inset are shown. The LEED was taken at 42 eV.

Figure 8.10 shows the photoelectron spectra of the Si 2p, Ru 3d5/2 and O 1s regions.

The Si 2p line in a) has one maximum 102.8 eV binding energy, which is shifted

about 0.2 eV higher in comparison to the pre-annealed silica template. Again, no

traces of incompletely oxidized silicon are found. In b) the Ru 3d5/2 line is shown,
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it has not changed in comparison to before the UHV annealing and resembles quite

well that of a 1O termination of Ru(0001). The O 1s line in c) comprises two

visible components: an intense one at 531.7 eV assigned to Si-O bonds and a weak

one as small shoulder at its lower binding energy side assigned to Ru-O-Si bonds.

In comparison to the pre-annealing in oxygen, the second component is much less

intense. Furthermore, only a very slight contribution of Ru-O bonds is found, which

appears at lower binding energy (529 eV).

Figure 8.10: XPS spectra of a silica BL annealed in UHV. The regions of the Si 2p (a), Ru 3d5/2

(b) and O 1s (c) are shown.

8.3 Preparation in oxygen, and characterization of properties

The heating rate for the preparation of the silica bilayer in oxygen has a large in-

fluence on the formed silica phase. For slow heating ramps of about 1 K/s the

crystalline or vitreous silica phase is formed depending on the final holding tem-

perature (see chapter 9). For faster annealing rates greater than 5 K/s the UHV

phase of the silica bilayer, the Xmas star like bilayer, appears. Its formation under

an oxygen atmosphere was studied here with in-situ LEED measurements as well;
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the results are shown in figure 8.11. The intensity of LEED spots shows the same

behaviour as the UHV annealing. At the beginning of the heating no change in the

pattern occurs (see images A and B). At about 1050 K the formation of the UHV

phase starts (see image C) and the intensity of its diffraction spots increases expo-

nentially with temperature. During the holding at 1080 K a further small intensity

increase is found, leading to a sharp Xmas star pattern (see image D)

Figure 8.11: Analysis of LEED spots during annealing in 5.0×10−6 mbar oxygen with an increased

heating ramp to 1080 K to form the Xmas star bilayer. The upper part shows LEED images collected

during the temperature treatment, and the lower part the intensities of the individual LEED spots

during heating and holding stages. The electron kinetic energy was 42 eV. (For more details see

text)

Figure 8.12 shows LEEM and LEED images of the silica film after the UHV anneal.

Bright and dark areas with sizes around 75 nm are visible in images a) and b).

The Xmas star LEED pattern is found after the annealing and is shown in c).
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The morphology resembles very well the one found for the annealing in UHV (see

figure 8.7).

Figure 8.12: LEEM and LEED images recorded at RT after the annealing with 7.5 K/s in oxygen

to 1080 K and holding it for 5 min. The white arrow marks the same area in the different field of

views in a) and b). In the LEED image c) the Xmas star like pattern is shown. For all all images

a kinetic energy of 42 eV was used.

Figure 8.13: LEEM(IV) curve of the Xmas star silica bilayer prepared under an oxygen atmo-

sphere. For comparison, the LEEM(IV) curve for the Xmas star bilayer in UHV is shown. The

MEM to LEEM transition for each phase is given in the inset.
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Figure 8.13 shows the LEEM(IV) curve of the Xmas star silica bilayer prepared

under an oxygen atmosphere with a heating rate of 7.5 K/s. It resembles very well

the LEEM(IV) curve for the UHV preparation. A slight difference in both curves is

found in the intensity of the features and in the region between 14 eV and 16 eV. In

contrast to the UHV preparation the value of MEM to LEEM transition is increased

by about 0.26 eV, to a value of 3.09 eV. For better comparison, the kinetic energy

in the x-axis was offset corrected to the MEM to LEEM transition for each curve.

Figure 8.14: XPS spectra of a Xmas star silica bilayer prepared in oxygen. The regions of the

Si 2p (a), Ru 3d5/2 (b) and O 1s (c) are shown. For comparison, the results for the Xmas star

bilayer prepared in UHV and for the crystalline p(2x2) bilayer prepared in oxygen are given.

Figure 8.14 shows the XPS results of the Xmas star silica bilayer prepared in oxygen

by fast heating. The Si 2p line shown in a) has one maximum at about 102.6 eV that

is shifted about 0.2 eV to lower binding energy than the maximum found for the

UHV preparation, but very close to the one of the crystalline p(2x2) BL-phase. The

Ru 3d5/2 line resembles very well that of the UHV preparation and is different form

that of the crystalline p(2x2)BL-phase. The O 1s line has an intense maximum at

531.4 eV due to Si-O bonds, and a small shoulder at the lower binding energy side.

The small maximum fits very well the feature found for the UHV preparation of the
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Xmas star phase. However, the Si-O component is slightly shifted to lower binding

energies than of the UHV preparation. The crystalline p(2x2) BL-phase has similar

features, however, the Si-O component is shifted to even lower binding energies and

the small shoulder has a higher intensity.

These results show that the preparation of the Xmas star silica bilayer under an

oxygen atmosphere leads to similar features as the UHV preparation. However,

minor differences are found in the LEEM(IV) curves and XPS spectra of the Si 2p

and O 1s line. The observed energy shifts in the XPS spectra could be due to

a slightly higher amount of oxygen at the ruthenium interface. A similar oxygen

dependency is found for the intercalation of oxygen (see figure 9.19). It can be

concluded that during annealing of the deposited silicon the initial oxygen amount

at the ruthenium interface plays a major role for the formation of the different silica

phases. The high heating ramp seems to prevent an intercalation or diffusion of

oxygen below the silica BL, meaning the Xmas star BL structure is produced faster

than the oxygen can intercalate to the Ru interface. This interface oxygen would

block the formation of the Xmas star structure, most likely it would passivate the

Ru surface so that no Si-O-Ru bridging bonds can be formed.

8.4 Interpretation: The formation, morphology and chemical

state of the Xmas star BL-phase

At the beginning of the annealing of the silica template in UHV, only the overall

intensity of the (0,0) increases indicating no change of the structure of the film

(see figure 8.6 and 8.11). At 700 K the spot diameter starts to increase and has a

maximum at 975 K. The likely reason could be the beginning of a reconstruction of

the silica template, but conclusions about the atomic arrangement are not possible.

However, the film is still in a amorphous state. At 1080 K a drastic change in the

film structure is happening: the film reorders and a very complex LEED pattern

appears. All spots appear at the same temperature and increase in intensity during

holding and cooling. A possible reason for the observed behaviour in LEED could be

the formation of small domains of this new phase all over the surface. The domains

grow over time until the whole layer is transformed. This is supported by the LEEM

and DF-LEEM images, where islands are found on the whole surface (see figure 8.7,

figure 8.9 and figure 8.12). A study with different holding temperatures could be
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useful to determine the activation energy for the formation of this overlayer via an

Arrhenius plot.

On the other hand, the LEEM(IV) curve indicates a highly ordered, crystalline phase

of this film and shows a quite different behaviour than the LEEM(IV) curves for as

deposited silica films or oxygen terminated Ru(0001) support. The narrow Si 2p

peak in figure 8.10 suggests a well ordered structure, in which all silicon atoms are

in a similar chemical environment, most likely as silicon dioxide tetrahedra. This is

supported by the large contribution of the Si-O bond to the O 1s line. The Ru 3d5/2

line suggests an occupation of ruthenium adsorption sites as for a 1O terminated

surface. However, the O 1s line shows only a very small contribution of Ru-O bonds,

so it is very likely that the ruthenium sites are occupied by Ru-O-Si bonds, which

are clearly visible in the O 1s line. With this assumption the film may consist of two

types of areas: an ordered silica BL structure, which is bound in itself and therefore

lifts off the ruthenium, while there are other areas that have a backbond of silica

tetrahedra attached to ruthenium and therefore are covalently bound to the surface.

In figure 8.15 a possible structure for the observed LEED pattern of the overlayer is

suggested. It consists of a rectangular unit cell with the matrix

4 2
0 2.8

 (8.1)

with respect to the Ru(0001) unit cell, corresponding to side lengths of 2×
√

3 and

2.8 in Ru unit cell length
(
2.8× 2

√
3
)
. It is has a side length of a = 9.37 Å and

b = 7.58 Å and the area is 11.2 times larger than the ruthenium unit cell. The

structure is commensurate for its 2×
√

3 direction and incommensurate for its 2.8

direction to Ru(0001). It has 3 rotational and 3 mirror domains. A diffraction

pattern simulated with LEEDpat [127] is shown at the right side in figure 8.15. The

spots marked with a cross are not found in the LEED image on the left side, possibly

due to the glide plane symmetry of the silica structure. The lattice model of the

overlayer and the ruthenium highlights the larger size of the incommensurate unit cell

in comparison to the ruthenium unit cell. The assumption of 3 rotational domains is

supported by the DF-images in figure 8.9. The DF images of opposite spots (like TO

and T3) belong to the same domain and hence show the same features, indicating

additionally a two-fold symmetry. Contrary, T1 and T2 belong to different domains

and thus show completely different structures. Moreover, all DF-LEEM(IV) curves

show similar features, speaking for the same structure contributing to the intensity
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behaviour of each curve and supporting the model of 3 equivalent domains rotated

by 120◦ against each other.

