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Summary 
 

 

In this thesis, we present the study of the oxidation of the W(110) surface in the 

temperature range between 1000 and 1600 K for varying oxidation time of 60, 90 and 

180 minutes at a partial oxygen pressure of 1x10-6 Torr. The oxidized surface was 

analyzed with Auger electron spectroscopy (AES), low energy electron diffraction 

(LEED) and scanning tunnelling microscopy (STM). As a result of the oxidation of 

the W(110), a periodic structure of rows was observed on the surface. These rows 

follow the W[3 -3 7] and W[3 -3 -7] directions. The width of the rows is equal to 25 ± 

0.5 Å. Two equivalent domains were observed by LEED and STM. It was found that 

the growth of the oxide layer is self-limited to 1 ML. The different oxidation 

conditions did not affect the surface oxide structure. A corresponding model was 

proposed that describes the observed crystal structure of the surface oxide. According 

to AES, LEED and STM data, the oxide phase grown on the surface matches that of 

the WO2 (00-1).  
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Chapter 1 
 

Introduction 
 

Metal-oxide surfaces are very important for technological applications and 

future possible nano-scale devices [1-4]. Transition metal-oxides form a series of 

compounds with a uniquely wide range of electronic properties. They have a range of 

important applications in areas such as dielectrics, semiconductors, and also as 

materials for magnetic and optical applications [5-7]. The discovery of high-

temperature superconductors has brought attention of a wide scientific community to 

this area, and has highlighted the difficulties of understanding of transition metal-

oxides. For all of their technological and scientific importance, our understanding of 

the basic physics and chemistry of metal-oxide surface lags substantially behind that 

of metals and semiconductors [8, 9].  

Transition metal-oxides have gained substantial consideration in recent years 

[10-15]. Their surfaces crucially influence the behaviour of gas sensors, catalysts and 

semiconductor devices. Several research groups have been studying the fundamentals 

of transition metal oxides [16-21]. Density functional theory (DFT) is commonly 

used to construct models of their experimental results [22-24]. 

Tungsten is an important example of a transition metal. It has two main oxide 

phases. These are tungsten trioxide (WO3) and tungsten dioxide (WO2). WO3 exhibits 

various special properties, which make it very popular for applications in gas sensors, 

catalysis [25-27], and as a material for transparent thin film electrochromic displays 

[28-31]. In addition to these, WO3 is a 2.6 eV wide band gap material with 

semiconductor properties at room temperature [32]. This property makes it a 

promising material for electronic applications. WO2 is another important tungsten 

oxide. It shows a metallic behaviour at room temperature [33].  

In this thesis, the oxidation of W(110) at different temperatures and for various 

exposures in oxygen at a partial pressure of 1x10-6 Torr is studied. An ultra high 

vacuum (UHV) system is used for the preparation and the characterisation. Auger 

electron spectroscopy (AES), low energy electron diffraction (LEED) and scanning 

tunnelling microscopy (STM) are the characterisation techniques used in this study. 



The computer program, Material Studio 4.0, is used to compose atomic model of the 

oxide which will be then used as a starting point for DFT simulation in future work.  

This thesis includes details of the study of the W(110) surface oxidation. An 

overview of fundamental properties of tungsten oxides, recent studies of transition 

metal oxides, including fundamentals of surface science, the metal oxidation 

processes and the theories of experimental techniques are presented in chapter 2. 

Chapter 3 describes the experimental details which were used in this thesis. The 

detailed explanation of AES, LEED, STM results and the possible model for oxide 

surface is described in Chapter 4. Chapter 5 deals with the conclusion of this study 

and possible future work. 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 
 

Background and Overview  
 

2.1 Tungsten and Tungsten oxides 

2.1.1 Tungsten (W) 

Tungsten is one of the important transition metals. It is known as "wolfram", 

and its ore as “Wolframite”, which is also the origin of its chemical symbol, W. It 

was discovered in 1783 by Fausto and Juan Jose de Elhuyar. The electronic 

configuration of the element W is [Xe] 4f 14 5d4 6s2. Tungsten has the highest melting 

point of all metals (3683 K) – indeed, of all elements except carbon [34]. For this 

reason, metallic W is fabricated by the techniques of powder metallurgy. Due to its 

high melting point, tungsten is widely used in light bulbs, vacuum tube filaments and 

electrodes, as it can be drawn out into very thin metal wires. It plays a major role in a 

variety of other applications spanning from the electrical/heating industry to the 

machining of tools.  

