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ABSTRACT 

Silica (SiO2) is one of the most widely used and important materials in 

heterogeneous catalysis and other technological applications. A thin silicate film 

grown on metal single crystal is a suitable model system to study the electronic 

properties and surface chemistry of silica based materials at the atomic level using a 

variety of surface sensitive techniques.  

In this work, we studied the preparation and atomic structure of silica films on 

a Ru(0001) substrate. The results show that silica can be grown as either monolayer, 

which shares the structure virtually identical with SiO2.5/Mo(112), or a bilayer film. 

The bilayer silica film, which is weakly bound to the substrate, can be grown either 

as crystalline or amorphous (vitreous) depending on the preparation conditions. In 

addition, the film may contain interface oxygen, thus exhibiting “o-rich” and “o-poor” 

states. 

To understand the role of a metal support in the structure of the silica films, 

the growth of silica films on Pt(111) has been studied for comparison. The results 

show that the oxyfilicity (oxygen affinity to a metal) of the substrates plays a decisive 

role for film structure. The lattice mismatch between a film and a substrate may 

affect the film morphology, but to a lesser extent. 

The bilayer silica film on Ru(0001) has been employed as a template for 

preparation of metal-containing silica films, namely aluminosilicate and iron-silicate 

films. It is shown that the aluminosilicate films expose strongly acidic OH-species 

upon water adsorption. Iron-containing silica films show a close similarity to ideal 

nontronite (Fe-rich smectites). These films represent well-suited model systems for 

studying surface chemistry of zeolites and clay minerals at the atomic level.  
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ZUSAMMENFASSUNG 

Silika (SiO2) ist eines der meistgenutzten und wichtigsten Materialien, sowohl 

auf dem Gebiet der heterogenen Katalyse als auch bei anderen technologischen 

Anwendungen. Ein dünner Silikat-Film, aufgebracht auf Metall-Einkristallen, ist ein 

geeignetes Modellsystem, um die elektronischen Eigenschaften und die 

Oberflächenchemie von silikabasierten Materialien auf der atomaren Ebene mit Hilfe 

einer Vielzahl von oberflächensensitiven Techniken zu untersuchen. 

In dieser Arbeit untersuchen wir die Präparation und die atomare Struktur 

eines Silikafilms auf einem Ru(0001)-Substrat. Die Ergebnisse zeigen, dass Silka 

einerseits als Monolage wachsen kann, welches die gleiche Struktur wie 

SiO2.5/Mo(112) besitzt, oder andererseits als Doppellagenfilm. Der Doppellagenfilm, 

welcher schwach an das Substrat gebunden ist, kann entweder kristallin oder 

amorph aufgebaut sein, abhängig von den Präparationsbedingungen. Des Weiteren 

kann das System Sauerstoff an der Grenzfläche vom Film zum Metall enthalten, und  

daher im O-reichen oder O-armen Zustand vorliegen. 

Um den Einfluss des Metallsubstrates auf die Struktur der Silikafilme zu 

verstehen, wurde das Wachstum von Silikafilmen auf Pt(111) vergleichend 

untersucht. Die Sauerstoff-Affinität des Substrates spielt eine entscheidende Rolle 

für die Filmstruktur. Unterschiede der Gitterkoonstanten von Film und Substrat 

können ebenfalls die Film-Morphologie geringfügig beeinflussen. 

Der Doppellagen-Silikafilm auf Ru(0001) wurde als Grundlage für die 

Präparation von, Aluminosilikate und Eisensilikaten verwendet. Aluminosilikat-Filme 

weisen nach H2O-Adsorption stark saure OH-Spezies auf. Eisen-dotierte Silikafilme 

besitzen Gemeinsamkeiten mit idealem Nontronit (Eisen-reiches Smektit). Diese 

Filme stellen geeignete Modellsysteme für die Untersuchung der Chemie von Zeoliten 

und Tonmineralien auf atomarer Ebene dar. 
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Chapter 1 Introduction 

A catalyst is a substance which increases the rate of chemical reaction without 

being produced or consumed. It is involved in most chemical processes in the 

industry. If the catalyst and the species involved in the reaction (reactants and 

products) are in different phases, such as in the case of a reaction happening at the 

solid-gas interface, then it is called a heterogeneous catalyst. From now on, when I 

talk about catalysis, I will refer to heterogeneous catalysis. 

The main steps of a catalytic reaction include: 1) adsorption of the reactants 

onto the active site of a catalyst, 2) formation and conversion of various adsorbed 

intermediates, 3) desorption of the products from catalyst [1]. Mostly, the process of 

a heterogeneous catalytic reaction is rather complicated, bringing difficulties to the 

investigation of reaction mechanisms. One approach to study the properties of the 

catalyst and the reaction process is building up simplified systems, known as model 

catalysts [2-7]. For example, real catalysts expose several types of active site, and it 

is therefore hard to study their activity. However, in model systems the nature of 

exposed sites can be controlled using different preparation methods, thus allowing 

the study of each of them independently [8]. Since the reactions happen on the 

surface of the catalyst, it is therefore important to investigate the properties of the 

surface and the species adsorbed on it. The field dedicated to these studies is 

Surface Science and a large number of tools have been developed over the last 

century to study the structure of surfaces and processes happening on it.  

The simplest model catalyst is a single crystal surface of an active metal. 

However, the catalysts used in the industry are much more complicated than model 

systems. To bridge this “material gap”, one approach is to prepare small particles 

supported on a flat surface. The most frequently used support materials in industry 
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are highly porous materials, such as SiO2, Al2O3, zeolites and so on, to get large 

active surface area to volume ratio [9, 10]. Consequently, a single crystal oxide 

surface can be used as the flat support. However, the difficulty of applying surface 

science techniques to such a system is caused by the poor electrical and thermal 

conductivity of the bulk oxides. Alternatively, a thin oxide layer grown on a metal 

substrate can be used as a suitable support for the catalyst particles since, in this 

manner, techniques that require conductive samples can be used. 

The growth of high quality oxide films can be a complex problem in itself. It is 

then necessary to study the growth of these films on metals. Physical vapor 

deposition (PVD) is usually employed to grow contaminant-free thin films on metal 

substrates in ultra-high vacuum (UHV) conditions. 

Silicon dioxide (silica, SiO2) has been intensively studied due to its importance 

in many modern technological applications. It is not only an important material as a 

support in catalysis, but also plays a critical role in the metal-oxide-semiconductor 

field effect transistor (MOSFET), which dominates contemporary integrated circuit 

(IC) technology [11]. Therefore, it is necessary to build up a model system to study 

the structure and property relationships of silica related materials. Thin silica films 

grown on a metal support are suitable model systems to understand the structure 

and properties of silica related materials. 

Much effort has been made on attempting to grow well-defined silica films on 

single crystals in the last two decades. Recently, S. Shaikhutdinov and H. J. Freund 

have written a comprehensive review about silica film growth [12]. Below, a brief 

survey of these studies will be presented. 

A straightforward way of growing ultra-thin silica films is to do it by oxidation 

of a Si single crystal surface. The knowledge about the properties of SiO2/Si interface 

is crucial for semiconductor device. Numerous studies of SiO2/Si system have been 
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carried out using a variety of surface science techniques [13-28]. These studies 

indicate that silica films grown on Si crystals have an amorphous structure and a 

transition layer with a thickness varying from half to several nanometers exists at 

the SiO2/Si interface. However, the SiO2/Si system is not an ideal model system for 

silica related materials due to lack of structural knowledge at the atomic level. 

The firstly reported silica film grown on a metal was prepared on Mo(110) 

substrate by Xu and Goodman [29, 30]. Later on, the same group reported the 

preparation of ultrathin silica films on a Mo(100) surface [31]. In the following years, 

silica films have been grown on many metal substrates, Ni(111) [32], Pd(100) [33], 

Pd(111) [34], Pt(111) [35, 36]. However, the atomic structure of these films is not 

clear. 

Silica films grown on Mo(112) substrate have been extensively studied, not 

only experimentally but also theoretically, by several groups [37-73]. For the first 

time, a well-ordered thin silica film grown on Mo(112) was reported by Schroeder et 

al [56-59]. During many years of study, several models were proposed for the 

crystalline single layer silica film on Mo(112). Among these, the most convincing one 

was given by Freund’s group, after thorough studies using numerous techniques. 

The experimental results indicate the formation of a [SiO4] unit [58, 59]; two oxygen 

species were found, which can be assigned to Si-O-Si and Si-O-Mo linkages [43]; the 

film consists a hexagonal network with a high degree of crystallinity [58, 68]. All the 

evidences lead to one conclusion, the thin film consists of a monolayer network of 

corner-sharing [SiO4] tetrahedra connected to the substrate via Si-O-Mo linkages [67]. 

This hypothesis was further supported by density functional theory (DFT) 

calculations by Sauer and co-workers [69]. Among several models, the most stable 

structure is a monolayer silica film with SiO2.5 stoichiometry, formed via a network of 

corner-sharing [SiO4] tetrahedra, where one corner of each tetrahedron downward to 

substrate forming a Si-O-Mo bond. (see in Fig 1.1 (a)). 
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For this SiO2.5/Mo(112) system, in addition to the oxygen in the film structure 

described before, there is another oxygen species chemisorbed on the Mo(112) 

substrate. “O-rich” and “O-poor” states (see in Fig 1.1) can be obtained by tuning the 

amount of chemisorbed oxygen [65]. The chemisorbed oxygen atoms are shown in 

blue in figure 1.1. 

 

Fig. 1.1 Top and cross views of “O-poor” (a) [69] and “O-rich” (b) [65] SiO2.5/Mo(112) 

films.(O: small red, small blue; Si: big orange) 

The sub-monolayer silica film grown on Mo(112) forms stripe-like structures 

[49]. For the thicker silica film grown on Mo(112), the structure ends up with a 

three-dimensional amorphous phase [66]. 

Other widely used materials in heterogeneous catalysis are zeolites. The latter 

are not only important as a supports for active particles but also as catalysts in their 
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own right. Zeolites are natural or synthetic microporous crystalline aluminosilicates, 

composed of corner-sharing [TO4] tetrahedra (T = Si, Al). An extreme case is that in 

which all T atoms are Si, resulting in neutral framework. However, after introducing 

Al into the silica framework, the +3 charge on the Al makes the framework negatively 

charged. Therefore, the presence of extraframework cations, such as H+ or alkali 

metal cations, is required to keep the overall framework neutral. When the 

compensating cation is a proton, as shown in Fig. 1.2, the materials behave as solid 

acids [74]. The properties of surface acidity and shape selectivity make zeolites 

valuable materials in several areas of chemistry. 

 

Fig. 1. 2 Hydrogen bonded to an O atom bridging Si and Al, in zeolite mordenite. [74] 

Mostly, the current understanding of the relationship of structure and surface 

chemistry of silicates and related materials come from studies using bulk-sensitive 

techniques and from theoretical calculations[75]. Due to their poor electrical and 

thermal conductivities, these materials are barely studied using surface-sensitive 

techniques. It is therefore useful to prepare suitable model systems for zeolite, using 

thin aluminosilicate films on metal single crystals. 
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To the best of our knowledge, the first attempts to prepare ‘surface science’ 

models of zeolites were reported by Somorjai and co-workers [76]. Many techniques 

were used to characterize the films structure, and results indicated that the films are 

homogeneous but amorphous. 

Well-defined crystalline ultrathin aluminosilicate films were prepared using the 

previously mentioned monolayer silica film on Mo(112) as a starting point [77]. The 

results show that the film structure is a highly-ordered honeycomb-like network, 

basically same as pure silica films. The Al atoms, which substituted the Si atoms, 

are randomly distributed in the film. Two possible models were proposed based on 

experimental results. One possibility was that the aluminosilicate film on Mo(112) 

consists of a monolayer of corner-sharing [TO4]. In this AlO4 model, the Al3+ ions are 

each coordinated to four O2- ions forming same structure as [SiO4] in pure silica film. 

The extra charge in the film induced by Al3+ ions is compensated by the metal 

support. Another possibility is that the Al3+ ions are only coordinated to three O2- 

ions in the top-most layer resulting in a AlO3 model. The stability of two models were 

basically the same. However scanning tunneling microscopy (STM) image 

simulations and X-ray photoelectron spectroscopy (XPS) studies using synchrotron 

radiation clearly favored the AlO3 model. Due to the lack of negative framework 

charge present in zeolites, this film has no acidic Si-OH-Al species. 

The aim of this thesis is to study the properties of silica related materials using 

a surface science approach, e.g. investigation of suitable model systems by applying 

surface science techniques. As a strategy to study the structure and properties of 

silica, which is an insulator, a well-defined thin silica film grown on a metal 

substrate is needed. In this work, we have chosen to use a Ru(0001) single crystal as 

a substrate for the growth of silica films [78, 79]. To understand the role of metal 

supports in the atomic structure of the framework, we have compared the growth of 

silica films on Pt(111) with the growth on Mo(112) and Ru(0001) [80]. Furthermore, 
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we have explored the substitution of Si atoms in the framework by other elements, 

such as Al and Fe, in order to model other materials of interest, such as zeolites and 

clays [81]. 

The thesis is organized as follows: 

a. In Chapter 2, experimental tools and their theoretical backgrounds are 

described.  

b. Chapter 3 presents the preparation and characterization of silica films 

with different thickness on Ru(0001).  

c. Chapter 4 addresses the growth of silica films on Pt(111). With 

comparison silica/Pt(111), silica/Ru(0001) and silica/Mo(112), the 

substrate effect on silica film growth is discussed.   

d. Chapter 5 discusses the growth of metal-containing silicate thin films on 

Ru(0001), i.e. aluminosilicate and iron-silicate. 

e. Summary and outlook are presented in Chapter 6. 