Figure 8.15: Model of the structure of Xmas star layer produced by annealing the silica template in

UHV. Left, the 3 rotational domains (12 unit cells each) are superimposed on the complex pattern,

and the main spots for the Ru(0001) unit cell are indicated. Right, a calculated pattern and the

lattice of the incommensurate phase in reciprocal space and real space are shown. In the pattern

red, green and blue circles donate the 3 domains, white circles represent the Ru(0001) pattern. The

spots marked with X are not observed in the LEED image. In the lattice model the Ru(0001) lattice

is represented as grey lines, one domain of the incommensurate lattice as red circles with its unit

cell as red rectangle.

During the time of this work the Xmas star bilayer phase was investigated by means

of Fourier-transform infrared spectroscopy (FTIR) and STM by Xin Yu of the Struc-

ture and Reactivity group and by David Kuhness and Hyun Jin Yang of the Scanning

Probe Microscopy group of the Fritz Haber Institute. The sample for the STM mea-

surements were prepared at the Fritz-Haber-Institute by annealing in oxygen (see

section 8.3) with the following parameters: heating rate >15 K/s, holding temper-

ature 1135 K and holding time 15 min. In figure 8.16 a) an STM image of the

sample with a field of view of 3.8× 3.8 nm2 is shown, the tunnel parameters were

VS = 2.9 V and IT = 21 pA. A homogenous surface is visible with jugged parallel

line structures. Because of this feature the Xmas star phase is referred to as zig

zag phase in STM. The [0001] direction of ruthenium substrate is indicated and the

topmost atoms of an atomic model are overlaid. The field of view of a) is indicated
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Figure 8.16: STM images (a-c) done by Scanning Probe Microscopy group (David Kuhness) and

atomic model (d) of the Xmas star (zigzag) phase calculated by theoretical Chemistry department

(Denis Usvyat).
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by a green box in b). B) is an STM image with a field of view of 10× 3.8 nm2, with

tunnelling parameters VS = 2 V and IT = 30 pA. It is visible that the Xmas star (zig

zag) phase and the vitreous BL phase coexist next to each other on the surface. In

the STM image with a large field of view in c), three different domains of the Xmas

star phase are indicated by black arrows, the tunnelling parameters were VS = 2 V

and IT = 30 pA. The three rotational domains were found in DF-LEEM as well, see

figure 8.9. In image c) it is also visible that the vitreous BL phase exists as islands

in the Xmas star phase. The islands are possibly the first signs of the beginning of

a phase transition of the Xmas star phase into the p(2x2) or vitreous silica phase.

The transitions of the Xmas star were investigated by in-situ LEED as well, but

they are not discussed in detail in this work. LEED images of the transition state

can be found in figure 10.2.

An atomic model was first suggested by the Scanning Probe Microscopy group and

in cooperation with Denis Usvyat from the Theoretical Chemistry department of the

Humboldt University Berlin an atomic model was calculated by density functional

theory (DFT). Its structure was optimized by using a PBE functional [139] and a

linear combination of atomic orbitals based code. The structure with the lowest

calculated energy has a unit cell consisting of 12 silicon atoms and 26 oxygen atoms

giving a stoichiometry of SiO2.17 (see figure 8.16 d)). In the structure silicon is

coordinated by 4 oxygen atoms forming silica tetrahedra that are connected with

each other in a rather complicated arrangement where some areas of the film are

lifted off while others are bound to the ruthenium surface. Both areas form parallel

lines on the surface and the lifted off area is slightly higher than the bound one,

thus explaining the investigated zig zag structure (see the topmost silicon atoms in

the model). The closest commensurate unit cell has a size of a = 9.37 Å and b =

8.12 Å, and corresponds to a
(
3× 2

√
3
)

Ru(0001) overlayer. The lattice parameter a

calculated by DFT is the same value as for the LEEDpat simulation of 9.37 Å, while

the calculated value for b is larger than the value of the LEEDpat simulation of

7.64 Å. The calculated crystal structure has a glide plane symmetry fitting to the

LEED pattern, its translation vector is 1⁄2
~b in the [1210] direction of ruthenium.

The glide plane symmetry is indicated by the purple and black unit cell and by the

mirror plane as red dashed line in figure 8.16 d).



Chapter

9
The p(2x2) BL-phase and the vitreous

BL-phase

9.1 The appearance of p(2x2)-BL-phase and vitreous BL-phase

in oxygen

The annealing of a silicon amount for a BL silica in an oxygen atmosphere of

10−6 mbar has widely been investigated [8–12, 15, 140]. However, all the results

are ex-situ measurements, performed after the oxygen annealing step. No in-situ

measurements for the preparation have been published so far.

Figure 9.1 shows the analysis of an annealing experiment in an oxygen atmosphere

with a heating ramp of 1.2 K/s. The silicon amount is comparable to a closed bilayer

of silica. LEED images for different temperatures are shown in the upper part of the

figure, in the lower part the intensities of LEED spots as a function of temperature

are depicted. Up to 950 K no additional spots to the (0,0) spot are observed (see

LEED image I). At 950 K new faint spots, ordered in a p(2x2) pattern, start to

appear (see image II and the intensity-temperature plot). The intensity of the p(2x2)

pattern increases with a broad maximum at 1140 K (see image III). While increasing

the temperature further, the intensity of the p(2x2) decreases and the p(2x2) spots

disappear. At the beginning of the intensity maximum of the p(2x2) pattern a ring

starts to appear in the diffraction pattern with its centre in the (0,0) spot. Its radius

corresponds to the distance of a first order p(2x2) spot to the (0,0) spot. The ring

intensity increases with increasing temperature and reaches a maximum at 1080 K.

The (1x1) spots start to appear at 1040 K (see LEED image III) and their intensity

increases linearly with increasing temperature. At about 1150 K, the p(2x2) pattern
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and the ring have the same intensity (see LEED image IV). Above 1170 K the p(2x2)

pattern disappears (see LEED image V).

To emphasize the difference between the two here described silica BL phases, the

p(2x2) BL-phases will be adressed as ”crystalline p(2x2) BL”, while the disordered

BL phase (ring in LEED) will be addressed as ”vitreous BL”.

Figure 9.1 (facing page): Analysis of LEED spots during annealing in 5.0× 10−6 mbar O2 to

1180 K. In the upper part the heating ramp and LEED images observed during this temperature

treatment are shown and the lower part represents the analysis of the intensity of selected LEED

spots during the annealing. The large diagram shows the intensity as a function of the temperature

between 950 K to 1180 K, while the inset shows the whole temperature range (RT – 1180 K). An

electron kinetic energy of 42 eV was used. (for more details see text)



9.1 The appearance of p(2x2)-BL-phase and vitreous BL-phase in oxygen 121



122 Chapter 9 The p(2x2) BL-phase and the vitreous BL-phase

9.2 p(2x2) BL-phase: Preparation, and characterization of

properties

These findings above enable the controlled and reproducible preparation of a pure,

crystalline p(2x2) BL-phase by annealing it to 1050 K in 5.0× 10−6 mbar oxygen.

The in-situ results of such annealing are shown in figure 9.2. The experiment consists

again of three stages: a heating ramp up to 1050 K, holding at 1050 K for 10 min

and cooling down. As before no extra spots additionally to the (0,0) spots appear

up to 950 K (see LEED images I and II). At 950 K a faint p(2x2) pattern appears

and its intensity and that of the (0,0) spot increases exponentially with temperature

up to 1050 K (see image IV). The (1x1) spots show a linear increase in intensity

with temperature up to 950 K that can be attributed to a rising background signal,

because no (1x1) spots are visible in image II. However, above 950 K they appear and

have an exponential intensity increase like the (0,0) spot and p(2x2) spots. During

the holding of the sample at 1050 K for 10 minutes, the p(2x2) and (1x1) spot

intensities increase only slightly. The (0,0) spot instead shows a quasi-exponential

increase of the intensity with time. During cooling, the intensity of the (0,0) spot

continues increasing down to 900 K, but decreases rapidly with further cooling. The

p(2x2) spots gain slightly in intensity with the temperature decrease, while the (1x1)

spots show opposite behaviour. Image V represents the final LEED pattern, where

the p(2x2) and (1x1) spots are clearly visible.
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Figure 9.2: Analysis of LEED spots while annealing a bilayer of silicon in oxygen to 1050 K.