 

2.1.2 Crystal Structure of Tungsten and (110) surface 

Tungsten has a body centred cubic crystal (bcc) structure. Its lattice parameter is 

aw= 3.162 Å. Figure 2.1 shows the schematic bcc structure of tungsten.  
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Figure 2.1 Representation of the unit cell of bcc W 

 



In this thesis, the W(110) surface was used. The sample was prepared from a 

99.995% pure tungsten crystal (Surface Preparation Laboratory, Netherlands) and 

was aligned to within ±0.1° of the (110) crystal plane. W(110) surface has a central 

rectangular surface structure. The lattice parameters for centred rectangular W(110) 

surface are aw= 3.162 Å and bw= 4.471 Å in directions of W[001] and W[1-10]. 

Figure 2.2 presents the schematic of W(110) surface with the directions of W[001] 

and W[1-1 0].  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.2 Centred Rectangular W (110) surface 
 

 

An overview for oxidation of W (110) surface will be given in this chapter. 

Oxidation of W (110), W(100), W(111), and W(211) surfaces were studied in 

previous scientific works that will be summarized in the next section of the chapter. 

 

 

 

 

 

 



2.1.3 Tungsten Oxides  

As mentioned in the previous section, tungsten has several oxide phases. These 

are WO, WO3, WO2 and WO6, and intermediate states such as WO2.65 and W20O58, 

etc. [35, 36]. WO3 and WO2 are the most important phases of tungsten oxides.  The 

literature review shows that the final products of oxidation of W are these 

compounds.   

WO3 is the most stable oxide phase of tungsten. WO3 shows different crystal 

structures at different temperatures [37-41]. Its structure is based on corner-sharing 

WO6 octahedron and resembles the cubic structure of ReO3. It shows a monoclinic 

phase named � -WO3 at room temperature 273 and 603 K [41]. As stated, unit cell 

data show that WO3 has monoclinic crystal structure with a space group P21/n, and 

unit cell dimensions of aWO3= 7.306 Å, bWO3= 7.541 Å, cWO3= 7.681 Å and � = 90.91° 

[40]. Figure 2.3 presents the schematic of the WO3 crystal structure. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.3 Representation of the unit cell of WO3 
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In addition to this, another main property of WO3 is its semiconductor 

behaviour at room temperature. It has a wide band gap of 2.6 eV. This property 

makes it a promising material for electronic applications. WO3 is used in gas sensors, 

catalysis [25-27], and as a material for transparent thin film electrochromic displays 

[28-31]. 

WO2 shows metallic behaviour at room temperature. Generally, transition metal 

dioxides have a crystallographic structure related to the rutile structure (TiO2) [42]. 

WO2 crystal structure has a distorted monoclinic rutile structure. The distortion 

comes from the pairing of W ions in chains of edge sharing WO6. The monoclinic 

crystal structure is defined with a space group P21/c, and the unit cell has dimensions 

of aWO2= 5.563 Å, bWO2= 4.896 Å, cWO2= 5.563 Å and � = 120.47° [43]. Figure 2.4 

shows the schematic of WO2 crystal structure. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.4 Representation of the unit cell of WO2 
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2.2 An overview of oxidation studies on W surfaces and 
tungsten oxide surfaces 
 

The oxygen-tungsten system is one of the most widely studied gas-solid 

interactions. Several surfaces of W have been studied. The most popular surface of 

tungsten studied is W(110). Generally, studies can be divided into two main parts. 

Early studies were based on LEED and AES characterization, while later studies used 

STM. After the invention of the STM, the structural investigations of tungsten-

oxygen systems were improved. 