 

 

 

 

 

   



 

8 
 

 

   



 

9 
 

Chapter 2 Experimental setup 

The work was mainly done in the UHV system shown in Fig. 2.1, which is 

equipped with X-ray photoelectron spectroscopy (XPS), Ultraviolet photoelectron 

spectroscopy (UPS), Low energy electron diffraction (LEED), Scanning tunneling 

microscopy (STM) and Infrared reflection adsorption spectroscopy (IRAS) for 

characterization. In addition, some of the experiments presented in this work were 

performed at BESSY II. This chapter briefly describes the techniques used in this 

study. 

 

Fig. 2.1 Schematic illustration of the UHV system (MEGA machine). 

2.1 Photoelectron Spectroscopy  

Due to its unique ability to provide information on the elemental composition, 

oxidation state of the elements and especially the dispersion of the different phase 
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within the sample surface up to a depth of several nanometers, photoelectron 

spectroscopy (PES) has become one of the most widely used techniques in many 

fields, such as the study of heterogeneous catalysis, new materials development and 

semiconductor technology. 

PES is based on the photoelectric effect which was developed around 1905. 

After absorbing a photon of energy, , a core or valence electron with binding energy 

 is ejected from an atom, and then escapes from the surface(see in Fig 2.2). The 

measured kinetic energy, , of the ejected electron is: 

                                                                                                    2.1 

where φ  is the work function of the spectrometer. By collecting the intensity of 

ejected electrons as a function of energy, one can generate a photoelectron spectrum. 

Depending on the energy of the photons used to excite electrons in the sample, 

photoelectron spectroscopy can be divided into two main branches, named X-ray 

photoelectron spectroscopy (XPS), or so called electron spectroscopy for chemical 

analysis (ESCA), and Ultraviolet photoelectron spectroscopy (UPS). 

 

Fig. 2.2 Schematic illustration of the process of for the creation of photoelectron. The 

Auger process as one possible decay is included. 
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To interpret the photoemission process, several models have been proposed, 

such as three step model and one step model. Three step model is the most widely 

used model. As shown in Fig. 2.3, the three steps are: 1) photoexcitation of the 

electrons; 2) Travel to the surface with concomitant production of secondaries 

(shaded); 3) penetration through the surface (barrier) and escape into the vacuum. 

[82]   

 

Fig. 2.3 PES as a stree-step process. [82] 

2.1.1 X-ray photoelectron spectroscopy  

XPS was first developed by Siegbahn’s group during the 1950s. In 1981 

Siegbahn received the Nobel Prize in Physics for his efforts in the field. The 

experimental setup for X-ray photoelectron spectroscopy contains two main parts, 
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those being an X-ray source and an electron energy analyzer (see Fig. 2.4). The most 

commonly used commercial laboratory X-ray source is a dual anode X-ray gun with 

Al and Mg anodes, which provides mildly different radiation energies ( Mg Kα = 

1253.6 eV and Al Kα = 1486.3 eV). The availability of two different photos energies 

enables the user to unambiguously distinguish Auger peaks from core-lines in 

photoelectron spectra. As an alternative to laboratory sources, synchrotron radiation 

is also occasionally used. This type of source provides a beam of light with high 

intensity and variable energy. Hemispherical analyzers are widely used electron 

energy analyzer in photoelectron spectrometers. During measurement a high 

vacuum environment is necessary to 1) avoid electron scattering on gas molecules in 

the path from sample to analyzer, and 2) avoid attenuation and distortion of the 

spectra by surface contamination. [83] 

 

Fig. 2.4 Principle of X-ray photoelectron spectroscopy. 
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Binding energy and chemical shifts 

Binding energies are not only element-specific, but also contain information 

about the chemical-state of the atoms, which is probed as small shifts in the energy 

levels of the core electrons. Such shifts are typically in the range of 0 to 3 eV [84]. 

 The photoemission process begins with an atom containing N electrons, and a 

total initial-state energy Ei. The atom is then ionized after absorbing a photon of 

energy hν. An electron with kinetic energy  escapes from the atom and creates a 

hole in the final-state configuration of the atom. The energy for the final-state is Ef.  

Since energy must be conserved, we write the energy balance for this process as: 

                                                                          2.2 

Such that the measured  can be expressed as:  

                                                        2.3 

where  is the work function of the spectrometer. Typically this process is 

interpreted using the sudden approximation, which assumes that electrons in the 

final-state do not have time to redistribute within the time scale of the photoemission 

process. However, in reality, such rearrangements often occur upon. Some of the 

photoelectrons lose part of their kinetic energy to excitations of other electrons, 

leaving the latter electrons in unoccupied orbitals (shake up) or unbound states 

(shake off). The resultant decreases photoelectron kinetic energy give rise to satellite 

peaks on the higher binding energy side of the main features. Another effect is 

multiplet splitting, which occurs when the initial state atom contains unpaired 

electron that later interacts with the unpaired core-level electron created by the the 

photoelectron process. [83]  
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In photoelectron spectroscopy, Auger peaks are frequently observed because 

the Auger process (see in Fig. 2.2) provides one of the most abundant pathways for 

final-state decay. In this process, an electron from a higher level fills the vacancy 

created by the initially ejected photoelectron. The excess energy may result in the 

ejection of a secondary electron, the Auger electron. This process gives rise to an 

important technique called Auger electron spectroscopy. 

 The ability to observe core-level binding energy shifts with chemical-state 

variation makes XPS a powerful technique to study the chemical environment of the 

surface. For example, when one atom is bonded to another with higher 

electronegativity, a charge transfer to the latter atom occurs and the effective charge 

of the former becomes positive, thus increasing the binding energy. Therefore, the 

binding energy of the metal element in metal oxides is typically higher than in metal. 

The physics behind such binding energy shifts can be explained using a charge 

potential model, by means of the formular: 

∑                                2.4 

where E  is the biding energy of an electron from an atom i; q  is the charge on the 

atom; k is a constant; q  is the charge on a neighboring atom j; r  is the distance 

between atom i and atom j; E is a suitable energy reference. In this equation, the 

first term (kq ) indicate that with increasing the positive charge on the atom, from 

which the photoelectron originates, the binding energy increases. In ionic solids, the 

second term counteracts the first due to the charge on a neighboring atom will have 

the opposite sign. [85] 

 In addition to initial state effects (i.e. changes in the core potential due to the 

alteration of the local environment), final state effects (for example, polarization of 

the core and valence electrons as well as of the surrounding atoms by the core hole 
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created during photoionisation) can also significantly contribute to core level 

chemical-shifts. [83]  

Intensity 

Because a set of binding energies are characteristic for an element, XPS can be 

used to analyze the composition of samples. In a homogenous sample, the intensity 

of each element can be expressed as: 

                                                                2.4 

where  is the intensity of the XPS peak (area);  is the x-ray flux on the sample;  

 is the transmission function of the spectrometer; is the cross-section for 

photoemission;  is the concentration in number of atoms per unit volume; z is 

the depth below the surface;  is the inelastic mean free path of the photoelectron; 

and  is the take-off angle of the photoelectron. Therefore, by comparing the 

intensity of different peaks, on can determine the relative atomic concentration of 

different components within mixed systems. [85]  

Surface sensitive 

As a surface sensitive technique, XPS can provide the information about the 

top-most layers of a sample. The intensity of a photoelectron at take-off angle  with 

respect to the surface normal can be expressed by the Beer-Lambert law, 

                                                                          2.5 

where the inelastic mean free path  is determined by the kinetic energy of the 

photoelectron and the nature of the material. Therefore, one application of 

synchrotron radiation is doing energy dependent analysis, which allows one to vary 

the surface-sensitivity of the technique from several nanometers to single atomic 

layers in some cases. As can be seen in the “universal curve” plotted in Fig. 2.5, 
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optimal surface sensitivity is usually obtained for photoelections with kinetic energy 

in 25-100 eV range. Another important analysis method is angle dependent XPS, in 

which the angle between analyzer and the surface normal is varied.  Clearly, the 

depth sensitivity can be tuned by changing take-off angle , the larger  is, the more 

surface information is observed. Therefore, by taking spectra at different θ, 

information on the relative depth distribution of the different component can be 

obtained. 

 

Fig. 2.5 The mean free path of an electron depends on its kinetic energy, and 

determines how much surface information it carries. Optimum surface sensitivity is 

obtained with electrons in the 25 to 200 eV range. [86] 

XPS Line Shapes 

The line shape of photoelectron spectra can be affected by many contributions, 

the most important being the natural lifetime and Gaussian broadening. Due to 
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Heisenberg’s uncertainty relationship, the natural line-width is determined by the 

life-time of the core-ionized atom. The lifetime is generally on the order of femto-

seconds, resulting in natural widths of 100-200 meV. 

There are three factors that contribute to Gaussian broadening: experimental 

energy resolution, vibrational and inhomogeneous broadening. The experimental 

energy resolution is determined by the analyzer broadening and line width of the X-

ray source. Therefore, it can be improved by lowering the pass energy of the analyzer 

and replacing the Al or Mg Kα source, whose line width is about 1 eV, with a 

monochromatic X-ray, whose line width is better than 0.3 eV. In crystalline materials, 

atomic vibrations impose a small Gaussian broadening, which is temperature 

dependent. [83] 

2.1.2 Ultraviolet photoelectron spectroscopy 

UPS differs from XPS in that UV light is used instead of X-rays to excite the 

sample. The most frequently used sources are helium discharge lamps, which 

generate light at 21.2 eV (He I) and 40.8 eV (He II). In this case, photoemission is 

limited to valence electrons due to the low excitation energies. Therefore, UPS is 

particularly well suited to probe bonding in metals, molecules and adsorbed species. 

It also provides a quick measure of the macroscopic work function. The high binding 

energy cut-off in the spectrum originates from photoelectrons with zero kinetic 

energy,  = 0. Meanwhile, the electrons form the Fermi-level have the highest kinetic 

energy, . Therefore the work function can be expressed as: 

                                                                                                                              2.6 

where Δ  is the kinetic energy difference between the lowest and highest , i.e. the 

width of the spectrum. [85] 
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2.2 Low Energy Electron Diffraction (LEED) 

Low energy electron diffraction (LEED) is the principal technique used to 

determine the surface structure of single crystal surfaces and ordered adsorbate 

overlayers. In 1924 Louis de Broglie introduced wave mechanics and proposed the 

wavelike nature of all particles. The de Broglie hypothesis laid the theoretical 

foundation of electron diffraction techniques. According to the de Broglie formula: 

                                                                                               2.7 

where  is the wavelength of the electron;  = 6.626 × 10-34 , is Plank’s constant;  

= 9.11×10-31 , is the mass of an electron; and  is the energy of the electron. For 

electrons with energy in the range of 20 eV -200 eV, their wavelengths will be in the 

range of 2.7 Å -0.87 Å. These wavelengths are comparable with typical atomic 

spacings, which is why interaction of such electrons with ordered surfaces should 

result in diffraction. Due to the strong interaction between low energy electrons and 

the atoms in crystals, the elastic mean free path of the electrons is rather low. 

Therefore, LEED gives information about top1~3 layers of a crystal, making it a 

surface sensitive technique. 

A standard LEED setup consists of a hemispherical fluorescent screen and an 

electron gun aligned along the central axis of the screen (see Fig. 2.6). A beam of 

monoenergetic electrons emitted from the electron gun impinges up on a grounded 

sample and then scatters elastically from the surface. The back-scattered electrons 

are accelerated onto the screen, which is biased at 3-6 kV. The resulting diffraction 

pattern contains information about the surface structure of the sample. The energy-

filtering grids before screen remove the inelastically scattered electrons. [87]  
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Fig. 2.6 The principle of LEED. 

The electrons scattered from a surface give an interference pattern with 

constructive interference in the directions for which the difference path lengths of 

the electrons are integral multiples of the electron wavelength. Hence, each spot in 

the pattern observed on the fluorescent screen corresponds to a direction in which 

constructive interference takes place. The diffraction process is shown in Fig. 2.7. 

 

Fig. 2.7 Schematic representation of the diffraction process. 
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The LEED pattern reveals the translational symmetry and the point group of 

the surface in reciprocal space [88, 89]. Therefore, the separation between two LEED 

spots is larger when interatomic distance is smaller, and vice-versa. The relation 

between the real surface lattice and the reciprocal lattice of the sample is  

                                              ·                                                             2.8 

where  are the base vectors of the real lattice (i=1,2);  are the base vectors of the 

reciprocal lattice (j=1,2);  is the Kronecker delta; 1 , 0. 

The clean non-reconstructed surface gives a rather simple diffraction pattern. 

However, an overlayer structure with a rather large unit mesh and various domains 

may be more difficult to interpret. Fig. 2.8 gives an example of a c(2×2) overlayer on 

an fcc(100) surface. 

 

Fig. 2.8 The diagram of a real space c( 2 × 2 ) structure (left) and the corresponding 

diffraction pattern (right). 

it can be seen that in real space, b1=b2=√2a1=√2a2, b1*=b2*= a1*= a2*, the vectors 

for the adsorbate overlayer are rotated with respect to those of the substrate by 45°. 
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2.3 Scanning Tunneling Microscopy (STM) 

Scanning tunneling microscopy (STM) was first developed by Binnig and 

Rohrer in 1981, and the 1986 Nobel Prize in physics was awarded to the inventors 

for their contributions to this work. Within a few years, STM was quickly established 

as one of the most powerful tools for the detailed investigation of surface structure. 

STM is based on quantum tunneling, which refers to the quantum mechanical 

phenomenon where a particle, described in terms of a wave-function, with a given 

energy E tunnels through a potential barrier that it is classically forbidden to cross. 

In a one-dimensional model, the quantum mechanical description of an electron with 

energy E moving in a potential U(z) is a wave function Ψ(z), That satisfies 

Schrödinger’s equation, 

                                 
ħ

ψ ψ ψ                                                                2.9 

with a solution, 

                                      ψ ψ 0                                                                               2.10 

where ψ 0  is the wave function of the surface state of the sample at z=0, and 

ħ
 is the decay constant. The wave function ψ  decays exponentially with 

distance z. 