The upper part shows LEED images collected during the temperature treatment, the lower part the

intensities of the individual LEED spots during heating, holding and cooling down. An electron

kinetic energy of 42 eV was used. (for more details see text)

Figure 9.3 shows the LEEM(IV) curve of the silica bilayer measured at room tem-

perature after the annealing in oxygen. The MEM to LEEM transition is increased
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Figure 9.3: LEEM(IV) curve of a crystalline p(2x2) silica bilayer after the thermal treatment in

oxygen at room temperature. For comparison, the LEEM(IV) curves of the 2O terminated ruthe-

nium surface, after the silicon deposition and after the thermal treatment in UHV are shown. The

energies of the MEM to LEEM transition are given in the inset and the intensities are normalized

to the maximum of intensity of the MEM mode.

by about 0.7 eV to a final value of 3.34 eV compared to the as deposited film and

is very close to the value of the 2O terminated ruthenium surface. The LEEM(IV)

curve starts with a deep minimum directly after the MEM to LEEM transition at

about 4 eV. With increasing kinetic energy of the electrons up to 14 eV, the intensity

change shows four maxima. Afterwards, the intensity decreases and has a minimum

at about 17 eV followed by a maximum at 21 eV. Up to 8 eV, the LEEM(IV) curve

shows similar features like the xmas star bilayer prepared in UHV or like the 2O ter-

mination. It has also a broader minimum at 17 eV like the 2O termination. Besides

this similar features, the LEEM(IV) curve does not resemble the other LEEM(IV)

curves (see also chapter 4 figure 4.3).

Figure 9.4 shows DF images and DF-LEEM(IV) curves at room temperature after

the annealing of a bilayer silicon in oxygen. The DF images show bright or dark

areas that are the terraces of the ruthenium surface. There are small islands of a size

between 20 to 35 nm on the terraces. For all diffraction spots used for imaging in the
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DF mode, the islands appear bright and similar features are found (see the arrows

and box in the images I-III). The DF-LEEM(IV) curves for the terraces including

the islands exhibit the same features, except for kinetic energies above 21 eV, where

differences are noticeable.

Figure 9.4: In the upper part of the figure a DF image series is shown. The spots used for the

images I-III are marked in the inset in the plot in the lower part of the figure. Similar areas are

highlighted by a box or arrows in the images. The plot shows the DF-LEEM(IV) curves of the black

or white terraces in DF. The electron kinetic energy used for the DF images series was 17 eV.
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Figure 9.5: LEED(IV) curves of a crystalline p(2x2) silica bilayer. The LEED image in the inset

has an energy of 55 eV and the investigated spots are indicated in it.

Figure 9.5 shows the LEED(IV) curves of the crystalline p(2x2) silica bilayer. The

(0,0) curve has three main features in the range of 10-70 eV, for higher energies only

very small changes in intensity are found. The p(2x2) pattern shows a lot of maxima

up to 80 eV with an average distance of 10 eV. Above 90 eV a very broad, but low

intense maximum up to 140 eV is found. The (1x1) spots show four maxima in

intensity up to 100 eV with an average distance of 20 eV. As for the p(2x2) a broad,

but low intense maxima up to 140 eV is found. The second order of the p(2x2) has

multiple maxima over the whole scan range, which are in average 20 eV distant from

each other. In the range of 55 eV all the investigated diffraction spots have maxima

and are clearly visible in LEED (see the inset in figure 9.5).

Figure 9.6 shows the XPS measurements of Si 2p, Ru 3d5/2 and O 1s line of the

crystalline bilayer of silica on ruthenium. The Si 2p line has a strong maximum

at 102.5 eV binding energy and no traces of a state lower than the +4 oxidation

state are found. The Ru 3d5/2 line has broadened at the higher binding energy

side and has no resemblance to the as-deposited spectrum, thus fitting very well

to the spectrum obtained for a 3O terminated ruthenium surface. The O 1s line
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Figure 9.6: XPS spectra of the Si 2p in a), Ru 3d5/2 in b) and O 1s in c) lines at room temperature

of a crystalline p(2x2) silica bilayer on ruthenium. For comparison, the XPS spectra after Si

deposition and of the 3O terminated ruthenium surface are shown. (Details see text)

has an intense maximum at 531 eV binding energy and a less intense shoulder at

lower binding energies. In comparison to the as-deposited spectrum the intensity of

the O 1s line has increased and a new peak appeared about 529.2 eV at a position

connected to Ru-O bonds.

9.3 Interpretation: The formation, morphology and chemical

state of the p(2x2) BL-phase

At the beginning of the annealing in oxygen of the deposited silicon bilayer no

structural change in LEED is observed (see figure 9.2). However, from the pre-

annealing in oxygen in subchapter 8.1 it is already known that above 625 K the

silicon film is completely oxidized to silica. At 950 K a dramatic change in the film

structure occurs. A crystalline p(2x2) silica phase is formed, which increases very

fast in intensity with rising temperature up to 1050 K. This suggests a very high
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transformation rate at the beginning of the transformation. In the following a very

slight increase of the intensity during the holding time and cooling is found, speaking

for only minor changes in the ordering of the film. The islands seen in the DF-images

imply also that the nucleation centers are homogeneously distributed over the whole

surface and that no rotational domains exist in the film.

IRRAS studies done in the institute and theoretical calculations [9,10], support the

model that the crystalline p(2x2) silica bilayer lifts off the ruthenium and that the

ruthenium surface is 3O terminated after the preparation. This model is confirmed

by the results of this work: The contrast changes of the terraces in DF (see figure 9.4)

supports the model of the lift off, in contrast to the DF-images of the BL prepared

in UHV (see figure 8.9), which is still attached to ruthenium via Ru-Si-O bonds and

shows no intensity change of the terraces. The shape of the O 1s line suggests that

two peaks, one for Si-O and one for Ru-O, exists and the Ru 3d5/2 line supports the

3O termination of ruthenium.

9.4 Vitreous BL-phase: Preparation, and characterization of

properties

As presented in the introduction of the beginning of this chapter, annealing the crys-

talline p(2x2) silica bilayer at temperatures above 1100 K in an oxygen atmosphere

transforms it into a vitreous phase (see figure 9.1). So it is possible to prepare

a purely vitreous silica bilayer. Figure 9.7 shows the in-situ measurement of the

formation of the vitreous phase. During heating up to 1100 K, the formation of

a crystalline p(2x2) BL-phase is observed (see images I and II). While holding the

temperature at 1100 K the intensity of the p(2x2) spots of the crystalline phase has

a maximum after one minute and then disappears. At the same time, a ring con-

necting all p(2x2) spots around the (0,0) reflection (see image III) starts to appear.

The intensity of the ring increases constantly within the first 4 min, but then starts

to increase slower until a constant intensity increase is found after 2 min. The (0,0)

intensity shows a quasi-exponential increase over time.
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Figure 9.7: Analysis of LEED spots appearing while preparing the vitreous silica bilayer phase in

oxygen at 1100 K. The upper part shows LEED images collected during the temperature treatment

and the lower part the intensities of the individual LEED spots during heating and holding stages.

An electron kinetic energy of 42 eV was used. (For more details see text)
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Figure 9.8: LEEM and LEED during the phase transition from crystalline p(2x2) to vitreous

at 5.0× 10−6 mbar. The time of the image is indicated in the upper part of the figure and the

corresponding LEED images in the lower part. The white line marks a step bunch of the surface

and the coloured boxes highlight the same areas for each image. For the LEEM images, an energy

of 14.5 eV, and for the LEED images, an energy of 42 eV was used. (For details see text)

Figure 9.8 shows LEEM images taken during the transition of a crystalline p(2x2)

bilayer to the vitreous one. The sample was held at 1075 K in an oxygen atmosphere

of 5.0× 10−6 mbar. At the beginning of the experiment the surface is covered with

islands that appear bright in the image. They have a size distribution from 30 nm

to 50 nm and are loosely connected with each other. A step bunch of the surface is

indicated by a white line and a dark feature is found in the middle of the image. The

LEED image shows a p(2x2) pattern indicating the crystalline bilayer phase. After

8 min of annealing the islands have the same size as in the beginning; however, they

appear more connected as before. The LEED image shows a p(2x2) pattern and a

faint ring feature. The third image shows the surface after 16 min. In comparison to

the first images the surface appears more homogenous. Some features that existed

already before the transformation are still visible (see for example the green or purple

area) besides newly formed features (see for example the red or yellow area). The

contrast of the step bunch (white line) increased possibly due to a slight change in
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focus. In LEED the ring structure gained in intensity, while the intensity of the

p(2x2) spots decreased.