The cleaning process of W is the initial step in most of the procedures, as 

reported by Bode et al. [44]. In order to clean the W (110) surface from its main 

impurities, carbon (C) and sulphur (S), a variety of process have been presented. The 

cleaning procedure consists of annealing a number of times in an oxygen atmosphere, 

and subsequent short high-temperature treatments, called flashes. During the 

annealing process in oxygen, carbon is removed from the metal surface by formation 

of carbon monoxide and carbon dioxide, which are both gaseous substances and can 

be removed after thermal desorption. However, resulting tungsten oxides can only be 

removed by thermal desorption at T �  2300 K [44-46].  

Adsorption of oxygen on the W(110) surface has been extensively studied by 

using LEED and AES before the invention of STM [45-52]. In addition to this, 

several techniques were used to understand the absorption of oxygen on the W(110) 

surface, by work function measurements [54], reflection high-energy electron 

diffraction [47, 53], ultraviolet photoelectron spectroscopy, [55] etc. The adsorption 

of O on the W(110) surface at room temperature results in an ordered p(2x1) 

superstructure. The saturation has been shown to be about 0.5 monolayer (ML) at 

room temperature, indicating that most of the oxygen atoms on the surface are locked 

in this p(2x1) structure [56, 57]. Oxygen adsorption on the W(110) surface at room 

temperature occurs with an initial sticking coefficient of 0.3 for low coverage. The 

adsorption of the oxygen on the W (110) shows an increment for the work function of 

the surface. Engel et al. explained the sticking coefficient of O and its relation to the 

coverage. They observed only the p(2x1) structure below 0.5 ML using LEED. This 

coverage was produced at 1x 10-6 Torr oxygen partial pressure above room 



temperature (varying between 500 and 1200 K). They concluded that the work 

function of the surface was increased by increasing the coverage of monolayer. 

According to their results, the saturation value of the work function is 700 meV 

around 0.1 ML coverage [45-46]. In particular, the absorption of oxygen and the 

beginning of oxidation are both complicated for tungsten surface. Germer et al [50] 

examined the absorption of oxygen over a wide pressure range, between 10-10 and 10-

7 Torr at low and high temperatures. They observed very complex structures such as 

c(14x7), c(21x7) and c(48x16) at less than 1 ML coverage were observed at high 

temperature oxidation. It was shown that very simple and reproducible structures, 

such as c(2x2) and c(2x1), were observed at low temperatures. Some theoretical 

studies combined with experiments explained the growth kinetics of oxygen tungsten 

system at high coverage. The O\W(110) p(2x1)+p(2x2) system separation was 

reported at high coverage [58]. Earlier experiments and calculations showed that 

room temperature exposure to oxygen results in dissociative chemisorptions with 

several ordered layers. At sub-monolayer coverage three structures, p(2x1), p(2x2) 

and p(1x1), were investigated. A phase diagram depending on coverage was shown in 

previous studies [59, 60]. A full solid angle photoelectron diffraction with chemical-

state resolution study had presented the exact local atomic geometry of oxygen 

adsorbed in the stably saturated one monolayer (1x1) structure on W(110). Precise 

structural determination of the domain superstructure emerged revealing the (1x12) 

periodicity of the mentioned domains [57, 58] 

The single crystals of WO3 and WO2, and their different surfaces were studied 

by several groups. Both theoretical and experimental studies were performed. 

Generally, WO3 (100), WO3 (001) and WO2 (120) surfaces in thin film and their bulk 

forms were examined. WO3 is a d0 oxide based on a framework of corner sharing 

WO6. The formal oxidation state of W is +6. It shows a monoclinic phase between 

290 and 603 K. Stoichiometric monoclinic WO3 is a semiconductor at 300 K with a 

band gap of 2.6 eV. The oxygen deficiency influences the electronic properties of this 

material. WO3(001) surface studies by STM, STS and photoelectron spectroscopy 

explained this effect on the surface [61]. Jones et al [62, 63] showed the defect 

structure on terraces on the WO3(001) surface by examining an annealing treatment. 