In an STM experiment, the tunneling current is  

                                      ∑ |ψ 0 |                                                          2.11 

where V is the bias voltage applied between two electrodes.  If V is small enough, Eq. 

2.11 can be written in terms of the local density of states (LDOS) at the Fermi level, 

                                   , ∑ |ψ |                                                           2.12 
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Therefore, the tunneling current can be written as 

                              0, 0, .                                        2.13 

where   is the barrier height which has a typical value ~4 eV, and z is in unit on Å. 

The tunneling current decays by an order of magnitude when z is changed by ~1 Å.  

Electron tunneling can occur from the sample surface to the tip, or vice versa, 

depending on the polarity bias. When the tip is biased with a positive voltage and the 

sample is at earth potential, electrons from occupied states of the sample tunnel into 

the empty states of the tip surface as shown in Fig. 2.9. In this case, the STM images 

the occupied states of the surface. Conversely, if the potential is reversed the current 

flows in the other direction, and the STM images the unoccupied states.  Therefore, 

STM does not necessary image atoms, but rather a portion of the density of states 

near the Fermi level. 

 

Fig. 2.9 The principle of tunneling between the surface and the metal tip for positive tip 

bias V. Tunneling of electrons from occupied surface states into the metal tip. [85] 
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However, the one-dimension model shown above does not adequately describe 

the physical reality of the STM tunneling junction. Among several models, the 

approach described by Bardeen, which considers the physical nature of the tunnel 

junction, is widely used [90]. This model assumes that the wave functions of the 

surface states of the tip ψt and sample ψs overlap in order to carry out perturbation 

theory.  The transition probability from ψt to ψs is called the tunneling matrix 

element Mts: 

                                     M
ћ

dS ψ ψ ψ ψ                                                      2.14 

Fermi’s Golden Rule gives the rate for electron transfer across the barrier, and is 

written as 

                                       
ћ

|M |                                                                2.15 

where  and  are the energy of states ψt and ψs, respectively. The  implies 

tunneling occurs only between electron levels with the same energy. Since electrons 

can tunnel in both directions, the tunneling current can be calculate by summing 

over all states, as 

  
ћ

∑ , 1 1 ·  |M |          2.16 

where 1 / ,  and  are the energies of the unperturbed wave 

functions of tip and sample, respectively. The Fermi functions enter here because 

only tunneling from an occupied to an unoccupied state is allowed. 
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Fig. 2.10 Schematic illustration of the working principle of an STM instrument [91]. 

The typical STM instrumental apparatus is shown in Fig. 2.10. The two 

essential electrodes are a sample and a sharp tip mounted on a piezoceramic 

scanner, which is the heart of STM. The lower part of the piezoceramic tube can 

change the length by applying a voltage Uz thereby tuning the tip in the z direction; 

the upper part is surrounded by four equivalent electrodes, which can bend the tube 

in different directions by applying suitable voltage. Therefore, the tip can move in all 

possible spatial directions. During scanning, the tip is controlled by the piezoceramic 

tube using either constant height or constant current mode. 

2.4 Infrared Reflection Adsorption Spectroscopy (IRAS) 

Infrared (IR) spectroscopy is one of the most frequently used spectroscopic 

techniques in catalysis [92-94].  The technique is commonly applied to identify the 

adsorbed species and to study the adsorption manner of these species on the surface 

of the catalyst. In addition, the infrared spectra of adsorbed probe molecules can 

provide valuable information with regards to the chemical properties of the surface. 
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In the following, a simple model will be discussed to understand the molecular 

vibrations responsible for the characteristic bands observed in infrared. The 

potential energy for the harmonic oscillation of a diatomic molecule in gas phase is  

                                                                                       2.17 

where k is the force constant of the vibrating bon; r is the distance between the 

vibrating atoms; req is the equilibrium distance between the atoms. The vibrational 

frequency  is  

                                                  
µ
                                                    2.18 

where µ is the reduced mass, which is obtained from  
µ

,  and  are the 

mass of the vibrating atoms. It is obvious that when the bond strength increases 

and/or the mass of the atoms decreases, the vibrational frequency will decrease.    

From quantum mechanical point of view, the molecules can only exist in quantized 

energy states, as shown in Fig. 2.11, thus, molecules possess discrete levels of 

vibrational energy. The energy of the n-th vibrational level En is  

                                                                                                                 2.19 

. The transitions are allowed only when the change of the vibrational quantum 

number is Δn = ± 1. [85, 95] 
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Fig. 2.11 Potential energy versus internuclear distance for a diatomic harmonic 

oscillator.  

The excitation of molecular vibration by light can be described using 

perturbation theory. The first order perturbation operator, , is given as the scalar 

product of the molecular dipole moment  and the electric field component  of the 

irradiated light: 

                                                                                                                          2.20 

using Fermi’s Golden rule, the transition probability is given by: 

                                         Ψ ′ | |Ψ ′′                                                            2.21 

where Ψ ′′  and Ψ ′  are the wave function of the initial and final state, respectively, 

and  is the dipole operator. The expression  

                                          ′′ ′ Ψ ′ | |Ψ ′′                                                            2.22 
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then describes the transition dipole moment. Only vibration where the dynamic 

dipole moment ( ) changes along the normal coordinate  may be excited. 

 

Fig. 2.12 Dipoles oriented parallel and perpendicular to the surface create image dipoles 

within the metal surface, which leads to effective screening of dipole moment changes 

parallel to the surface but reinforcement of dipole moment changes normal to the 

surface. [96] 

Infrared reflection absorption spectroscopy (IRAS) is used to study the 

vibrations of both molecules and thin films on a metal substrate. An addition rule, 

metal surface selection rule (MSSR) applies in IRAS [93, 96, 97]. One reason for this 

selection rule is that dipoles located in the proximity of a metal surface create image 

dipoles within the metal surface. As shown in Fig. 2.12, when the dipole oriented 

parallel to the surface, the image dipole moment is in the opposite orientation 

resulting in effective screening of dipole moment changes. Whereas, the dipole 

oriented normal to the surface cause a image dipole moment in the same orientation, 

thus reinforcement of the dipole moment changes. Another reason is the part of the 

IR light with a polarization parallel to the surface (s-polarization) is reflected with a 

phase shift of 180°, leading to a complete loss of the electric field parallel to the 

surface due to destructive interference. Therefore, vibrations aligned along the 
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surface plane will not give rise to any signal in an IRA spectrum. The phase shift for 

p-light is strongly dependent on the angle of incidence φ (see Fig. 2.13) [97], and it 

has been demonstrated that a maximal absorption can be achieved with an incident 

angle of 83° [98].  

 

Fig. 2.13 Reflection of light at a surface. The electric field components are denoted by 

Ep and Es. The component parallel to the surface for p-light (Ep//) is not shown. [97] 

The IRA-spectra of adsorbed molecules provide plenty of useful information, 

such as molecular symmetry, metal-adsorbate bond, dynamic dipole moment and so 

on. Carbon monoxide (CO) is one of the most frequently used probe molecules due to 

its simple vibrational and electronic structure. [97]  

The vibrational frequency of CO in gas phase is 2143 cm-1. A polarization of the 

CO molecule is caused by the electric field which is created by a positive charge, 

such as an alkaline metal cation, resulting in the increase of the force constant of C-

O bond and the decrease of the bond length, therefore, the frequency shifts to higher 

wavenumers, blue-shift. An upwards shift is also observed when CO interacts with a 

Lewis acidic center, which is an acceptor of electron pairs. In this case, the value of 

the blue shift increases with the increase of the Lewis acidic strength. [99]  
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The decrease of the CO stretching frequency, red-shift, can occur when CO 

adsorbs on metal substrate, and the value of the shift from the vibrational frequency 

of CO in gas (2143 cm-1) provides geometric information about the adsorption site. 

For instance, the observed frequency in the range of 1800-1900 cm-1 is for the 

threefold site, 1900-2000 cm-1 is for the twofold site and 2000-2100 cm-1 is for the 

on-top site. [97]  

In the case of CO adsorbing on transition cations possessing partially filled d 

orbitals, both blue- and red- shift with respect to gas phase can be observed. The 

transition cations possess the partially occupied d orbitals, when the empty orbital is 

in a suitable energy, the electron can transfer from CO to this empty orbital resulting 

in a blue-shift; in another case, back-donation of d-electron from the metal atom into 

anti-bonding CO obitals, which stabilizes the metal-molecule bond and weaken s the 

C-O bond, leads to a red-shift.  

A typical IRAS setup is shown in Fig. 2.14. Fourier-transform (FT) 

spectrometers with Michelson interferometers, which measure all of the infrared 

frequencies simultaneously by dividing a beam of radiation into two paths and then 

recombining the two beams after a path difference has been introduced, result in 

interference between the beams, and are used to generate spectra. The components 

of a Michelson interferometer include a beam splitter, and a fixed and moving mirror. 

The beam from an external source (a SiC globar) incident on an ideal beam splitter 

will be divided into two equal intensity beams where 50% is reflected to the fixed 

mirror and the other 50% is transmitted to the moving mirror. The light is then 

reflected off both mirrors back to the beam splitter where 50% is sent to the detector 

and the other half is lost to the source. As the moving mirror scans a defined 

distance (x), the path difference between the two beams is varied, and is two times of 

the distance traveled by the moving mirror. The interferometer records the 

interferogram caused by phase-dependent interference of light with varying optical 
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retardation. Then the spectrometer acquires and digitizes the interferogram and 

performs a mathematical function known as a Fourier transform. This function 

deconvolutes all individual cosine waves that contribute to the interferogram. The 

result of the transformation is a plot of intensity versus frequency or wavelength. [95]  

 

Fig. 2.14 Schematic of the Infrared Reflection-Absorption Spectroscopy setup: 

Michelson interferometer, ultrahigh vacuum chamber with sample, mercury cadmium 

telluride detector. 
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Chapter 3 Silica films on Ru(0001) 

As mentioned in chapter 1, a crystalline ultra thin silica film can be grown on 

Mo(112). The film consists of a single layer of corner-sharing [SiO4] tetrahedra 

forming a honeycomb-like network, and is strongly bonded to the substrate via Si-O-

Mo linkage resulting a large crosstalk of film and the substrate. Attempt to grow 

thicker silica film results in an amorphous silica. In this work, Ru(0001) was chosen 

as the substrate based on several considerations. Ru(0001) shares the same 

hexagonal symmetry of the monolayer silica film on Mo(112). It has been reported 

that a structurally similar hexagonal graphene overlayer grows on Ru(0001) [100]. In 

addition, Ru-O bond is much weaker than Mo-O, which is considered as the 

limitation of growing a thicker crystalline silica film on Mo(112) [66], therefore it may 

give the possibility of growing silica films with different thickness on Ru(0001). 

3.1 Preparation  

We have tested several preparation recipes of silica films grown on Ru(0001). 

Here we describe the method by which the best film quality is achieved. The clean 

Ru(0001) surface is obtained in a standard way by repeated cycles of Ar+ sputtering 

and high temperature (1300K), annealing in UHV.  

Before silicon deposition, the substrate surface is precovered by a 3O(2×2) 

overlayer. It was prepared by exposing the clean Ru(0001) surface to 3 × 10-6 mbar 

O2 at 1200 K for 5 min and then cooling to 500 K prior to evacuating the oxygen 

from the chamber. The XPS result (see fig 3.1) shows that the O1s peak is at ~530 eV, 

which is assigned to the chemisorbed oxygen. LEED (see Fig. 3.2 (b)) gives a 2×2 

pattern and STM image (see Fig. 3.3) with atomic resolution reveals the surface has 

hexagonal structure, which may have a template effect for silica film growth.  
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Fig. 3.1 O1s region in XP-spectrum of the of 3O(2×2) precovered Ru(0001) 

 

Fig. 3.2 LEED pattern of clean Ru(0001) (a); and 3O(2×2) precovered Ru(0001) (b). 
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Fig. 3.3 STM images of 3O(2×2) precovered Ru(0001), V=1.2 V, I=0.12 nA (proved by B. 

Yang). 

Silicon was evaporated in 2×10-7 mbar O2 by an e-beam assisted evaporator. 

During deposition the sample is biased at the same potential as the Si rod to avoid 

the uncontrolled defects caused by acceleration of the ions toward the sample. The 

sample was held at low temperature, ~100K. The idea of low temperature deposition 

is inspired by the growth of CeO2(111) films on Ru(0001): where even the lattice 

mismatch between CeO2 film and the Ru substrate is large, ~40%, the two 

dimensional structure is favored at low temperature because the adhesion is 

improved [101, 102]. It can be explained by the suppression to the diffusivity of the 

atoms on the surface at this temperature.  
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Fig. 3. 4 O1s region in XP-spectrum of as deposited film (top), Si2p region in XP-spectra 

of as deposited film with different photon energy (bottom). 

The (2×2) LEED pattern disappeared after silicon deposition on to the surface. 

In Fig 3.4, XPS results show that the 3O(2×2) overlayer is consumed by silicon, and 
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a new broad O1s peak centered at 532.6 eV is formed. The Si is partially oxidized 

resulting in a complex of silicon with different oxidation states (see Fig. 3.4). 

Applying different incident X-ray energy, 200 eV, 400eV and 1253.6 eV, the Si 2p 

peak at high binding energy side attenuates when the photon energy increases, 

indicating that the metallic Si is close to the substrate and the Si4+ is on top. 

 

Fig. 3.5 IRA-spectrum of as deposited film. 

IRAS (in Fig 3.5) spectra show a broad peak centered at 1249 cm-1. This peak 

has been observed by Goodman for the amorphous silica films grown on metals and 

assigned to the asymmetric longitudinal-optical phonon mode [103]. 

The final oxidation step is performed in 3×10-6 O2 mbar at ~1200K for 10 

minutes. The oxygen is pumped out after the sample temperature cooled down to 

500K.   
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We will present the characterization results of the films following the order of 

the film thickness. 