Figure 9.9 shows LEEM and LEED images of a prepared vitreous silica bilayer.

Bright islands with a size of 40-100 nm form a dense network (see image I) that is

interrupted by dark lines following step bunches of the ruthenium surface (see image

II). In the LEED image III an intense ring is visible at the position where the first

order p(2x2) spots would appear for a crystalline bilayer in oxygen. A less intense,

second order ring is visible at the (1x1) positions of ruthenium.

Figure 9.9: LEEM and LEED images at room temperature after the preparation of a vitreous

silica bilayer in oxygen at 1150 K and holding for 30 minutes at this temperature. The white arrow

indicates the same area in the different fields of view in I and II. In the LEED image III the (1x1)

unit cell of ruthenium is indicated. For all images a kinetic energy of 42 eV was used.

Figure 9.10 shows the LEEM(IV) curve of a vitreous silica bilayer. The MEM

to LEEM transition is at 3.43 eV and about 0.1 eV higher than the one for the

crystalline silica bilayer in oxygen, close to the value of the 3O termination (3.41 eV).

The LEEM(IV) curve has at least 6 maxima between a kinetic energy of 4 to 28 eV

of the electrons, 4 deep minima occur at 4, 6, 16 and 28 eV. Only for kinetic energies

below 10 eV similar features appear in comparison to the crystalline p(2x2) silica

bilayer in oxygen and the Xmas star BL phase in UHV.

A DF-LEEM(IV) was done to study the nature of the dark features found in the

LEEM images (see figure 9.9). The results of the analysis are shown in figure 9.11.

Five different positions on the ring in reciprocal space were used, indicated in the

LEED image. One dark feature and its change in intensity depending on the ring

position is shown in the DF-LEEM images I-III, A and B, all taken at 13.5 eV.

In image I two areas, a very bright and a dark one, can be distinguished in the

dark structure at this energy. The contrast of the bright and dark areas changes

depending on the selected position on the ring in reciprocal space. There is no

contrast change between the images A and B. However, a strong change is seen in
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Figure 9.10: LEEM(IV) measurement of a vitreous silica bilayer at room temperature. For

comparison, the LEEM(IV) curves of the crystalline p(2x2) silica bilayer in oxygen and of the

Xmas star BL phase in UHV are shown. The energies for the MEM to LEEM transitions are given

in the inset.

the images II and III. The contrast of the bright areas is inverted from image I to

image II, and in image III new areas appear bright within the structure.

DF-LEEM(IV) measurements have been made for different areas, as indicated in

image I and presented in the lower part of the figure. The black curve represents

the black box in image I, the blue and the green curves represent the blue and green

boxes. The LEEM(IV) curves of the crystalline p(2x2) layer and of the 2O termi-

nation are shown for comparison. The DF-LEEM(IV) curve of the vitreous silica is

unique and has no resemblance to the others. However, the DF-LEEM(IV) curves

of the blue and green areas resemble very well the 2O terminated ruthenium surface.

With these results, it can be concluded that the dark features are holes in the vitre-

ous silica bilayer going down to the ruthenium surface, which has a 2O termination.

The existence of holes has been proven by XPEEM measurements in a publication

connected to this work, see [141].
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Figure 9.11: DF-LEEM and DF-LEEM(IV) curves taken at different positions of the ring in

LEED. The positions in reciprocal space are indicated in the LEED image, the areas used for the

DF-LEEM(IV) curves are shown in DF-LEEM image I. For the LEED image, a kinetic energy of

23 eV and for the DF image series 13.5 eV have been used. (For details see text)
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For a better understanding of the structure of the holes in the silica layer, an ad-

ditional dark field study has been made of the film shown in figure 9.11. In this

case the reciprocal space along the ring was probed in DF-LEEM. The small inset

in the plot in figure 9.12 illustrates this. For a constant kinetic electron energy, the

position on the ring was changed, covering 180◦ of the whole ring with measurement

points. The results are presented in figure 9.12. In the upper part, a bright field

and dark field image series are shown. In the bright field image (0,0) a dark feature

within the vitreous silica layer is visible; it is a hole that has a bright structure in

itself. The dark field images I-V show the same area as before and their position on

the ring is indicated in the plot and its inset. The plot shows the intensity over angle

on the ring. The first point of the measurement is defined as 0◦ and the other points

are plotted relative to it. Image I is a dark field image at this measurement point.

It shows small bright structures at the rim of the hole, which appear again in image

IV. In the images III and V the area inside the hole appears bright. Overall, three

structures depending on the measurement position in reciprocal space are found in

the dark field series: the vitreous silica bilayer around the hole, some structures at

the rim of the hole, and a bright area inside of the hole. Image I indicates areas

of interest for these structures, which were used in the plot of intensity versus an-

gular position of the ring. The silica layer shows only a small change in intensity

during the measurement. However, the plot reveals that the two structures appear

alternately every 30◦ when probing the reciprocal space. It is possible to connect

angular positions of the ring to spot positions in reciprocal space, because of the

results in figure 9.11 where it was shown that the bright areas in the hole belong to

an oxygen termination. The positions of {0,1/2} spots are given below the angular

x-scale. In this way, it is concluded that the structures at the rim of the hole belong

to a rotated silica layer.
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Figure 9.12: DF-probing of the ring in reciprocal space. The (0,0) image shows a feature within

the silica layer in bright field and images I-IV show the same area in dark field. The boxes in image

I represent the areas used for the plot of intensity versus angle around the ring, as indicated in the

inset. (For details see text)
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Figure 9.13 shows the results of a LEED (iV) measurement of a vitreous bilayer

at room temperature. In the upper part of the figure three LEED images for dif-

ferent kinetic energies are shown. They emphasize the intensity dependence of the

structures in reciprocal space on the electron kinetic energy. The areas used for the

plots a) are shown in image II. a) shows the intensity of the used areas as function

of kinetic energy. b) is a cut through the reciprocal space along a fixed direction

showing the intensity dependence on energy for a fixed cross section. It is composed

of line cross-sections through the LEED images. c) plots the kinetic energies of the

intensity maxima of selected spots in connection to parabolas found in the cross

section.

All three LEED images show the (0,0) spot, the (2x2) and the (1x1) spots, and

a first order (at the (2x2) position) and second order (at the (1x1) position) ring

feature. All spots exhibit a distinct intensity versus kinetic energy dependence,

and a closer look reveals that it seems that the radius of the second order ring

structure changes with kinetic energy. In the cross-sections the maxima in intensity

are also found. However, the background intensity between the structures reveals

clearly a dependence on energy: parabolas around the (0,0) spot are found. They

are highlighted by dashed lines in the plot b) and they account for the intensity

behaviour of the second order ring observed in the LEED images I-III.

Figure 9.13 (facing page): LEED(IV) measurement of a vitreous silica bilayer at room tem-

perature. The LEED images I-III show the LEED pattern for different energies. In image II the

measurement areas of the intensity vs. kinetic energy plot in a) are shown. Plot b) shows a cut

through the energy space for a fixed cross section indicated in LEED image III. c) emphasizes

maxima connected to the parabolas found in the cross section. (For details see text)
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Figure 9.14 shows the results of an XPS measurement of a vitreous bilayer prepared

in oxygen. The Si 2p line in a) shows no traces of silicon less oxidized than 4+. It

is narrower and slightly shifted (about 0.1 eV to 102.4 eV) to lower binding energies

than the crystalline p(2x2) bilayer in oxygen. The Ru 3d5/2 in b) is much broader

than the line for the crystalline p(2x2) bilayer in oxygen and resembles very well

the 4O termination of oxygen on ruthenium. The O 1s line has a broad maximum

at 529.9 eV, and its shape is in good agreement with that of the crystalline p(2x2)

bilayer in oxygen. It has a shoulder at the lower binding energy side, with a higher

intensity than the crystalline p(2x2) bilayer in oxygen.

Figure 9.14: XPS spectra at room temperature of the Si 2p in a), Ru 3d5/2 in b) and O 1s line

in c) of a vitreous silica bilayer prepared in oxygen atmosphere. (For details see text)

Additional to the preparation in oxygen, it is possible to prepare the vitreous BL-

phase also in UHV. For this an intermediate preparation step was necessary: First

the crystalline p(2x2) BL-phase had to be prepared as described in section 9.1 and

subsequently this was annealed in UHV. The transition occurred at lower temper-

atures than in oxygen (see section 9.5 and figure 9.17). In figure 9.15 the XPS

spectra for this preparation are shown in comparison with the corresponding spec-

tra of vitreous BL prepared in oxygen. Clearly, both, the Si-O component of the
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Si 2p and the O 1s lines are shifted by 0.8 eV to higher binding energies (102.9 eV

and 532.0 eV), while the Ru 3d5/2 peak is not changed in position but in shape,

indicating a lower oxygen concentration at the ruthenium-interface comparable to

an 1O termination. This is supported by the much lower Ru-O component of the

O 1s line that additionally shows a small amount of Si-O-Ru bonds.

Figure 9.15: XPS spectra at room temperature of the Si 2p in a), Ru 3d5/2 in b) and O 1s line

in c) of a vitreous silica bilayer prepared in UHV. (For details see text)

9.5 Interpretation: Formation, morphology and chemical state

of the vitreous BL-phase

As described in the previous text the annealing of the bilayer in oxygen at tempera-

tures above 1100 K transforms it from a crystalline to a vitreous phase. During the

temperature holding stage a continuous transition over time is found (see figure 9.7).

All crystalline islands transform uniformly on the entire surface; no transition front

moving across the sample or special areas are observed within the lateral resolution

of around 10 nm used in the experiments. The LEEM series of the transition (see
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figure 9.8) does not reveal whether the transition starts at the border or within the

islands. Also no effects from surface areas like step bunches or holes are found.

However, the islands start to grow together and the step bunches of the underlying

ruthenium show an increased contrast (see figure 9.9). A maximum of the stress in

the bilayer, induced by the height step of a step bunch, could lead to the formation of

cracks within the bilayer and to the observed enhanced contrast of the step bunches.

It is not possible to conclude if the cracks are only in the topmost or in second

layer, or extend through the entire bilayer. In image I of figure 9.9 a dark feature

is found in the middle of a crack looking like a hole down to the substrate. These

hole features are found at several places of the film. A closer investigation reveals

that these holes indeed reach down to the ruthenium surface and that there is a

2O termination at the bottom (see figure 9.11). The rim of the holes consist partly

of a 30◦ rotated structure that could be a rotated bilayer or a rotated monolayer (see

figure 9.12). The existence of a rotated silica bilayer structure was already shown

for the Fe-Si-O and the silica bilayer system on Ru(0001) in [125,142,143], and the

rotated ML has been described in chapter 6 of this work.

Figure 9.16: Cross sections of the LEED(IV) measurements of the vitreous BL-phase in a), the

crystalline p(2x2) BL phase and of clean Ru(0001). The results of the fitsof the electronic structure

are superimposed on the right side in the cross-sections. (For details see text)

The LEEM(IV) shows many intensity features and is clearly distinguishable from

the crystalline bilayer in oxygen (see figure 9.10).

The energy dependent reflectivity behaviour of figure 9.13 might be explained by

electronic states. In case the incoming electron finds an electronic state in the sam-

ple surface with matching k-vector and energy, then the electron has a higher prob-

ability to penetrate into the sample, hence the reflectivity is reduced (bright areas

in the cross sections). In contrast, if the incoming electron does not find a matching
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state, then the probability of penetration is reduced and therefore the reflectivity

is increased (dark areas in the cross sections). With other words, the maxima and

minima in the reflectivity curve might correspond to low and high density of states

– additional to the interference effects due to the crystalline structure. Additional

to the strong modulations in intensity of the LEED spots, the diffuse background

shows as well a structure. This might be due to the scattering process in the sil-

ica/Ru system, where the reflection is affected by the probability for the electrons

to find a suitable state. Therefore, the band structure of unoccupied states (above

the vacuum level) might be visualized by the intensity modulation of the LEED

background. Because, all LEED measurements are energy filtered (δE = 0.5 eV),

only elastically backscattered electrons are observed and the modulations cannot be

explained by simple energy loss processes.

A well-known example for quantized electronic state is the quantum well with infinite

barriers and a width of L. Defining the parameter G⊥ = 2π/L, the quantized energies

of this quantum well show a parabolic behaviour, whereas m is the electron mass

and n the quantum number:

En = ~2

8mG2
⊥n

2 (9.1)

Expanding this one-dimensional model to three dimensions, whereas only one direc-

tion is confined (in the silica/Ru(0001) case this is normal to the surface), but the

other two directions are free of barriers (this means along the surface), yields in a

combination of quantum well states and free electron behaviour:

En = ~2

2m

((
G⊥
2

)2
n2 + k2

‖

)
+ E0 (9.2)

The wave vector k‖ is given parallel to the sample surface and E0 is the potential

of the bottom of the quantum well, referred to a reference energy level (like Fermi

level or vacuum level).

In figure 9.16 a), the experimental data are fitted with the formula, using G⊥ =
1.62 Å−1, corresponding to L = 3.9 Å and E0 = −1 eV, meaning that the bottom

of the quantum well is 4.5 eV below the vacuum level which is at +3.5 eV in our

experimental setup. The values of the wave vector is calibrated by the position of

the (10) Ru spot, which is at GRu = 2π/aRu = 2.32 Å−1 with aRu = 2.706 Å.

For comparison the corresponding LEED(IV) cross section analysis for the crystalline

p(2x2) BL phase (figure 9.16 b)) and the clean Ru(0001) (figure 9.16 c)) is shown.
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Here parabolic structures are added as a help for the eyes. Especially the Ru crystal

shows clear and sharp parabolic structures. The fitting curve is:

En = ~2

2m
m

meff

k2
‖ + E0 (9.3)

The curvature of the parabolas is five times larger than expected for the free electron

(i.e. in figure 9.16 a)), meaning a 5 times smaller effective mass (m/meff = 5). The

offset energies are 100 eV and 37 eV above the vacuum level. For the crystalline

BL (figure 9.16 b)) four parabolas might be identified. The two top structures can

be fitted with (m/meff = 1) and -0.6 with and offset energy of E0 = 86 eV and

the two bottom curves with (m/meff = 0.5) and -0.5 and E0 = 30 eV. Obviously,

these states of the crystalline silica and pure Ru(0001) cannot be described by free

electron behaviour or one dimensional quantum wells.

Summarizing it can be stated, that the experimental data exhibits a clear difference

in the reflectivity between the vitreous and the crystalline BL. The modulation in the

background of the LEED might be described be the effect of (unoccupied) electronic

states on the reflectivity, visualizing the dispersion of these states.

Furthermore, the transformation has been investigated in more detail and it is found

that its transition time depends on temperature and oxygen pressure. Moreover,

it has been shown that the transition itself occurs independently on the oxygen

pressure (see figure 9.17). Two scenarios are given in figure 9.17, first in b) the

transition under 5.0× 10−6 mbar oxygen and second in c) the transition in UHV with

a background pressure lower than 5.0× 10−9 mbar. For the UHV experiments, as a

intermediate step, the crystalline p(2x2) phase was produced in oxygen before, then

was held at 775 K until the background pressure dropped below 5.0× 10−9 mbar,

and finally was annealed again. To determine the time constant of the transition

an exponential fit of the intensity of the (0,0) spot over time was used; an example

is shown in a) and the results of measurements at different holding temperatures

are given in the insets of the graphs b) and c). The calculated time constants were

plotted in an Arrhenius diagram in d) to determine the activation energy of the

transformation.

For both scenarios (transformation in oxygen or UHV) a value of about 4.2 eV is

found. This value fits very well to the value for the defect fomation energy of the

Stone-Wales-defect in a hexagonal silica bilayer given in [144], where a theoreti-

cal approach by using classical force field calculations was applied. Originally, the

Stone-Wales defect was a theoretical approach to predict the formation of isomers
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Figure 9.17: Transition from crystalline p(2x2) to vitreous on structure depending on temperature

and oxygen background pressure – analysis of the recorded LEED pattern. a) shows as an example

the intensity change of the (0,0) spot during the transition in LEED at 5.0× 10−9 mbar oxygen

atmosphere at 1125 K. An exponential fit function was used to determine a time constant for the

transition. b) and c) show the results of experiments done at different temperatures with or without

oxygen background atmosphere. The determined time constants for each transition are given in the

insets. d) is an Arrhenius-plot of the time constant. For both experimental conditions, a linear fit

was done to determine the activation energy. (for details see text)
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of C60 molecules [145]. Later it has been found experimentally in 2D systems like

graphene as well [146, 147]. In a hexagonal system (6-member rings) it consists of

two 5-member and two 7-member rings (55-77). This structure is achieved by ro-

tating two neighbouring nodes by 90◦ around their midpoints (see figure 6.1). In

the case of the silica bilayer it is the rotation of four silica tetrahedra (two in each

layer) would lead to the transformation. This observation is supported by earlier

noncontact-AFM studies done in our department, where in the vitreous silica bi-

layer mainly 6-, 5- and 7-member rings have been found [8, 123]. However, smaller

amounts of 4-, 8- and 9-member rings have also been found; their origin could be

ascribed to the fusion of multiple Stone-Wales defects, or to the rotation of multi-

ple silica tetrahedra double units close to each other (for example to generate the

“flower” defect, see [144]). However, another possibility could be the desorption of

silica tetrahedra units and the rearrangement of the layer due to this. The latter is

supported by the fact that after prolonged or high temperature annealing (>1175 K)

mesoscopic holes in the silica bilayer are found (see the LEEM image series in 9.20).