3.2 Monolayer silica film on Ru(0001) 

In Fig. 3.6 we can see that the Si2p peak is centered at 102.3 eV, which is in 

the range for Si4+, indicating the chemical state of Si in the film is 4+ [14, 104, 105]. 

The Si binding energy in this film is lower than the one in bulk SiO2 and can be 

explained by the screening effect from metal substrate to the thin oxide film. It 

excludes the formation of Ru silicide which has binding energy ~99.5 eV. This is 

further proved by the Ru3d spectrum, where the Ru3d peaks attenuated but no new 

features are observed. 

In fig 3.6, we can see the O1s contains at least two components, 531.3eV and 

529.8eV, and the intensity ratio of these two peaks is about 3:2, which is the same 

as for monolayer silica film on Mo(112) where two oxygen species are assigned to the 

oxygen atoms bonding to two Si atoms and the oxygen atom in Si-O-Mo linkage [43]. 

Therefore, similarly, the peak of binding energy at 531.3 eV is assigned to the oxygen 

in the Si-O-Si bond and the oxygen atoms with binding energy at 529.8 eV are in the 

Si-O-Ru linkage. 
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Fig. 3.6 Si2p region in XP-spectrum of monolayer film (top); O1s region in XP-spectrum 

of monolayer film, deconvoluted into two peaks as indicated (bottom). 
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Fig. 3.7 IRA-spectrum of monolayer film. 

As shown in Fig. 3.7, the IRAS of this silica film on Ru(0001) shows a sharp 

phonon at 1134 cm-1 and less pronounced phonons at 1074 cm-1, 790 cm-1, 687 cm-1. 

A similar observation has been found for monolayer silica on Mo(112), which has a 

sharp phonon at 1060 cm-1 and two weaker signals at 770 cm-1 and 675 cm-1 [69]. 

Previously, the 1060 cm-1 phonon is assigned to the stretching vibrations of the Si-O-

Mo linkage. Therefore we suggest the 1134 cm-1 phonon was assigned to the 

stretching vibrations of the Si-O-Ru linkage. The frequency shift for the principal 

band (i.e., from 1060 to 1134 cm-1) can be explained in the first approximation by 

increasing the reduced mass of a Si-O-Ru oscillator as compared to Si-O-Mo. 
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Fig. 3.8 STM images of the monolayer silica film on Ru(0001). V=8 V, I=0.1 nA (a); V=2.0 

V, I=0.1 nA (b); The respective LEED pattern (at 60 eV) is shown as an inset in (a). 

A large scale STM image of this silica film is present in Fig. 3.8 (a). It shows a 

flat film with randomly distributed small holes and particles covering the whole 

substrate. The STM images with atomic resolution (see Fig. 3.8 (b)) indicates that the 

film consists of multiple domains, all of them having a honeycomb-like network 

structure with a 5.4 Å periodicity. In agreement with the LEED result, it shows a 

(2×2) pattern with respect to the Ru(0001) substrate. The domains are shifted by  

half of the lattice with respect to each other and separated by domain boundaries 

imaged as protruding lines. The depth of the randomly distributed holes is 1.4 Å. 

(see in fig 3.9).  
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Fig. 3.9 STM image of the monolayer silica film on Ru(0001), V=1.2 V, I=0.1 nA (top); 

The profile line is measured along the line indicated in STM (bottom). 

Therefore, the combined STM, XPS and IRAS results clearly indicate the 

formation of a monolayer silica film on Ru(0001) at low Si coverage. In order to 

validate the model, density functional theory (DFT) calculations of the monolayer 

silica film on Ru(0001) have been performed by Sauer and co-workers.  
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Fig. 3.10 Top and side views of the most stable structure of Si4O10·2O/Ru(0001) found 

by DFT, Si yellow, O red, Ru gray[79]. 

 

Fig. 3.11 Caption IRA-spectrum (a) and XP-spectrum (b) simulated for the monolayer, 

Si4O10·2O/Ru(0001) structure model (see Fig. 3.10). The frequency in computed IRA-

spectrum is scaled by a factor of 1.0341.15 [78]. The bar height in the XP-spectrum is 

proportional to the number of the respective O atoms in the structure. BE shifts are 

given with respect to the lowest O1s state. 
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DFT results show that among the several monolayer models studied, only the film 

containing two O(Ru) atoms per unit cell (see Fig. 3.10), was found to be stable [79]. 

Fig. 3.11 shows the harmonic IRA spectrum simulated for this model, 

Si4O10·2O/Ru(0001). The most intensive mode at about 1160 cm-1 originates from 

the in-phase combination of asymmetric stretching vibrations of the Si–O–Ru 

linkages. The mode at 1076 cm-1 with very weak intensity involves combinations of 

symmetric O–Si–O stretching vibrations. The bands at 820 and 677 cm-1 are the 

combinations of asymmetric stretching of Si–O–Ru linkages and O–Si–O bending 

modes. The positions and relative intensities of these calculated bands are in good 

agreement with the experimental data provided in Fig. 3.7. 

 The simulated XP spectrum of the O1s core levels is shown in Fig. 3.11 (b). 

The spectrum displays two groups of signals. The signal at higher BEs originates 

from oxygen atoms forming Si–O–Si bridges, and the three signals at lower BEs arise 

from oxygen atoms bound to the metal substrate, i.e., O(Ru) and those of the Si–O–

Ru linkages in the different (top and hollow) sites with respect to Ru(0001). This 

result is in good agreement with the experimental result (Fig. 3.6). 

Therefore, the film with silica amount is 1MLE grows as monolayer film, 

SiO2.5/Ru(0001). This film consists of a two-dimensional honeycomb-like network of 

corner-sharing [SiO4] tetrahedra, with one oxygen atom from each tetrahedron 

bonding downward to Ru substrate. The other three oxygen atoms form Si-O-Si 

bonds with the neighboring tetrahedra. 

3.3 Bilayer silica film on Ru(0001) 

In this section, we doubled silicon amount to two monolayer equivalent (2 

MLE). After high temperature oxidation, the XPS Si2p spectrum (Fig. 3.12) shows a 

peak at 102.5 eV (the full width at half maximum, FWHM, is ~1.3 eV), which 
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indicates that the Si presents only one species and is in the 4+ oxidation state. The 

intensity of this peak is two times of the one for silica monolayer on Ru(0001) as 

expected. As presented in Fig. 3.12, the XPS O1s spectrum shows an intensive peak 

at 531.7 eV with a small shoulder at about 529.9 eV, which has the same binding 

energy as chemisorbed 3O(2×2) on Ru(0001). When performing the measurement at 

grazing emission angle (80° with respect to the surface normal), the shoulder at 

529.9 eV is attenuated more than the peak at 531.7 eV, which suggests that the O 

species is underneath the silica film. Therefore the oxygen species at 529.9 eV is in 

between the silica film and the substrate, and chemisorbed on Ru substrate (i.e. 

interfacial oxygen). Therefore the film has two oxygen components, which can be 

assigned to oxygen bonded to silicon atoms (O1s(Si)) and the one bond to Ru 

(O1s(Ru)), respectively. The ratio of the integrated areas of these two peaks is about 

12:1, which is different from the monolayer silica film on Ru(0001), where the ratio of 

the two oxygen peaks is 3:2. Therefore, the oxygen atoms in this film are primarily in 

Si-O-Si linkages. In addition, the separation of Si2p and O1s(Si) peaks is ~429.2 eV, 

which is closer to the reported value for SiO2 films on Si, e.g. 429.9 eV, rather than 

the ones for Si2O3 (432.6 eV) and SiO (432.8 eV) bulk compounds [104]. Therefore, 

the stoichiometry of this 2MLE silica film on Ru(0001) is SiO2.  
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Fig. 3.12 Si2p (hν = 200 eV) region in XP-spectrum of bilayer film (top). Normalized XP-

spectra of O1s (hν = 630 eV) region of 2 MLE film at different emission angles (bottom). 

The vibrational properties of this film are shown in Fig. 3.16.  Two sharp peaks 

are observed in IRAS, ~1300 cm-1 and ~690 cm-1, respectively. This differs from the 
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IRAS spectra for SiO2.5/Ru(0001) where the most intensive peak is at 1134 cm-1. To 

the best of our knowledge, the 1300 cm-1 peak has not been reported before. To 

investigate the structure property given by these phonon vibrations, 18O-labeled films 

have been prepared. The IRAS show that the main peak for this film is at 1247 cm-1, 

i.e. 53 cm-1 lower than the film oxidized by 16O, and the less intensive band is at 664 

cm-1, 28 cm-1 red shift from the 692 cm-1 peak. This results is in good agreement 

with the reduced masses of a Si-O-Si oscillator. Since only vibrations with the 

dynamic dipole moment normal to the metal surface contribute to an IRAS signal[97], 

the very high intensity of the ~1300 cm-1 band (~10%) suggests this band to be 

associated with the Si-O-Si bonds oriented perpendicular to the surface. 

 

Fig. 3.13 IRA-spectrum of bilayer films prepared using 32O2 (black), 36O2 (red). The blue 

bars show the position and relative intensity of the IR active vibrations calculated by 

SFT for the structure shown in Fig. 3.15 (a). 
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Depending on different preparation conditions, LEED shows different patterns, 

either (2×2) (with respect to Ru(0001) substrate) pattern or diffuse ring, or both 

coexist. In most cases, the LEED give a (2×2) pattern with a weak ring, which infers 

the surface consists of hexagonal network with a lattice constant is 5.42 Å (two times 

the periodicity of Ru(0001)). More morphological information about the film is 

presented by STM results. Large scale images reveal that the substrate is covered by 

a flat silica film with a height of ~5 Å. In the atomically resolved STM images, see Fig. 

3.14, we can see that the film is composed of a hexagonal network, which shares the 

same in plane structure as monolayer silica on Ru(0001).  

 

Fig. 3.14 STM images of the bilayer silica film on Ru(0001). V=1.3 V, I=0.07 nA. 

(provided by B. Yang) 
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Fig. 3.15 Structural models of bilayer silica films, “o-poor” (a) and “o-rich” (b). 

All evidence leads to one conclusion: the 2MLE silica film contains two silica 

layers which are connected together via Si-O-Si, i.e. bilayer silica film. This bilayer 

film has no dangling bonds on either side, resulting in a weak interaction with the 

Ru(0001) substrate.  

This model was confirmed by DFT calculations performed by Sauer and co-

workers [78]. First, the double layer silica sheet is placed over the clean Ru(0001) 

surface. The most stable structure is shown in Fig. 3.15. In this model, all O atoms 

in the lowest layer are located above the Ru atoms. The results show that the 

adhesion energy of the silica film to the Ru(0001) support is 3.1 KJ·mol-1·Å-2.  

The calculated phonon spectrum, see in Fig. 3.13, reveals only two IR active 

modes above 600 cm-1 measured. The most intense mode at 1296 cm-1 is given by an 
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in-phase combination of asymmetric Si-O-Si stretching vibrations of the Si-O-Si 

linkage between the two layers. Another mode at 642 cm-1 is a combination of 

symmetric Si-O-Si stretching vibrations of Si-O-Si bonds nearly parallel to the 

surface. This result is in good agreement with our experimental result in both the 

positions, 1300 vs 1296 cm-1 and 692 vs 642 cm-1, and the relative intensities of the 

vibrations [78].  

The bilayer silica film can also be obtained with layer by layer growth. First, 

one makes a monolayer silica film on Ru(0001), then 1MLE silicon is deposited onto 

this monolayer film, followed by high temperature oxidation. In IRA-spectrum, the 

1134 cm-1 peak, the feature for monolayer silica film, was not ovserved and the 1300 

cm-1 phonon, which is the infrared feature for bilayer silica film, appears. We 

suppose that during this process the Si-O-Ru bond breaks to form Si-O-Si bond, 

which is thermodynamically unfavorable for monolayer silica on Mo(112). Therefore, 

under our condition, the structure of the silica films on Ru(0001) is governed by Si 

coverage. This conclusion can be further proved by the growth of silica film with 

intermediate silicon coverage, between 1 MLE and 2 MLE.  

When the amount of silicon deposited is about 1.5 MLE, the film contains both 

monolayer and bilayer structure. In Fig. 3.16, we can see the infrared spectrum has 

both 1137 cm-1 band, which is given by Si-O-Ru bond corresponding to a monolayer 

silica film, and 1300 cm-1 band, which infers the formation of bilayer silica film. As 

shown in Fig. 3.17, LEED shows a (2×2) pattern with a weak ring, and large scale 

STM image reveals flat morphology where wide terraces of Ru(0001) can still be 

recognized. Large domains within the same terrace are separated by steps with 

apparent heights of ~ 1.5 and ~ 5 Å when measured with respect to small holes 

exposing the underlying O–Ru surface. The heights of ~ 1.5 and ~ 5 Å can be 

assigned to monolayer silica film and a bilayer silica film, respectively.  
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Fig. 3.16 IRA-spectrum of 1.5 MLE film. 

 

Fig. 3.17 STM image of the 1.5 MLE silica film on Ru(0001), V= 8.0 V, I=0.1 nA; The 

respective LEED pattern (at 60 eV) is shown as an inset (provided by B. Yang). 
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3.3.1 Crystalline and vitreous films   

Depending on different preparation conditions, the LEED pattern of the bilayer 

silica films can be either (2×2) spots or a (2×2) diffuse ring, or coexisting of (2×2) 

spots and the ring. First, we give an example of a bilayer silica film which has LEED 

pattern with coexisting (2×2) spots and ring. The corresponding LEED and STM 

images are shown in Fig. 3.18. In the atomically resolved STM image, we can clearly 

see the domains of ordered structures, which are identified as crystalline silica film, 

coexisting with disordered structures, which could be identified as two-dimensional 

vitreous silica. 