The homogeneous transition from crystalline to vitreous found in LEED implies the

existence of a transition state, where the crystalline and the vitreous phases co-

exist. From a statistical point of view, Stone-Wales defects can appear anywhere

in a perfect crystalline p(2x2) silica bilayer film. However, in reality the film on

the Ru(0001) surface has rotated domains, antiphase boundaries, and defects like

Dauphiné twin boundaries [125]. Moreover, the Ru(0001) surface has atomic steps

and step bunches, where the film is stressed. The stress induced by these defects

on the covalent bonds within the silica bilayer and the surface morphology may in-

fluence the occurrence of the Stone-Wales process and other types of defects during

annealing. This is supported by STM findings of crystalline and amorphous phases

next to each other with a transition zone of about 1.6 – 2.4 nm [13, 125]. Con-

sequently, the transformation of the film will most likely start in these regions, as

found in the LEEM measurements earlier, the crystalline p(2x2) silica bilayer film

consists of small 20-35 nm large islands (see figure 9.4). The boundaries of these

islands are possible candidates for the beginning of the transformation. Their size

close to the resolution limit of the microscope is a possible explanation, why the

transition followed in LEEM looks homogeneous. A possible scenario could be the

following: Areas which are already defect rich transform to a vitreous state and en-

close crystalline areas, -in which they grow. At the same time Stone-Wales defects

occur in larger crystalline islands and maybe diffuse together or towards the phase

boundaries. The interface of the crystalline and the vitreous silica bilayer phases

consists mainly of 5- and 7-member rings supporting this scenario [13, 125]. The
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large amount of boundaries due to the small islands explains the high slope of the

intensity of the (0,0) spot and the p(2x2) at the beginning of the transformation.

Figure 9.18: Illustration of the Stone-Wales defect (55-77) and its origin. In a) a perfect crys-

talline silica film is shown, which consists only of 6-member rings, b) shows the rotation of silica

tetrahedra units and c) the Stone-Wales defect with two 5- and two 7-member rings. The silicon

atoms are shown as green spheres, the oxygen atoms are red spheres. b) shows only the principle of

the transformation (final rotation by 30°), it is not known if this transition state exists. The film

with the Stone-Wales defect in c) is shown without any relaxation.

9.6 Controlling the oxygen amount at the Ru(0001)-surface by

thermal annealing or oxygen intercalation

Studies done in the department show that it is possible to decrease the oxygen

amount beneath a vitreous silica bilayer film [10, 18, 20], and to intercalate oxygen

again or CO, for example. The silica bilayer appears to act as a mesh or molecular

sieve above the ruthenium surface and may open the possibility to probe chemical

reactions in the confined space between ruthenium and the silica bilayer sheet. The

temperature dependence in the range of 1030 K to 1150 K for the desorption of

oxygen in UHV from the silica-covered ruthenium surface has been investigated in

detail by XPS in [10]. In that paper, it has also been shown that it is possible

to intercalate oxygen and adsorb it on the ruthenium surface by annealing with

2.0× 10−6 mbar oxygen at 1140 K for 10 min. The Si 2p and Si-O components in

the O 1s line show a dependency of the adsorbed oxygen at the ruthenium interface.

For decreasing oxygen content at the interface, both core level lines shift to higher

binding energies (max. 0.8 eV). Through re-oxidation the lines shift back to their

initial position. In [148] the thermal desorption of oxygen was investigated by XPS

in more detail again in the range of 900 K to 1200 K (however, no annealing times are
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given) and the re-oxidation was done at 820 K in 2.0× 10−4 mbar oxygen. Similar

shiftss for the binding energies of the Si 2p and of the Si-O peak in the O 1s line

and of the work function were found, too [10]. Both papers explain the found

binding energy and work function shifts, using theoretical calculations, by a dipole,

induced by electron transfer from ruthenium to the oxygen atoms at the interface; the

strength of the dipole should depend on the oxygen amount adsorbed on ruthenium

below the silica bilayer. The experiments done so far describe the desorption and

intercalation of oxygen only as a function of temperature, with the time dependency

not yet being investigated.

In this work controlling the oxygen amount at the ruthenium interface by UHV an-

nealing and exposure to oxygen was studied as well. In contrast to the described

publications, the time dependence for a fixed annealing temperature and the interca-

lation at lower temperature was probed. Figure 9.19 shows the XPS results of these

experiments. After annealing the silica bilayer at 1125 K for 1h in UHV, the Si 2p

line is shifted about 0.7 eV to higher binding energies (103.1 eV, figure 9.19 a)). The

ruthenium line shape resembles quite well the shape found for the 1O termination

figure 9.19 b). The Si-O peak in the O 1s line is shifted about 0.6 eV also to higher

binding energies and the (not shifted) Ru-O component in the O 1s line is weakly

visible. Prolonged annealing for 1.7 h at 1125 K shifts the Si-O peak even further by

about 0.8 eV and the Ru-O peak is slightly further decreased. The energy shifts are

comparable to the ones found in [10, 148]. A small remaining intensity is found at

about 530 eV in the O 1s line, maybe connected to Ru-O-Si bindings on the surface.

They could have already been present after the preparation of the vitreous phase,

or occurred during the annealing. The films annealed for 1.7 h in UHV were then

exposed to oxygen at 375 K. In figure 9.19 d) the results of an in-situ XPS measure-

ment of the O 1s line are shown as a function of oxygen dosing. The image stack

illustrates the shift of the Si-O component of O 1s line in dependency of the interca-

lated oxygen amount. First, the oxygen pressure was increased to 1.0× 10−7 mbar

and then kept constant over time. While increasing the oxygen pressure no change

in the Si-O component position is found, however when 1.0× 10−7 mbar is reached

it starts to shift linearly with time by about 0.5 eV to lower binding energies until

about 50 L are reached, then no shift occurs anymore. The intensity of the Ru-O

component starts to increase earlier, when 2.0× 10−8 mbar are reached and a linear

intensity increase for the whole experiment is found. The change of the O 1s line

before and after the first intercalation experiment is shown in graph c). The Si-O

component shifted to lower binding energies and the Ru-O component reoccurred.
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Figure 9.19: XPS spectra of the vitreous silica bilayer after UHV annealings and subsequent

oxygen exposures of the Si 2p in a), the Ru 3d5/2 in b) and the O 1s line in c). The experimental

conditions are given in the insets. In d) the region of O 1s line was measured in-situ and in real

time during an oxygen exposure up to 1.0× 10−7 mbar at 375 K. The cross section of the O 1s

line is shown as image stack with an inverted grey scale over time. The dose of oxygen is the left

y axis (scaling not linear at the beginning, but becomes linear after about 4 L) and the inset shows

the pressure and the intensity of the Ru-O line over time. (For details see text).

The oxygen pressure was then increased to 5.0× 10−6 mbar to increase the inter-

calation rate and the film exposed to 1140 L of oxygen overall. An in-situ XPS

measurement under these pressures is not possible with the spectro-microscope, be-

cause of technical reasons: the interlock system of the beamline activates above

pressures of 2.0× 10−7 mbar. However, the Si 2p, Ru 3d5/2 and the O 1s lines were

measured after the oxygen exposure and the results are shown in a), b) and c). The

Si 2p line shifted about 0.5 eV and the Ru 3d5/2 line resembles a 3O termination.

The Si-O component in the O 1s line shifted further to lower binding energies and

the Ru-O component slightly increased its intensity.

Figure 9.20 shows LEEM(IV) curves, LEEM and LEED images done after the an-

nealing in UHV and after the exposures to oxygen described for the previous mea-

surement. The kinetic energy axis of the LEEM(IV) curves is relative to the value of
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the MEM to LEEM transition of each curve, that means to the vacuum level of each

surface. All curves have similar features in comparison to the as prepared vitreous

silica bilayer, which differ slightly in their intensity, but the peak energy relative

to the vacuum level is the same. Below the graph of the curves LEEM and LEED

images of the surface obtained after each treatment are shown. The first LEEM im-

age I shows atomic steps, step bunches and the terraces, which have a homogenous

contrast with only small changes. In the LEED image the ring pattern originating

from the vitreous silica bilayer is found. After the first UHV annealing the step

bunches have gained in contrast and holes in the film are found, which are located

above atomic steps or step bunches (see LEEM image II). Except for these features

the film looks very homogeneous. The LEED image showed the ring structures of

silica and additionally a faint (1x1) pattern. After continuing the UHV annealing,

the holes in the film grew in size, and their density at step bunches has increased

(see LEEM image III), while the contrast of the atomic steps decreased. The LEED

image shows again the ring structure of the vitreous bilayer, however a weak p(2x2)

pattern is visible now. After oxygen exposure of 88 L the contrast of the steps and

step bunches has increased and the holes remain unchanged (see the LEEM image

IV). In the LEED image the contrast of the vitreous silica ring pattern has increased

and a p(2x2) pattern is slightly visible. After an overall oxygen exposure of 1140 L

only slight differences between the LEEM and LEED images to the previous oxygen

exposure are found (compare LEEM and LEEM images IV and V).

From these results it can be concluded that the oxygen desorption is a continu-

ous, temperature-dependent process. Moreover, for the future one could follow the

Ru 3d5/2 change over time while holding a freshly prepared film at different tempera-

tures. For each temperature, the time needed to reach a certain oxygen termination

could be measured and the temperature dependence of this time analysed via an

Arrhenius plot. From the slope one might determine an activation energy for each

desorption step. However, it should not be neglected that the annealing of the film

in UHV leads to the formation of mesoscopic holes in the film. So, it cannot easily

be concluded whether the oxygen adsorption occurs through the larger rings formed

by the silica tetrahedra in the vitreous silica bilayer, or through these mesoscopic

holes to which the oxygen diffuses below the bilayer. A similar experimental series

like that suggested for desorption could be done in LEEM following the formation

of these holes over time. With their distribution, number or size an Arrhenius plot

could be done as well to determine an activation energy for the formation of meso-

scopic holes in the film. The combination of the results of both experiments could
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Figure 9.20: LEEM(IV) curves, LEEM and LEED images of a vitreous silica bilayer after high

temperature annealings in UHV and after oxygen exposures. The used parameters and value of the

MEM to LEEM transitions are given in the inset of graph. The kinetic energies of each curve are

relative to their MEM to LEEM transition. Below the graph LEEM and LEED images made after

each annealing step are shown. For them a kinetic energy of 42 eV was used. (for details see text)
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Figure 9.21: Sketch of the possible desorption and intercalation routes of oxygen below a silica

bilayer on ruthenium.

then give a first glimpse which desorption process (oxygen desorption through the

film or the mesoscopic holes) is dominant. The observed occurrence of the p(2x2)

pattern in LEED is highly likely connected to mesoscopic holes, as it was already

shown in figure 9.11 that the holes are reaching down to the ruthenium surface and

that their bottom can be covered with oxygen.

For the intercalation, it can be concluded that the oxygen adsorption below the silica

film at the ruthenium surface is a continuous process at 375 K. Again, following the

Ru 3d line during intercalation at different temperatures could be used to determine

the activation energy for this process. However, also for this the mesoscopic holes

could play a role as entry point for oxygen below the bilayer. The two processes,

oxygen desorption and intercalation, are sketched in figure 9.21. To prepare oxygen

poor samples like after the UHV annealing for an intercalation experiment, it is

preferred to use a H2 treatment instead as already mentioned in [148] to exclude the

formation of mesoscopic holes.



Chapter

10
Summary and outlook

Here the results of this work will be summarized and a short outlook about possible

additional results will be given. For details see the corresponding subchapters.

In this work all steps of the preparation of silica ML and BL on a single crystal

metal substrate (Ru(0001)) were investigated in detail by LEEM, LEED and XPS.

The possibility to measure in-situ and in real-time brought new insights into the

preparation procedures and the properties of the resulting silica phases.

First, four oxygen terminations of Ru(0001) were investigated in detail to create

a trustworthy reference data base measured in the same experimental setup (see

chapter 4). They are referred to as 1O, 2O, 3O and 4O terminations. The first three

terminations cannot be distinguished by the spot positions of their LEED patterns,

so it was necessary to establish their differences by LEEM(IV), DF-LEEM(IV),

LEED(IV) and XPS. At this stage, the XPS of the Ru 3d5/2 line and dark field

LEEM measurements were very important, which enabled a direct comparison with

the silica covered surface.

As next step, the various deposition procedures were investigated (see chapter 5).

First a silicon over layer grown in UHV was used to characterize the stability of the

deposition depending on the evaporator parameters. With this knowledge, various

amounts of silicon were deposited on the surface and oxidized to form silica. The

so prepared samples were transferred to the FHI campus and were characterized by

IRRAS to determine the deposited amounts. With these results, it was possible to

establish a method, using the intensity decay in LEED, to determine the deposited

silicon amount in-situ. This represents an important milestone of this work, because

it opened up the possibility to investigate a data base of more than 400 previously

prepared films, to compare them with each other and to deposit well-defined amounts

of silicon.
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Then the deposition of silicon amounts corresponding to ML and BL silica were inves-

tigated in detail at room temperature under an oxygen atmosphere on an oxygen pre-

covered Ru(0001) surface. It has been found that under the used conditions ruthe-

nium acts as a catalyst by supplying atomic oxygen for the oxidation of silicon. So,

the ML silicon is already fully oxidized after deposition, while the BL amount needs

an additional low temperature annealing step to 600 K in pO2 = 5.0× 10−6 mbar

oxygen to become fully oxidized. Both films are poorly ordered at this stage.

This result enabled new routes for the preparation of silica on Ru(0001) (see chap-

ters 6, 7, 8, 9). The influence of the parameters such as oxygen pressure, annealing

temperature, holding time, and heating rate were probed for both silica amounts.

For instance, the silica ML shows two phases depending on the oxygen background

pressure during annealing, namely, a (2x2)R30° phase in UHV and a p(2x2) phase in

pO2 = 5.0× 10−6 mbar oxygen. The silica BL has three phases, one with a complex

LEED pattern denoted as Xmas star BL phase, a crystalline p(2x2) phase, and a

vitreous phase. The occurrence of the phases has a complex dependency on the oxy-

gen pressure, the holding temperature and the heating rate. For instance, the Xmas

star BL phase can be produced via annealing in UHV with a low heating rate or via

annealing in oxygen with a high heating rate. On the other hand, the p(2x2) phase

is formed by annealing in oxygen with a low heating rate. It is transformed into the

vitreous phase by increasing the holding temperature in oxygen or by annealing in

UHV at slightly lower temperatures.

The transformation of the p(2x2) silica phase into the vitreous phase was investi-

gated in detail. It was found that it is a continuous process that happens everywhere

on the surface at the same time and is below the resolution limit in LEEM under the

used conditions. An activation energy of 4.2 eV was determined for the crystalline to

vitreous transformation from an Arrhenius plot of the transition times for different

temperatures. The value of 4.2 eV is in good agreement with theoretical calcula-

tions for the activation energy to form a Stone-Wales-defect in a hexagonal silica

bilayer. Furthermore, the vitreous bilayer was used to investigate the desorption

and intercalation of oxygen below the layer. It was found that the silica BL starts

to form mesoscopic holes (diameter of a few tens of nanometer) during the UHV

annealing and that the O 1s line undergoes a linear shift to lower binding energies

during intercalation.

For the different phases of the ML and the BL the preparation conditions, LEED

pattern, and XPS results are summarized in table 10.1.
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amount

of silica\
para-

meters

ML BL

Phase (2x2)R30° p(2x2) Xmas star p(2x2) vitreous

Oxygen

pressure

(mbar)

< 5.0×
10−9 5.0× 10−6 < 5.0×

10−9*
5.0× 10−6 < 5.0×

10−9**

Final

annealing

tempera-

ture T

(K)

1075 1045 1080 1050 >1075 >1025

Heating

rate

(K/s)

7 1 1 7.5 1

Holding

time

(min)

1.25 10 5 2 10 ∼ exp(−T)

Final

LEED

pattern

with

42 eV at

RT

Compari-

son to

Ru 3d5/2

oxygen

reference

1O 3O 1O 3O 4O 1O

Ebin for

Si-O

(Si 2p,

eV)

102.8 102.3 102.8 102.6 102.5 102.4 102.9

Ebin for

Si-O

(O 1s,

eV)

531.7 531.2 531.7 531.4 531.0 529.9 532.0

Table 10.1: Preparation conditions, LEED patterns and XPS results of the different phases of the

silica ML and BL. (* Before the annealing a fully oxidized, disordered silica template was prepared.

** A crystalline phase was prepared in oxygen before annealing and served as a template.)
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Figure 10.1: LEEM(IV) curves of the ML-and BL-phases of silica on ruthenium. The kinetic

energy of MEM to LEEM transitions are given in the inset.

Figure 10.1 shows the LEEM(IV) curves for the ML- and BL-phases after prepa-

ration. Only the vitreous phase shows very large differences in comparison to the

other ML- and BL-phases. The (2x2)R30° phase of the ML and the Xmas star BL

phase of the BL have a similar value for the MEM to LEEM transition of about

2.8 eV, the phases prepared in oxygen have a value larger than 3.3 eV.