 

Fig. 3. 18 STM image of the bilayer silica film prepared by two sequential deposition and 

oxidation steps of 1 MLE Si each, V= 2 V, I=0.1 nA The respective LEED pattern (at 60 

eV) is shown as an inset (provided by B. Yang). 
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To study the effect of the preparation conditions on the morphology of bilayer 

silica film, several films have been prepared under different conditions by varying 

annealing temperature, time, oxygen pressure, etc. The results indicate that the rate 

of sample cooling after the high-temperature oxidation step is an important factor in 

controlling film crystallinity. Fig. 3.19 shows LEED and STM results of two films 

prepared using same condition except the cooling rate after oxidation. The film 

prepared with slow cooling rate (below 1 K s-1) gives sharp (2×2) LEED pattern 

indicating a highly ordered surface. The respective STM image shows a regular 

honeycomb-like network formed by six membered rings, which contains six [SiO4] 

units. On the contrary, the film obtained by fast cooling rate (~ 5 K s-1), shows a 

diffraction ring in addition to the weak (2×2) LEED pattern. The STM image indicates 

that the film consists of rings with different size, composed of 4 to 9 [SiO4] units. The 

number of the [SiO4] units in a ring is determined by the number of the nearest 

neighboring rings. Therefore, slow cooling rate leads to the formation of a crystalline 

silica bilayer film and a fast cooling rate results in a vitreous bilayer film. The XPS 

and IRAS of crystalline and vitreous films are nearly identical which infers that the 

electronic and vibrational properties for both films are the same. This bilayer silica 

film opens a playground for studying glass and glass transition in atomic level [106, 

107]. 
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Fig. 3. 19 (top) LEED patterns (at 60 eV) and STM images (bottom) of the bilayer silica 

films prepared by slow (on the left) and fast (on the right) cooling after the high 

temperature oxidation step in the film preparation. (Tunneling parameters: 2 V, 0.1 nA 

(left); 3.3 V, 0.1 nA (right).) 

The crystallinity of the bilayer film is irreversible: the crystalline film, which is 

obtained by slow cooling, cannot be transformed into the vitreous state by re-

oxidation of the same sample followed by fast cooling, and vice versa. The film 

decomposes when applying higher temperature for re-oxidation. These findings agree 
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well with the very high barrier for crystal-to-glassy transformation predicted by the 

DFT calculations [106].  

The film quality can also be affected by other preparation factors. In particular, 

we found that lower deposition temperatures (ca. 100K) appear to favor the 

formation of more closed films. Fig. 3.20 gives the STM images of two films prepared 

using same silicon dosage, 1.8 MLE, but different deposition temperature, 300 K and 

100 K. XPS results show the same Si and O amount in the oxidized films. Infrared 

spectra suggest two films have the same vibrational property. However, an obvious 

difference is observed by STM. The film obtained by depositing silicon at low 

temperature, 100 K, has less open patches than the one prepared by depositing 

silicon at 300 K. This likely implies  the formation of more two-dimensional SiOx 

overlayers at lower temperatures, which may form as a result of limited surface 

diffusivity. When such films are then oxidized at high temperatures, the increased 

wetting of the “precursor state” is then presumably reflected in the final state of the 

prepared film. 

 

Fig. 3.20 STM images of bilayer silica film with different deposition temperature 300 K 

(a), V=10V, I=0.1 nA; and 100 K (b), V=5.4 V, I=0.14 nA.  
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3.3.2 O-rich and O-poor films 

As previously mentioned, there may be oxygen species located between the 

bilayer silica film and Ru substrate, which are chemisorbed only on Ru(0001). This 

chemisorbed interfacial O on Ru(0001) can desorb and re-adsorb by annealing the 

sample in UHV and re-oxidation, causing binding energy shifts of Si2p and O1s[108]. 

This phenomenon is observed by a thermal treatment experiment, annealing the 

prepared sample, o-rich film, step by step from 1030 K to 1150 K in UHV, forming 

“O-poor” film, and finally re-oxidation at 1140 K. All the spectra were taken below 

400 K after cooling down. (This work was carried out in Bessy II, where we used a 

different sample holder caused a different temperature reading than the work 

described in previous sections.) As shown in Fig. 3.21, the binding energy of Si2p 

increases gradually with increasing annealing temperature, from 102.5 eV as 

prepared to 103.3 eV after annealing in UHV at 1150K. The Si2p binding energy is 

restored to 102.5 eV after re-oxidation. Similarly, the main peak in O1s spectrum, 

which is assigned to the oxygen connected to Si (marked as O1s(Si)), shifts from 

531.8 eV to 532.3 eV with increasing the annealing temperature and restored by re-

oxidation. The intensity and FWHM of Si2p and O1s(Si) are not changed indicating 

the silica film maintains its chemical composition and stoichiometry. Whereas, the 

shoulder at 529.9 eV, which is assigned to interface oxygen (marked as O1s(Ru)), 

does not change the binding energy but is attenuated during the thermal treatment 

and is finally restored after re-oxidation. Fig. 3.22 gives the binding energy as a 

function of annealing temperature, where we can clearly obverse the trends. Both the 

Si2p and O1s(Si) peaks shift by ~0.8 eV from o-rich film to o-poor film, whereas 

O1s(Ru) does not change.  
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Fig. 3.21 The Si2p (hν =200 eV) (top) and O1s (hν = 630 eV) (bottom) regions in XP 

spectra of a bilayer film as a function of annealing temperature in UHV as indicated and 

after sample reoxidation at 1140 K for 10 min in 2 × 10−6 mbar O2 
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Fig. 3.22 BE shifts measured from the spectra shown in Fig. 3.21. 

UPS results are shown in Fig. 3.23. The broad band from 5 to 9 eV is assigned 

to the nonbonding O2p in silica, and the band region from 10 to 12.5 eV is 

associated with the hybridized O2p-Si3s,sp bonding orbitals [58]. The work function 

difference between o-rich (~ 7.2 eV) and o-poor (~ 6.2 eV) states is ~ 1eV. The same 

trend is observed for silica free system (not shown), the work function of O(2×1) pre-

covered Ru(0001), e.g. 6.2 eV is larger the one of clean Ru(0001), e.g. 5.45 eV.  

In this thermal treatment experiment, the LEED pattern, STM images and 

infrared spectra remain the same for different film states, therefore the film structure 

was not affected. These findings open the possibility of tuning the electronic property 

of oxide/metal systems without changing the thickness and structure of the oxide 

overlayer.  
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Fig. 3. 23 UP spectra of o-rich film and o-poor film, light source: He I. 

3.4 “Thick” silica films on Ru(0001) 

To see whether the bilayer silica film can be further grown in a layer-by-layer 

manner, we have analyzed silica films with 4 MLE silicon deposited. The results for 

the preparation in one step and the preparation in two sequential 2 MLE deposition–

oxidation steps were similar. XPS results (not shown) indicate that higher 

temperature (about 25K higher) is needed to fully oxidize the film.  

The large scale STM image of the 4 MLE film (Fig.3.24) reveals the smooth 

surface, however the surface is not atomically flat. Atomic resolution was 

unsuccessful, because the STM became unstable at low biases due to the strong 

attenuation of the tunneling probability for the thick insulating films. It is only 

possible to get atomic resolution in the depressed areas, and it shows a pore 

structure similar to the vitreous bilayer silica film.  
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Fig. 3.24 STM images of the 4 MLE silica film on Ru(0001), V= 8.6 V, I=0.12 nA; The 

respective LEED pattern (at 60 eV) is shown as an inset. (provided by B. Yang) 

 

Fig. 3.25 IRA-spectrum of 4 MLE film. 
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Fig. 3.25 shows the IRAS results for 4 MLE film. It can be seen that the 1300 

cm-1 and 694 cm-1 phonons, which are the characteristic phonons for a bilayer silica 

film, are less intense while a phonon at 1257cm-1 with a shoulder at 1164cm-1 

appears. The 1300 cm-1 and 694 cm-1 phonons can be assigned to the areas with 

depressed contrast which show the pore structure, attenuate by a factor of three. 

The 1257 cm-1 phonon corresponds to the rest of the film, which has been reported 

for several nanometers thick silica overlayer on silicon single crystal [25]. The 

phonon can be assigned to the asymmetric longitudinal optical vibration modes as in 

quarts-like compounds [18]. Base on the results given above, we can conclude that 

no monolayer or bilayer but a silica film with three-dimensional network of [SiO4] 

tetrahedra grows on the bilayer silica film when the silicon thickness is greater than 

2 MLE. 

3.5 Summary 

In this chapter, we have discussed the growth of silica films on a Ru(0001) 

substrate. The results show that the atomic structure of silica films on Ru(0001) is 

determined by the thickness of the film. For the silicon amount no more than 1MLE, 

the film grows as monolayer film chemisorbed on Ru(0001) via Si-O-Ru bond, and 

the characteristic phonon vibration is at ~1135 cm-1. The film which contains 2MLE 

silicon grows as a bilayer film, two silica layers are connected via Si-O-Si linkage 

which has a sharp phonon at ~1300 cm-1. The influence of the metal substrate 

should be minimized in a good model system, therefore, this weakly bound bilayer 

silica film is a suitable model system for investigation of silica related materials. 

When increasing the film thickness more than 2 MLE, a IRAS feature at ~1257 cm-1 

develops, which can be assigned to bulk-like silica, therefore the film grows as three-

dimensional. 
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The bilayer silica film can be grown as either crystalline or vitreous, or both 

coexists, depending on different preparation conditions, respectively, slow cooling or 

fast cooling after high temperature oxidation. It can be used as a suitable model 

system for studying glass and glass transition in atomic level. 

The electronic property of the bilayer silica film grown on Ru(0001) can be 

tuned by the interface oxygen amount. The maximum of the work function difference 

between o-rich film and o-poor film is about 1eV. 
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Chapter 4 Silica films on Pt(111) 

As previously mentioned, the silica films grow as monolayer silica film on 

Mo(112), however, on Ru(0001) both monolayer and bilayer silica films can be 

obtained. In addition, the bilayer silica film on Ru(0001) can be grown as either 

crystalline or vitreous depending on the preparation conditions. To understand the 

role of the metal substrate on the structure of the silica film, we employed Pt(111) as 

another substrate for a comparative study. Pt has a weaker interaction with oxygen 

as compared to Mo and Ru. Pt(111) shares the same hexagonal symmetry with 

Ru(0001), but the lattice constant, 2.77Å,  is slightly larger than Ru(0001), (2.71 Å). 

The Pt(111) surface has been widely used as a substrate for growing transition metal 

oxide thin films, e.g., titania, iron oxides, ceria, etc [109-111]. 

4.1 Silica films on Pt(111) 

Similar to silica films grown on Ru(0001), we started with making an oxygen 

overlayer on Pt(111). We prepare the oxygen precovered Pt(111) surface by exposing 

to 3×10-6 mbar O2 at ~1200 K for 5 min and cooling to room temperature before 

pumping out oxygen.  

Depositing silicon onto Pt(111) at 373K in 2×10-7 mbar oxygen results in the 

XPS Pt4f peaks shifting to higher binding energy, while Si2p at ~100e V refers to 

silicon in silicide. To avoid the formation of silicide, silicon was deposited at low 

temperature, 100 K, in higher oxygen pressure, 1.5×10-6 mbar.   

Finally, the film was oxidized at 1200 K in 1×10-5 mbar oxygen ambient. Due to 

the low adhesion of oxygen on Pt, high oxygen pressure was necessary.  

We begin by discussing the structure of 2 MLE silica film on Pt(111).  
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Fig. 4.1 Si2p region (top) and O1s region (bottom) in XP-spectrum of 2 MLE film. 

XPS results presented in Fig. 4.1 show only one chemical state in the Si 2p 

region with a binding energy of 102.8 eV corresponding to Si4+, indicating the 

formation of [SiO4] tetrahedra. The O1s region has one peak located at 531.8 eV. 

These results are similar to bilayer film on Ru(0001), except that there is no obvious 
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shoulder at lower BE, which was previously assigned to interfacial oxygen for the  

SiO2/Ru(0001) system [78].  

IRAS is a unique technique to identify the principal structure of silica films. In 

Fig. 4.2 we can see a sharp phonon at 1294 cm-1 and a less intense peak at 690 cm-1, 

which is virtually identical to those observed for the bilayer films on Ru(0001) (~1300 

and 692 cm-1). The phonon at 1294 cm-1 can be assigned to an in-phase combination 

of asymmetric Si-O-Si stretching vibrations of the Si-O-Si linkage between two silica 

layers. The high intensity of the 1294 cm-1 peak informs that the Si-O-Si bonds are 

oriented normal to the surface plane. These results indicate the formation of silica 

bilayer film on Pt(111). 

 

Fig. 4.2 IRA-spectrum of 2 MLE film on Pt(111). 

As shown in Fig. 4.3, large scale STM reveals that a flat film with randomly 

distributed holes covers the whole substrate. The wide terraces are separated by 

monoatomic steps of Pt(111). The depth of the distributed holes in this film is ~2 Å, 
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which is considerably lower than the bilayer silica film on Ru(0001), where the 

measured height of the film is ~5 Å[78].  

 

Fig. 4.3 STM images of the 2 MLE silica film on Pt(111). V =4.4 V; I =0.1 nA (a); V=1.3 V, 

I=0.13 nA (b).  

LEED shows a Pt(111) (1×1) pattern accompanied by a diffuse (2×2) ring 

pattern. Therefore, this silica film lacks long range ordering, which is also proven by 

atomically resolved STM. Fig. 4.3 shows that the film is composed of corner-sharing 

N-membered rings, with N varying between 4 and 9. This film structure has been 
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observed for the vitreous bilayer silica film on Ru(0001) [79, 106]. It was previously 

found for the SiO2/Ru(0001) film that lower cooling rates favor the formation of 

crystalline films. In the case of the films grown on Pt(111), no crystallinity was 

observed even for very low cooling rates. So it can be concluded that the 2 MLE silica 

on Pt(111) grows as a vitreous silica film. 