The phase transition of the (2x2)R30° to the p(2x2) phase starts in

pO2 = 5.0× 10−6 mbar oxygen at 925 K. It had been shown before that this phase

transformation is reversible [16] by heating in UHV. A LEED image of the interme-

diate state of the transformation is shown in Figure 10.2. The LEED spots of the

(2x2)R30° and the p(2x2) phases are clearly visible, so both phases co-exist during

the transition next to each other at the surface. In contrast to the preparation of

the (2x2)R30° phase in UHV no ring appears.

For the Xmas star BL phase it was found that at about 1100 K and

pO2 = 5.0× 10−8 mbar oxygen pressure a transformation to the p(2x2) phase starts

over time. With increasing temperature to 1125 K and the oxygen pressure to

5.0 x 10-6 mbar, a ring appears in LEED suggesting the formation of a vitreous
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Figure 10.2: Intermediate states of the phase transitions. Left that of the (2x2)R30° to the p(2x2)

phase, and in the middle and the right, the transitions of the Xmas star to the p(2x2) and ring.

The used kinetic energy was 42 eV.

phase. At this point three phases co-exist on the surface at the same time. The two

intermediate states are shown in Figure 10.2.

The phase transition to the vitreous phase is irreversible. Prolonged annealing above

700 K in UHV or in oxygen showed no evidence of a structural change of the silica

bilayer, only the formation of holes was found. Also, slower heating and cooling

rates, with < 1 K/s, and faster heating and cooling rates of about 15 K/s have no

effect on the formation of the vitreous phase.

The bilayer starts to de-wet at temperatures of above 1200 K. The process starts

especially at step bunches, the evaporation of the silica layer on top is faster than the

evaporation of the second layer closer to the ruthenium surface. This leaves behind

exposed areas of the ruthenium surface, close to the step bunches, surrounded by

islands of the (2x2)R30° ML-phase and a vitreous phase in the distant areas (see

images in [141]).

For amounts lower than 1 ML the (2x2)R30° or p(2x2) structure appear by annealing

in UHV or oxygen at temperatures found for 1 ML. Amounts between 1 and 2 ML

have shown a mixture of the (2x2)R30° and Xmas star patterns in LEED after

UHV annealing, while in oxygen only a p(2x2) pattern is found. Amounts above 2.5

ML after preparation in pO2 = 5.0× 10−6 mbar oxygen show no p(2x2) phase and

only a vitreous one appears. On the other hand, for thicker amounts (> 4 ML),



156 Chapter 10 Summary and outlook

an evaporation front of silica is found at about 1150 K in pO2 = 5.0× 10−6 mbar

oxygen, see figure 10.3. In the initial state, the film consists of fully oxidized and

incompletely oxidized silicon. After the evaporation front, an intermediate state

is found, the amounts of silica and incompletely oxidized silicon are reduced. At

the final state, nearly all the incompletely oxidized silicon is gone and an oxygen

intercalation is found (right side in figure 10.3).

Figure 10.3: A quenched evaporation front of a film with more than 4 ML silicon at room tem-

perature. In the upper part, a suggested model of the front is shown. In the middle, a LEEM image

with a kinetic energy of 30 eV and as inset the LEED images for each area taken with 42 eV. In

the lower part, the results of a XPEEM and XPS analysis of the three different areas.

As an outlook the following experiments are suggested for the future:
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The LEED analysis used for the transformation of the p(2x2) to vitreous phase

of the BL could be applied for several other phase formations and transitions of

the silica to determine their activation energies. For example, to the formation

of the (2x2)R30° phase of the ML and its transition to the p(2x2) phase or the

transitions of the Xmas star BL phase in oxygen. Also, the influence of the oxygen

pressure during the preparation could be investigated in greater detail. In this

work only two extremes (UHV or pO2 = 5.0× 10−6 mbar of oxygen) were probed,

however, investigating at the minimal oxygen pressures needed for the formations

and transitions of the phases in oxygen could lead to new insights of these processes.

As shown for the intercalation of oxygen, the process is time-depended at a fixed

temperature. A XPS study with various oxygen pressures and temperatures could

lead to a better understanding of the process. Moreover, the intercalation and

desorption of other species like hydrogen or carbon-monoxide can be probed. For

this the first successful experiments were done recently, that open the route to explore

the chemistry in the confined space between silica and ruthenium.

The results of this work could be used as a reference for doping of the silica with

other elements like iron, aluminium, and chromium, to probe the formation of the

corresponding mixed phases and their properties. On the other hand, also Pt(111) or

Pd(111) could be used as different substrates to investigate the role of the interaction

of the substrate with the oxygen pressure for the phase formation of silica .
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I. M. N. Groot, S. Shaikhutdinov, and H.-J. Freund. Tuning the electronic



160 Bibliography

structure of ultrathin crystalline silica films on Ru(0001). Phys. Rev. B,

85:085403, Feb 2012.

[11] B. Yang, W. E. Kaden, X. Yu, J. A. Boscoboinik, Y. Martynova, L. Lichten-

stein, M. Heyde, M. Sterrer, R. W lodarczyk, M. Sierka, J. Sauer, S. Shaikhut-

dinov, and H.-J. Freund. Thin silica films on Ru(0001): monolayer, bilayer and

three-dimensional networks of [SiO4] tetrahedra. Phys. Chem. Chem. Phys.,

14:11344 – 11351, 2012.

[12] X. Yu, B. Yang, J. A. Boscoboinik, S. Shaikhutdinov, and H.-J. Freund. Sup-

port effects on the atomic structure of ultrathin silica films on metals. Applied

Physics Letters, 100(15):151608, 2012.

[13] Leonid Lichtenstein, Markus Heyde, and Hans-Joachim Freund. Crystalline-

Vitreous Interface in Two Dimensional Silica. Phys. Rev. Lett., 109:106101,

Sep 2012.

[14] Pinshane Y. Huang, Simon Kurasch, Jonathan S. Alden, Ashivni Shekhawat,

Alexander A. Alemi, Paul L. McEuen, James P. Sethna, Ute Kaiser, and

David A. Muller. Imaging Atomic Rearrangements in Two-Dimensional Silica

Glass: Watching Silica’s Dance. Science, 342(6155):224–227, 2013.

[15] S. Shaikhutdinov and H.-J. Freund. Ultrathin Silica Films on Metals: The

Long and Winding Road to Understanding the Atomic Structure. Advanced

Materials, 25(1):49 – 67, 2013.

[16] B. Yang, J. A. Boscoboinik, X. Yu, S. Shaikhutdinov, and H. J. Freund. Pat-

terned Defect Structures Predicted for Graphene Are Observed on Single-Layer

Silica Films. Nano Letters, 13(9):4422 – 4427, 2013. PMID: 23937399.

[17] B. Yang, E. Emmez, W. E. Kaden, X. Yu, J. A. Boscoboinik, M. Sterrer,

S. Shaikhutdinov, and H.-J. Freund. Hydroxylation of Metal-Supported Sheet-

Like Silica Films. The Journal of Physical Chemistry C, 117(16):8336 – 8344,

2013.

[18] Emre Emmez, J. Anibal Boscoboinik, Samuel Tenney, Peter Sutter, Shamil

Shaikhutdinov, and Hans-Joachim Freund. Oxidation of the Ru(0001) surface

covered by weakly bound, ultrathin silicate films. Surface Science, 646:19 –

25, 2016. Surface science for heterogeneous catalysis, a special issue in Honour

of Richard Lambert.

[19] Hans-Joachim Freund. Controlling Silica in Its Crystalline and Amorphous

States: A Problem in Surface Science. Accounts of Chemical Research,

50(3):446–449, 2017.

[20] E. Emmez, B. Yang, S. Shaikhutdinov, and H. J. Freund. Permeation of a

Single-Layer SiO2 Membrane and Chemistry in Confined Space. The Journal

of Physical Chemistry C, 118(50):29034 – 29042, 2014.



Bibliography 161
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K. Ihmann, R. Schlögl, H.-J. Freund, A.M. Bradshaw, G. Lilienkamp, Th.

Schmidt, E. Bauer, and G. Benner. SMART: a planned ultrahigh-resolution

spectromicroscope for BESSY II. Journal of Electron Spectroscopy and Related

Phenomena, 84(1):231 – 250, 1997.

[23] T. Schmidt, U. Groh, R. Fink, E. Umbach, O. Schaff, W. Engel, B. Richter,
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[66] E. E. Krasovskii, J. Höcker, J Falta, and J. I. Flege. Surface resonances in

electron reflection from overlayers. Journal of Physics: Condensed Matter,

27(3):035501, 2015.
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