It was reported that monolayer silica films can be grown on both Mo(112) and 

Ru(0001) due to the formation of stable O-Mo and O-Ru bonds [43, 56, 69, 79]. In 

order to study whether the O-metal bond is crucial for growing monolayer silica films, 

a 1MLE silica film was prepared on Pt(111). If the silica film grows as a monolayer, 

the whole substrate should be covered by the film. However, after annealing the 

sample to 1100 K in O2 ambient, STM image (Fig. 4.4) shows that only half of the 

substrate surface is covered by the film. The film is composed of two-dimensional 

islands linked by straight stripes. In the small scale STM image, we can see that 

these two-dimensional islands share the same surface structure as the vitreous 

bilayer silica films. The apparent height of the islands is ~2 Å, same as for 2 MLE 

film. The stripes bridging the islands have the same height, ~2 Å, and run along the 

principal crystallographic directions of Pt(111). Most of these ‘bridges’ are ~7 Å in 

width, although ~4 Å and ~10 Å wide lines are observed as well. These stripes 

resemble the one-dimensional silica rows formed on Mo(112) at low coverage [49]. 
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Fig. 4.4 (a) STM image of the 1 MLE film on Pt(111). Height profile along the A-B line, 

indicated in (a), is shown in (b). The inset shows a close-up image demonstrating the 

vitreous state of silica islands (cf., Fig. 4.4 (b)). The arrow indicates silica stripes 

bridging the islands (tunneling parameters 0.8 V, 0.06 nA). 
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Fig. 4.5 XP-spectra of Si2p region (top) and O1s region (bottom) of 1 MLE film (red), and 

2 MLE film (black). 

XPS results presented in Fig. 4.5, show only one Si2p peak at 102.8 eV. It 

should be noticed that the spectrum for the O1s core level shows only one species at 
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531.8 eV , which is obviously different from 1 MLE silica grown on Mo(112) and 

Ru(0001), where the O1s peak can be deconvoluted into two components, 

representing the O from Si-O-Si and the O from Si-O-Ru. It can be seen the O is half 

of the intensity but keeps the same binding energy as 2 MLE silica film, therefore the 

O ions are in the same chemical environment as in bilayer silica on Pt(111). 

 

Fig. 4.6 IRA-spectra of 1MLE film (red), 2 MLE film (black). 

The monolayer films grown on Mo(112) and Ru(0001) show characteristic 

phonon vibrations located at 1060 cm-1 for Mo(112) [69] and 1136cm-1 for Ru(0001) 

[79]. If a monolayer film were grown on Pt(111), phonon vibrations in the same 

regions would also be found in the IRA spectra of such films. However, as shown in 

Fig. 4.6, the 1 MLE silica film has only two sharp phonons at the same frequencies 

found for the 2 MLE silica on Pt(111), with half of the intensity. The most intense 

peak is located at 1294 cm-1 and the less intense peak is at 690 cm-1, indicating that 

the film contains Si-O-Si stretching oscillators oriented perpendicular to the surface 

plane. In addition, the absence of a phonon peak in the 1000-1200 cm-1 range 
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indicates that there is no Si-O-Pt bond formation. It is clear then that the 1MLE film 

is a bilayer in nature.  

Therefore, we can conclude that silica films on Pt(111) only grow as bilayer film 

regardless of the silicon thickness. 

 

Fig. 4.7 the BE shift of Si2p (Black) and O1s (red) XP spectra of SiO2/Pt(111) as a 

function of annealing temperature in UHV as indicated and after reoxidation. 

In addition, the experiment of transformation between O-rich and O-poor 

states was carried out. In this experiment, all the XP spectra were taken at 100 K.  

As shown in Fig. 4.7, both Si2p and O1s peaks shift to higher binding energy after 

anneal the sample at 423 K in UHV. The binding energy change is ~0.2 eV when the 

annealing temperature reaches 573 K. Further increase the annealing temperature 

does not cause obvious change. Both peak of Si2p and O1s restored after re-

oxidation at 1200 K. These results indicate this SiO2/Pt(111) has reversible O-rich 

and O-poor states, which is similar as SiO2/Ru(0001). However, the maximum 
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values of the binding energy change are quite different, ~0.2 eV for SiO2/Pt(111) and 

~1.0 eV for SiO2/Ru(0001) [108]. This can be explained by the interface oxygen 

amount in SiO2/Pt(111) is less than SiO2/Ru(0001). On the other hand, bond of the 

interface oxygen on Pt(111) is weaker than on Ru(0001), therefore, lower annealing 

temperature, 573 K (1150 K for SiO2/Ru(0001)), is required to desorb all of the 

interface oxygen.  

4.2 Support effects 

Here, we summarize the silica structures on Mo(112), Ru(0001) and Pt(111). 

On all substrates, the films are formed by a network of corner sharing [SiO4] 

tetrahedra. On Mo(112), the film can only grow as monolayer silica film, which is 

strongly bonded to the substrate via Si-O-Mo bond, which is schematically shown in 

Fig. 4.8 (a). On Ru(0001), the silica film grows as a monolayer silica film, which is 

bonded to the substrate via Si-O-Ru linkage, when the thickness is below 1MLE. 

When the thickness is 2MLE, the film grows as a bilayer film weakly bonded to the 

Ru(0001) substrate. The bilayer films can be grown as crystalline structure, which 

consists of hexagonal rings composed of six [SiO4] units forming a network with long 

range order(see in Fig. 4.8 (b)), or vitreous structure, which is composed of rings with 

different ring size, where the number (N) of [SiO4] units, forming the ring, varies 

between 4 and 9. On Pt(111), the silica film can only grow as a bilayer regardless of 

the thickness and only the vitreous state has been observed.   
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Fig. 4.8 Schematic representation of a monolayer (a) and a bilayer (b) film on a metal 

support. Top and cross views are shown. Si ion positions are in [SiO4] tetrahedra is 

indicated by dots. 

The principal structure of silica films grown on different metals correlates with 

the oxygen affinity to the metal support. The reported heats of dissociative 

adsorption of oxygen on Mo, Ru, and Pt are -544, -220 and -133 kJ/mole 

respectively [112], which correlates with standard heats of formation for MoO2 (-588 

kJ/mole), RuO2 (-153 kJ/mole) and PtO2(-71 kJ/mole) [113]. Therefore, the strong 

O-Mo bonds leads to the formation of only monolayer silica films on Mo(112). Due to 

the weakness of the O-Pt bond, the silica film on Pt(111) does not grow as monolayer 

but bilayer, where two sheets of [SiO4] tetrahedra are interconnected via O ions 

forming a ‘closed shell’ structure and the film terminated by the fully saturated 

oxygen layer on either side. Ruthenium exhibits the intermediate properties, silica 

film can grow as monolayer at low thickness. When thickness is more than 1MLE, 
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the O-Ru bond, which is stable but much weaker than O-Mo bond, in the Si-O-Ru 

linkage can break, then the O connects with Si in another silica layer leading to the 

formation of Si-O-Si linkage ultimately resulting in a bilayer silica film. 

 

Fig. 4.9 STM images of the bilayer silica films: crystalline bilayer on Ru(0001) (a), 

vitreous bilayer on Ru(0001) (b), and bilayer silica film on Pt(111) (c). 

It is known, in heteroepitaxy, that another important factor influencing the 

growth of the film is the lattice mismatch between an oxide film and a metal 

substrate, which is obviously different for the metals studied. The lattice constant of 

the unsupported, free-standing silica bilayer is computed to be 5.32 Å [50]. When the 

films are grown on Ru(0001) (lattice constant 2.71 Å) and Pt(111) (lattice constant 

2.77 Å), the most natural structure for this porous silica film to accommodate these 

metal supports is the (2×2) structure. From this point of view, the Ru(0001), where 

the periodicity of  (2×2) structure is 5.42 Å, is better suited than Pt(111), where the 

periodicity of  (2×2) structure is 5.54 Å. This may explain why the silica bilayer film 

can form a crystalline structure on Ru(0001) under certain conditions [78, 79], 

whereas  the bilayer film favors the formation of vitreous structure on Pt(111) in 

order to release the tension caused by lattice mismatch. 
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Mo(112) has a rectangular unit cell (5.46 Å× 8.92 Å), which hardly fit a 

hexagonal silica ovelayer. As a result, the monolayer silica films on Mo(112) form a 

honeycomb-like structure with shortened periodicity of 5.2 Å in the Mo[-3 1 1] 

direction and extended periodicity of 5.46 Å in the Mo[-1 -1 1] direction [43, 69]. 

However, in spite of the distortion, the monolayer silica form a perfectly ordered film 

on the larger scale on the Mo(112) substrate, whereas the monolayer silica film on 

Ru(0001) contains a multi-domain structure with a high density of domain 

boundaries [79]. Therefore, we can conclude that the strong Si-O-Mo bond stabilizes 

the well-ordered monolayer structure despite the energy cost of the silica lattice 

distortion.  

 

Fig. 4.10 STM images of the monolayer silica films on Mo(112) (a) [43], and on Ru(0001) 

(b). 

4.3 Summary 

In this chapter, we have discussed the preparation and characterization of 

ultrathin silica films on Pt(111). It is shown that the silica film only forms vitreous 

bilayer structure on Pt(111). Based on the comparison of the structure of silica films 
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grown on Mo(112), Ru(0001) and Pt(111), we suggest that the metal-oxygen bond 

strength plays a decisive role on the atomic structure of silica overlayers on metal 

substrates. Lattice mismatch also influences the morphology of the film in a certain 

way.    
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Chapter 5 Metal-containing silicate films on 

Ru(0001) 

Silicates are one of the most widely existing minerals in nature. These minerals 

and synthetic silicate materials are extensively used in our society. Although there 

are several compounds known to contain [SiO6], such as the high pressure phases 

K[(AlSi3)[6]O8 with the hollandite-type structure, in most silicate, each silicon atom is 

strongly bonded to four oxygen atoms forming a [SiO4] tetrahedron [114]. When 

silicate contains only Si and O, it is known as silica.   

Among silicate materials, zeolites received a lot of attention due to their 

importance in heterogeneous catalysis [115]. However, the relation between 

structure and reactivity of these complex and highly porous materials is mostly 

studied using bulk-sensitive techniques and theoretical calculations [116]. To better 

understand the catalytic reactions, which happens on the surface of catalyst, it is 

necessary to employ the surface sensitive techniques. Therefore, a zeolite model 

system that is accessible to surface science techniques is very valuable.  

As mentioned in chapter one, a thin aluminosilicate film has been prepared on 

Mo(112) substrate using monolayer silica as the template [77]. This thin film is 

strongly bound to the substrate, lacking of negative charge resulting in unability to 

be protonated by water adsorbing to form bridging OH groups, which exist in zeolite 

playing an important role in many reaction due to the acidity of this OH group. In 

this work, we prepared the aluminosilicate film using the bilayer silica film on 

Ru(0001) as template, because the weakly bound film may be less affected by the 

substrate. 
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Metal promoted zeolites are commonly used as catalysts. For example, Fe-

containing zeolites and Fe-silicalites efficiently catalyze several industrially important 

oxidation reactions. [117] Basically, such materials are formed by substitution of a 

small fraction of Si4+ with Fe3+ in the framework. However, the nature of active 

species in these materials remains debating owing to a huge variety of Fe 

coordination in and out of the crystalline framework [118]. In addition, iron-silicates 

are found in many minerals, such as chamosite, greenalite, cronstedtite, nontronite, 

glauconite, etc. Currently, the structure and property of iron-silicate is poorly 

understood, especially, compared to the iron-oxide system. In this work, we studied 

the growth of thin iron-silicate films on Ru(0001) using bilayer silica film as a 

starting point. 

Therefore, in this work, two metal-containing silicate systems, e.g. 

aluminosilicate and iron-silicate, were studied.  

5.1 Aluminosilicate films 

To substitute Si in SiO2/Ru by Al, different methods were performed. Among 

these methods, the one for the best film quality achieved is using co-deposition of 

silicon and aluminium. Firstly, using the same procedure as described in chapter 3, 

a 3O(2×2) overlayer was prepared on the clean Ru(0001) substrate. Then, Si and Al 

were sequentially deposited by e-beam evaporation on to the 3O(2×2)-Ru(0001) 

surface at 100 K in 2×10-7 mbar oxygen. Finally, the deposited mixture is annealed 

at 1200K, in 3×10-6 mbar O2 for 10 minutes [81, 119]. 

Before presenting the characterization results, it is necessary to mention that 

the composition of the aluminosilicate is written as AlxSi(1-x)O2, where x is the Al 

molar fraction. Using the pure bilayer silica film on Ru(0001) as a reference, where 

x=0, several samples with different Al/Si ratio were studied. 
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The XPS results of the prepared aluminosilicate films reveal that aluminum is 

in the highest oxidation state (see Fig. 5.1). As shown in Fig. 5.2, the Si2p has the 

same binding energy as in pure silica bilyer film inferring the Si4+ oxidation state. In 

the O1s region, shown in Fig. 5.3, in addition to the two components observed in the 

bilayer silica film, the one at 531.7 eV assigned to Si-O-Si and 529.9 eV assigned to 

O(Ru), a new feature at ~530.7 eV is observed. This new feature gets more 

pronounced with increasing Al/Si ratio and has previously been assigned to the Si-

O-Al linkage [77].  

 

Fig. 5.1 Al2s region in XP-spectra of bilayer silica film on Ru(0001) (black), and 

Al0.35O0.65O2 film on Ru(0001) (red). 
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Fig. 5.2 Si2p region in XP-spectra of bilayer silica film on Ru(0001) (black), and 

Al0.35O0.65O2 film on Ru(0001) (red). 

 

Fig. 5.3 O1s region in XP-spectra of bilayer silica film on Ru(0001) (black), and 

Al0.35O0.65O2 film on Ru(0001) (red). 
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Comparing with the bilayer silica film, which gives a sharp and strong phonon 

at ~1300 cm-1 together with a phonon at ~690 cm-1, the Al-substituted films do not 

give any new feature but these phonons are shifted in the infrared spectrum. While 

increasing the Al content, the ~1300 cm-1 phonon vibration gradually red-shifts, but 

the intensity and width of this phonon remains the same (see in Fig. 5.4). This 

finding indicates that the Al atoms incorporate into the bilayer structure without 

forming a new phase.  

 

Fig. 5.4 IRA-spectrum of bilayer silica film on Ru(0001) (black), and Al0.2O0.8O2 film on 

Ru(0001) (red). 

At low Al/Si ratio, LEED shows a (2×2) pattern, with respect to Ru(0001), 

indicating the formation of a crystalline structure. STM images reveal that the 

surface is nearly atomically flat. STM images of an Al0.12Si0.88O2 film are presented in 

Fig. 5.5. Some irregularly shaped areas (labeled A) with a slightly different contrast 

are separated by protruding domain boundaries from other areas (labeled B). The 

areas labeled B show the honeycomb-like network which is typical structure of the 
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crystalline bilayer silica films. In the domains A, the protrusions assigned to the 

positions of oxygen in the topmost layer are brighter than those in areas B. The 

coverage of areas A increases with Al/Si ratio indicating the Al-containing nature of 

these areas. Therefore, the Al atoms are not randomly distributed across the surface, 

but segregate into small domains. This finding seems to contradict Dempsey’s 

statement, based on electrostatic considerations, that Al atoms arrange in zeolitic 

structures as far as possible from each other [120]. Considerting lattice strain 

induced by the Al incorporation into the silicate frame, the Al atoms prefer locating 

near each other to minimize the strain.  

 

Fig. 5.5 Large scale STM image of Al0.12Si0.88O2 film (a), high resolution STM images in 

domain A (b), in domains B (c), V=0.15 V, I=0.07 nA. 
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Fig. 5.6 Large scale STM image of Al0.35Si0.65O2 film, V= 8.3 V, I=0.11 nA. 

The large scale STM image of Al0.36Si0.64O2 film, Fig. 5. shows a flat film with 

wide terraces separated by the monoatomic steps of the Ru(0001) substrate further 

proving that Al atoms incorporates into the framework rather than forms an alumina 

phase. For the films with Al/Si ratio close to 1, the integrity of the film is not 

conserved. This is in accordance with Lowenstein’s rule, which states that Al-O-Al 

linkages in zeolitic frameworks are forbidden [121].  

Based on the results discussed above, one conclusion can be achieved that Al 

incorporates into silica frame by substituting Si in [SiO4] tetrahedra. Therefore the 

resulted films are bilayer aluminosilicate films weakly bound to Ru(0001) substrate.  

To study where is the favorite location, in top layer or in bottom layer, for Al 

atoms, angle resolved XPS experiment has been down. For the Al0.25Si0.75O2 film (see 

in Fig. 5.7), the normalized signal ratio of Al to Si decreases while increasing the 



 

82 
 

angle between the analyzer and surface normal indicating the Al locates in the 

bottom layer. This finding is predictable due to the charge imbalance caused by 

substitution must be compensated. Since neither of extra cations and water, which 

is used to protonate the oxygen bridging Al and Si, were introduced during 

preparation, Al atom would prefer the bottom layer to get closer to the metal 

substrate to let the metal substrate compensate the extra charge. As a result, Al 

atom will not present in the top layer until the bottom layer is saturated at x=0.25. 

 

Fig. 5.7 Angle resolved XP-spectra of Al0.25Si0.75O2 film, Al/Si normalized signals as a 

function of the angle between analyzer and surface normal, α. 
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Fig. 5.8 IRA spectra of the Al0.4Si0.6O2 films, hydroxylated with H2O (black) and D2O (red), 

recorded in 2×10-5 mbar CO atmosphere. The spectra were divided by reference spectra 

taken before CO exposure. 

To form surface OH groups, the sample was exposed to water at ~ 100 K, 

resulting in a solid water layer, followed by heating to 300 K to desorb the weakly 

bound water molecules. It has to be mentioned that on pure silica film, IRAS shows a 

peak at 3750 (2763) cm-1 which can be assigned to the stretching vibration of OH 

(OD) bonds in silanol (Si-OH (Si-OD)) groups associated with defect sites [122]. For 

the aluminosilicate films, at low Al content (x < 0.25) no other OH related features 

were observed. However, for the films with higher Al content a peak appears at 3594 

cm-1, which falls into the vibration range of hydroxyl groups in the bridging Si-OH-Al 

positions in zeolites [122-124]. Therefore, differing from the repoted aluminosilicate 

films on Mo(112), the aluminosilitate films, with high Al content, weakly bound to 

Ru(0001) substrate can be protonated forming Si-OH-Al species, or as OHbr. In 
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addition, the films were protonated using D2O resulting in a peak at 2652 cm-1, 

which can be assigned to OD in Si-OD-Al species.  

The OH groups in Si-OH-Al can be replaced by OD. When D2O was adsorbed 

on the OHbr-containing surface at 100K forming a solid D2O layer and then followed 

by heating to 300 K, the OHbr signal at 3594 cm-1 disappears and the peak at 2652 

cm-1, which is assigned to ODbr, was detected, thus indicating the H/D exchange, 

which is a well-known phenomenon in zeolite chemistry [125].  

 

Fig. 5.9 IRA spectra of the OH-terminated surface of the Al0.4Si0.6O2 films upon 

subsequent hydroxylation with D2O. 

The acidity of the Si-OH-Al (Si-OD-Al) groups can be quantified by adsorption 

of CO as a weak base, which binds to the acidic proton through the C atom to form a 

CO···HO adduct.  A red-shift in ν(OH) together with a blue-shift in ν(CO) (compared to 

CO in gas phase 2143 cm-1) are induced as a consequence, and the magnitude of the 
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shift is proportional to the degree of acidity [122, 126, 127]. Fig. 5.9 shows the 

examples of an Al0.4Si0.6O2 film, After exposing the protonated surface in CO ambient 

(2×10-5 mbar), the red-shift of OHbr was observed, the peak shifts to 3215 cm-1 by 

379 cm-1 from 3594 cm-1. Similarly, the ODbr signal red-shift to 2409 cm-1 from 2652 

cm-1 by 243 cm-1. Meanwhile, the CO stretching vibration peak is at 2183 cm-1 is 

blue-shifted from 2143 cm-1, which is the frequency of CO in gas phase. Similarly, 

the ODbr signal red-shift to 2409 cm-1 from 2652 cm-1 by 243 cm-1. Therefore, the 

results indicate the formation of acidic OH(OD) groups on the aluminosilicate film 

with high Al/ratio. 

To summarize, the aluminosilicates film grown on Ru(0001) has structure 

composed of [SiO4] and [AlO4] building blocks, thus structurally similar as zeolites. 

The weakly bound films with higher Al content, x>0.25, can be protonated forming 

acidic OHbr (ODbr) groups which is an important feature of zeolites in catalysis. In 

addition, the H/D exchange occurs on this system, which is a well-known 

phenomenon in zeolite chemistry. Therefore, the bilayer aluminosilicate films weakly 

bound to Ru(0001) can be used as a suitable model system for zeolites [81].  

5.2 Iron-silicate films 

The preparation of iron silicate film was similar to aluminosilicate, which starts 

with making a 3O(2×2) overlayer on clean Ru(0001) surface, followed by sequential 

deposition of Si and Fe in oxygen ambient. Finally the deposited mixture was 

annealed at ~1150 K in 5×10-6 mbar O2. We define the Fe molar fraction in the 

resulted films as Fe/(Fe+Si), determined by XPS, the sum of the molar amounts of Si 

and Fe was equal to the silicon in a bilayer silica film. 

We begin with the IRAS results since IRAS turned out to be the most sensitive 

to the principal structure of the films. As previously mentioned, the most 
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characteristic features of the pure silica bilayer film are two strong phonon 

vibrations that can be easily seen by IRAS at 1300 cm-1, corresponding to a 

combination of in-phase asymmetric Si-O-Si stretching vibrations of the Si-O-Si 

linkage between the two layers and a peak at 692 cm-1 associated with a combination 

of symmetric Si-O-Si stretching vibrations of Si-O-Si bonds nearly parallel to the 

surface [78]. Fig. 5.10 gives a series of IR spectra of the films with different Fe 

content. A sharp new peak at 1005 cm-1 together with a less intensity peak at ~674 

cm-1 appear with the introduction of Fe into the films. These two new features gain 

intensity with increasing Fe content, meanwhile the features of silica bilayer film, 

~1300 cm-1 and 692 cm-1, gradually attenuate.  

 

Fig. 5.10 IRA-spectra of FexSi1- xO2 films on Ru(0001) as a function of the Fe content (x) 

as indicated. 
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It is interesting to compare this system with aluminosilicate bilyer films on 

Ru(0001). IRAS results show that the 1300 cm-1 phonon shifts to lower frequency 

after introducing Al into the silica bilayer framework, where the Al atoms do not form 

any separate phase, but are incorporated into the bilayer structure forming Al-O-Si-

O-Al linkage in plane. With increasing the Al/Si ratio, the phonon is further red 

shifted, for instance the phonon vibration is ~1270 cm-1 when the Al content is 40% 

[81, 119]. Apparently, iron doped silica films behave differently from aluminosilicate 

films. There is no red shift of the 1300 cm-1 phonon indicating that the film has 

regions of pure silica, and the new phonon at 1005 cm-1 indicates the formation of 

forming a new phase related to the presence of iron. Therefore, we suggest that the 

iron doped silica films have two different phases, a pure bilayer silica region and an 

iron-contained silica region. Although Al ions exhibited some islanding at low x, as 

shown by STM in Fig. 5.5, in the case of an Fe-silicate film, changes in the reduced 

masses of respective oscillators are much greater than in an Al-containing silicate 

film, and vibrational coupling of the two phases is hardly possible.  

When the Fe content reaches 50%, the 1300 cm-1 peak is almost gone, and the 

intensity of the 1005 cm-1 peak is comparable to the 1300 cm-1 peak for silica bilayer 

film. It is obvious that when the Fe/Si ratio equals 1, the vertical Si-O-Si oscillator 

between layers is no longer present. On the other hand the 1005 cm-1 vibration is 

close to the phonon vibration of silica monolayer grown on metal substrates (i.e. 

1134 cm-1 for Si-O-Ru on Ru(0001) and 1060 cm-1 for Si-O-Mo on Mo(112)). 

Therefore the new phonon frequency of 1005 cm-1 can also be assigned to the Si-O-

Fe oscillator.  

This hypothesis is supported by the water absorption experiments (see Fig. 

5.11). After making a D2O ice layer on the films by dosing water at 100 K, the 1005 

cm-1 phonon vibration shifts to ~1022 cm-1. This is similar to what was observed for 

ice layers deposited on a monolayer silica film on Mo(112). A 9 cm-1 blue shift of the 
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Si-O-Mo stretching vibration is observed after adsorption H2O (D2O) at 100K on a 

monolayer silica film on Mo(112), which may be caused by polarization of the 

water/silica interface [44]. Similarly, the shift seen in our case can be caused by the 

polarization of the water/iron-containing film interface. Note that, after desorbing the 

ice layer by heating the sample to 300K, no feature which can be assigned to Si-OH-

Fe groups is observed for the films with any Fe content (from 0.07 up to 0.5), which 

is different from the situation for aluminosilicate with Al content higher than 0.25. 

Therefore, we can conclude that no negative charge is present in the top layer for all 

the films. 

 

Fig. 5.11 IRA-spectra of Fe0.2Si0.8O2 films on Ru(0001) before D2O adsorption (black), and 

with D2O ice layer (red). 

For comparison, an iron oxide film grown on Ru(0001) using the same 

preparation conditions, which resulted in a FeO(111) film is IRAS-silent in the 
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spectral region above 600 cm-1 (see Fig. 5.10). This finding rules out the formation of 

the alone-standing FeO(111) structure in the Fe-silicate films. 

 

Fig. 5.12 LEED patterns (60 eV) of the FexSi1- xO2 films on Ru(0001) at x = 0 (a), 0.2 (b), 

0.5 (c), and 1 (d). The unit cells are indicated. 

Fig. 5.12 shows the LEED images of films with different Fe content, all images 

were taken at a beam energy of 60 eV. The spots in image (a) corresponds to a pure 

silica bilayer showing a (2×2) structure, with respect to the Ru(0001) underlying 

lattice, typical of the ordered crystalline film and a (2×2) ring characteristic of 

amorphous regions. After introducing Fe into the film (b), the LEED gives the same 

(2×2) pattern as seen for the silica bilayer film coexisting with a 30°–rotated pattern 

with a Moiré structure, indicateing the formation of a new phase with long range 

order different than the pure silica film. It should be noted that the 30°–rotated 
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pattern has a slightly larger distance between spots than Ru(0001)-(2×2), so the 

lattice constant of the film is shortened to about 5.25 Å (cf 5.42 Å in the original film).  

As the Fe/Si ratio is increased, the moiré pattern gets more pronounced, following 

the same trend found with the 1005 cm-1 phonon in IRAS. For the film with Fe 

content x ~ 0.5, the LEED shows only the rotated 2×2 spots with the moiré pattern. 

The LEED pattern for iron oxide grown on Ru(0001) using the same preparation 

condition as iron-silicate films is shown in Fig4.(d), which is the pattern for FeO(111) 

[128]. This LEED pattern is not observed in Fig 4.(b) and (c), which gives evidence 

that there is no formation of the reported FeO(111) species when iron oxide is grown 

on Ru(0001).  

 

Fig. 5.13 Large-scale (a) and high-resolution (b) STM images of the Fe0.2Si0.8O2 film.   

To get more details about the morphology of the films, STM measurements 

were performed. In the large scale STM image shown in Fig. 5.13 (a), two different 

areas, with and without moiré structure, are found. The measured periodicity of the 

moiré structure is ~ 26 Å, which is in good agreement with LEED results. With 

comparison of STM images of films with different Fe content, a trend is revealed that 

the area with moiré superstructure grows with increasing the Fe content. Therefore, 
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the area showing a moiré pattern can be assigned to the iron-containing phase, 

associated with the 1005 cm-1 phonon in IRAS. The step height between terraces 

with identical structure is about 2.5 Å, which corresponds to a monoatomic step on 

Ru(0001) underneath the film. Within the same terrace, the moiré area is slightly 

higher than the silica area. The atomically resolved STM image, Fig. 5.13 (b), shows 

that the film with moiré superstructure rotates 30° with respect to the Ru(0001) 

substrate. The area without moiré structure has a honeycomb-like structure with a 

periodicity of 5.5 Å, which corresponds to the pure silica bilayer film. In addition, the 

unrotated crystalline and vitreous silica structure was observed in some small areas 

close to the boundary of the iron-containing film and the pure silica film. These 

results indicate that Fe is not distributed uniformly over the whole surface but 

segregates forming new phases which separate from the pure silica bilayer. In 

addition, the area covered by the moiré pattern is two times larger than the Fe molar 

fraction, e.g. when the Fe content is 35%, the total area of the film with moiré 

pattern is about 70-80%. This is different from the aluminosilicate film for which the 

Al containing phase covers the whole surface when the Al content reaches 25% [81], 

whereas for the films described here the Fe-containing phase (moiré pattern) covers 

the whole substrate only when the Fe content reaches 50%.  
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Fig. 5.14 Si2p region in XP-specta of silica bilayer (black), Fe0.5Si0.5O2 (red) and Fe(111) 

(blue). 

 

Fig. 5.15 Fe2p region in XP-specta of silica bilayer (black), Fe0.5Si0.5O2 (red) and Fe(111) 

(blue). 



 

93 
 

 

Fig. 5.16 Top:  XP-spectra of the O1s core level in pure SiO2, FeO(111) and Fe0.5Si0.5O2 

films on Ru(0001) as indicated. Bottom:  Spectral deconvolution for the spectrum of the 

Fe0.5Si0.5O2 film. 

For all of the films, as shown in Fig. 5.14, the XPS spectra show that the Si2p 

binding energy has the same value, 102.6eV, as pure silica bilayer film, which refers 

to Si4+. Therefore Si is in the same chemical environment, and each Si atom is 

surrounded by four O atoms forming [SiO4] tetrahedra, which is the same as in 

mono- and bi- layer silica and aluminosilicate on Ru(0001). In fig 5.15, we can see 

that the intensity of the Fe2p signal scales with the Fe amounts, while the signal 

shape is virtually identical to that observed for a FeO(111)/Ru(0001) film. The only 

differences are observed for the O1s level. At low Fe content, the O1s spectra shows 
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a main peak at 531.8 eV with shoulder at low BE, which is related to the oxygen 

atoms bonded to metal (Ru or Fe). With increasing Fe/Si ratio, the main peak 

attenuates and the shoulder becomes more pronounced. When the Fe content 

reaches ~0.5, a broad O1s peak forms. Fig. 5.16 displays the XP-spectra in the O1s 

region for a pure SiO2 film, which shows a main peak centered at 531.8 eV and a 

shoulder at ~530 eV, a pure FeO(111) film, which gives a peak with binding energy at 

530eV, and for a film with Fe content of ~0.5, i.e. Fe0.5Si0.5O2. Spectral 

deconvolution of the O1s region of the ~0.5 Fe film reveals three oxygen species, 

which could tentatively be assigned to the O atoms in Si-O-Si (at 532 eV), Si-O-Fe 

(531.0 eV) and Fe-O-Fe (530 eV) coordination environments. 

To summarize the results of the film with Fe content of ~ 0.5, the surface is 

uniformly covered with a well-ordered film that is rotated by 30° with respect to 

Ru(0001) and shows the Moiré structure and the honeycomb-like framework. The 

IRAS spectrum for this film shows a sharp and intense phonon at 1005 cm-1, 

whereas the ~1300 cm-1 phono no longer exists indicating that the Si-O-Si between 

layer is not present in this film. Based on the reduced mass analysis, the band at 

1005 cm-1 can reasonably be assigned to Si-O-Fe bonds. In addition, differing from 

the aluminosilicate film grown on Ru(0001), this film does show acidic bridging OH 

group upon water adsorption. XPS results show that there are three oxygen species 

in the film, which can be attributed to the oxygen in Si-O-Si, Si-O-Fe and Fe-O-Fe 

bonds.  

Now we are in the situation of raising a hypothesis of this iron-containing 

silicate film structure. As a starting point, one can consider a bilayer structure where 

Si is substituted by Fe like in the previously studied aluminosilicate films. 

Accordingly, the Fe ions could be placed in two possible positions, in the top or the 

bottom cation layer, or both. Based on the high-resolution STM images of Fe-
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containing areas, it can be suggested that formation of only one structure rather 

than a mixture of several ones due to the uniform contrast observed. As shown in Fig. 

5.13, it is clear that the film segregates into two phases, the Fe-containing one and 

pure silica film, therefore, it is not consistent with the random distribution of Fe in 

cation layers. Moreover, the XPS results show that there is a substantial amount of 

oxygen coordinated only to Fe, like in FeO(111) (Fig. 5.16) indicating the the Fe 

atoms are not randomly distributed in two layers like Al atom in aluminosilicate; and 

for the film with Si : Fe ratio equal to 1, O1s XP-spectrum is consistent with the 

assumption that Fe ions substitute all Si in one layer, either the top one or the 

bottom one. Since the Fe-O bond length (~2.0 Å in iron oxides) is much larger than 

the Si-O bond (~ 1.65 Å in silica), a severe lattice distortion will be raised by the Si 

substitution by Fe. To minimize the effect of this substitution, one possible solution 

is that Fe atoms located in the bottom layer interact with the Ru(0001) support, 

which must be much stronger than the van der Waals interaction observed for the 

pure silica bilayer films. In addition, if Fe substitutes Si in the top layer, it would be 

in 4+ oxidation state which is rather unusual for the iron. In the case of 

aluminosilicate films, charge imbalance for Al3+ in the top layer was compensated by 

protons which formed bridging (Si-OH-Al) hydroxyls clearly identified by IRAS. [81] 

However, the water adsorption experiments on Fe-silicate films show that there is no 

formation of Si-OH-Fe species. In conclution, the experimental results suggest that 

the Fe-containing layer must be closer to the metal support than the Si-layer. This 

would be also consistent with the STM results showing the same honeycomb-like 

surface structure as in a pure silicate film.  

DFT calculations for this system were done by R. Włodarczyk, and J. Sauer. 

Among several models, the most stable model, where Fe content is 0.5, is shown in 

Fig. 5.17. The film is composed of a monolayer silica film grown on an iron oxide 

layer. The calculated IRAS spectrum of this structure is shown in Fig. 5.18, it gives a 
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sharp phonon at 1002 cm-1 together with a less intense phonon at 652 cm-1, which is 

in excellent agreement with our experimental results (1005 cm-1 and 674 cm-1).  

Therefore, the Fe-silicate films are structurally very different from the similarly 

prepared aluminosilicate films, where Al is rather uniformly distributed in the bilayer 

silicate framework, following the Lowenstein rule stating that the Al-O-Al linkages 

are forbidden. Such a layered structure, observed here for the Fe-silicate film, is 

characteristic for clay minerals. Fig. 5.19 depicts the atomic structure of an idealized 

nontronite Fe2Si4O10(OH)2, representative of the Fe-rich smectites [129]. It consists of 

two tetrahedral silicate sheets that sandwich an octahedral Fe-hydroxide sheet, thus 

classified as 2:1 to differentiate from 1:1 clay minerals formed by alternating tetra- 

and octahedral sheets. There is a clear similarity between the Fe-silicate and 

nontronite structures as shown in Figs. 5.17 and 5.19. In essence, the Fe-silicate 

film can be formed by a cleavage of an idealized nontronite along the mirror plane. 

Note that the presence of OH groups almost parallel to the surface within the iron 

oxide sheet is hard to identify by IRAS due to the well-known metal selection rules 

[92].  
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Fig. 5.17 Top and side views of the most stable structure of Fe4Si4O162O/Ru(0001) found 

by DFT, Si yellow, Fe dark violet, O red, Ru gray. (provided by R. Włodarczyk) 

 

Fig. 5.18 IRA-spectrum simulated for the structural models depicted in Fig. 5.16. The 

spectra are scaled by a factor of 1.0341 (see ref. [78]). (provided by R. Włodarczyk) 
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Fig. 5.19 Top and side views of an idealized nontronite (in polyhedral representation) 

formed by tetrahedral silicate sheet (in blue) and octahedral Fe hydroxide sheet (in 

yellow). Structural protons are seen in the top view as small balls. [129] 

In conclusion, this iron-silicate film grown in Ru(0001) substrate can be used 

as a model system to study the iron-containing clay materials, which contain redox-

active Fe3+ species participating in electron transfer reactions and play an important 

role in biogeochemical processes [129, 130]. 



 

99 
 

5.3 Summary 

We have prepared aluminosilicate films and iron-silicate films on Ru(0001). 

The aluminosilicate thin films consist of corner-sharing [TO4] tetrahedra, where T is 

Si or Al. When the Al content is higher than 0.25, the film exposes the acidic OHbr 

after being protonated by water and H/D exchange has been observed on this 

protonated surface. Therefore, this thin film is an ideal model system for studying 

zeolite materials not only structurally but also chemically. 

The iron-silicate film is composed of a silica layer which consists of corner-

sharing [SiO4] tetrahedra forming a honeycomb-like network on top of an iron oxide 

layer with hexagonal structure. This film has a similar structure to some clay 

materials, therefore this thin iron-silicate film can be used as a model system to 

study iron-containing clay.  
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Chapter 6 Summary and outlook 

Due to the complexity of real catalytic reactions, it is a challenge to extract the 

information about reaction mechanisms. One approach to study the mechanism of 

catalytic reactions is to use systems with reduced complexity, i.e. model catalysts. It 

is necessary to get the knowledge of chemical and physical properties of the model 

system to ensure its suitability to mimic the real catalyst. Based on work carried out 

over many decades, surface science techniques have been shown to be powerful tools 

to get fundamental insight into the properties of these model systems.  

One driving force for performing research on the growth of silica films on 

Ru(0001) substrates is to develop a suitable model systems to study the widely used 

silica related materials, especially the usage as support material in catalysis. The 

principal structure of the silica films grown on Ru(0001) is controlled by the silicon 

amount in the film. For lower silicon contents, the film grows as monolayer silica, 

SiO2.5/Ru(0001), which shares a similar structure with the well-studied 

SiO2.5/Mo(112) system. Most importantly, a bilayer silica film weakly bound to 

Ru(0001) was obtained. This film consists of two silica layers connected together via 

Si-O-Si linkages, resulting in a SiO2 stoichiometry. Interestingly, using different 

preparation conditions, the film can be grown either as a crystalline or a vitreous 

structure. In addition, the electronic properties of this bilayer film can be tuned by 

varying the amount of interfacial oxygen. An important feature of this film is that it 

is not chemically bound to the substrate and the interaction is mainly due to Van 

der Waals forces. All in all, this SiO2/Ru(0001) film represents a good model system 

for studying the structure and properties relationship of silica-based materials. 

We have extended our studies to silica films grown on a Pt(111) substrate to 

get an insight into the support effects, by comparing these results with silica films 
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grown on Ru(0001) and Mo(112). It turned out that the principal structure of the 

silica film is strongly affected by the oxygen affinity of the metal supports, which 

influences the stability of the Si-O-Metal bonds. Only monolayer silica films can be 

grown on Mo(112) and only bilayer silica films are observed on Pt(111), whereas both 

mono- and bi-layer films can be prepared on Ru(0001). In addition, the lattice 

mismatch between silica films and the metal supports affects the crystallinity of the 

films, such that a large lattice mismatch tends to favors vitreous structures for the 

bilayer case. Therefore, to prepare a suitable model system of catalyst, it is important 

to choose the proper metal support. 

Two model systems of silicates, aluminosilicates and iron-silicates, were 

established using the bilayer silica structure on Ru(0001) as a starting point. The 

resulting aluminosilicate films with higher Al content ( 0.25 ) show similar 

properties as bulk zeolite materials. For example, these films contain acidic bridging 

hydroxyls (OHbr), which readily exhibit H/D exchange. The similarities of these films 

with their three-dimensional counterparts, i.e.: zeolites, make them suitable models 

to study the catalytic properties of active sites of zeolites using surface techniques. 

The iron-silicate films with Fe content 0.5 consist of a monolayer silica film on 

top of a monolayer iron oxide (also with honeycomb structure), linked together via Si-

O-Fe bonds. This finding provides an approach to study iron-containing clay 

materials. In fact, the film grown in this work has the same structure part of 

nontronite layer, which is an important iron-containing clay. 

In summary, the work presented in this thesis opens a new playground for 

studying silica related materials. The bilayer silica film on Ru(0001) can be used as a 

good support for catalytically active particles due to the weak interaction of the film 

and the metal substrate, which is important for a good model system. Since the 

structure of the films can be affected by the metal substrates, it is important to 
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choose the proper support when preparing the model systems. The prepared 

aluminosilicate films on Ru(0001) can be further used to study the catalytic 

properties of zeolites due to the similarity of chemical properties between the films 

and real zeolites, e.g. both of them contain acidic bridging OH groups. The iron-

silicate films present a suitable model system for studying iron-containing clay 

materials. Therefore, we believe these findings open the possibility of using a surface 

science approach to properly model silica-supported catalysts and other silicate 

materials. 
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