After annealing experiments, the surface showed reconstructions of (� 2x� 2)R45° and 

c(2x 1). The surface energies of these reconstructions were calculated to be 1.39 and 

1.67 J.m-2 respectively [62, 63]. The phase transition was observed by Li et al [65, 

66]. Epitaxially grown WO3(100) surface was annealed in an oxygen atmosphere at 

different temperatures. Results indicated that the surface phase changed from p(2x2) 

to p(4x2) and from p(4x2) to a mix of p(4x2) and p(3x2). Increasing the annealing 

temperature in UHV caused p(1x1) islands to appear on the p(3x2) surface [64, 65].  

In the case of WO2 metal-metal bonding is intrinsic to the material due to the 

pairing of the tungsten ions in the distorted rutile-like structure. The first of the 

surface studies of the single crystal WO2 was published by Jones et al [63]. 

According to the results from WO2 (012) surface, STS gives a metallic behaviour at 

room temperature. The distortion between W-O chains and W-W chains was 

examined. [66] 

 

2.3 Metal Oxidation  

 

The exposure of almost any metal to gaseous oxygen results in the formation of 

an oxide layer. If the oxide covering the metal surface is tightly coherent in the sense 

that film is free of cracks and macroscopic processes, then the additional chemical 

reaction usually requires diffusion of metals through the oxide layer. The overall 

equation for the chemical reaction involved in the oxidation of a metal (M),  

 

 Equation 2.1 

 

is very simple. The driving force for this reaction is the free energy change associated 

with the formation of oxide from the reactants. Formation of the oxide depends on the 

oxygen pressure being greater than the dissociation pressure P of the oxide in 

equilibrium with the metal, where  

 

                                    p = exp (� G/RT)                               Equation 2.2 

 

a M + 1/2 b O2                                      M aOb 



and G is the free energy of  formation of  the oxide per mole of oxygen consumed. 

The rate of chemical reaction in such case is time dependent, being rapid in the early 

stages but decreasing as the thickness of the oxide layer increases; since for thicker 

oxide layers, it takes longer on the average for any given particle to diffuse through 

the layer. Figure 2.5 presents the oxide film of thickness L(t) at time t in separating 

the parent metal from the attacking oxygen. Ionic and electronic particle current 

densities Ji and Je yield respective charge currents ZiJi and ZeJe. The growth rate 

dL(t)/dt of the oxide film depends upon the ionic particle current density Ji, with the 

constant of proportionality denoted by R.  

The formation of a continuous oxide film on the metal surface introduces 

additional complexities in the oxidation process since the oxide provides a barrier 

between the reactants. If the oxide film is compact, diffusion processes dependent on 

the defect nature of the oxide become important. The initial step in the oxidation 

reaction when a continuous film of oxide is present is still absorption of the gaseous 

species. Unfortunately, few careful studies have been made of the absorption process 

of oxygen on oxide films on metals and the process can be very complicated. Usually 

the transfer of an electron from the metal is considered to take place relatively 

quickly with dissociation of molecular oxygen taking place at about the same time. 

The incorporation of the oxygen in the oxide is likewise a complicated process and 

generally depends on the nature of the defect structure of the oxide.  Diffusion of 

cations or anions across the oxide film is generally assumed to be much slower than 

the electron transfer and can lead to the formation of space-charge layers, which in 

turn may modify the transport process. The driving force for the diffusion of metal or 

oxygen ions may be either the strong electrical field set up across thin films of oxide 

or the chemical potential gradient across thicker oxide films.  

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Schematic of oxide layer growth on metal surface [67] 

 

 

Diffusion provides the greatest lower bound to the oxidation rate. Diffusion is 

produced by a concentration gradient dC/dx, where C is the concentration of the 

species, in this case metal ions, and x is the position of oxide. The diffusion current 

density Jd at a position x is typically given by  

                                    Jd = - D [dC/dx]                              Equation 2.3 

where D is the diffusion coefficient for the diffusing species. In zero field, diffusion 

would be the only contribution to the transport of cations through the oxide. In the 

absence of source of cations with in the oxide, Jd must be independent of the position 

x within the oxide. The reaction mechanism of oxidation will also generally be a 

function of temperature, oxygen pressure, the detailed crystal structure and physical 

properties of the oxide on the metal. Under certain conditions grain boundary 

diffusion may be important, and it is necessary to consider the possible effects of the 

oxide microstructure on material transport by short circuit diffusion paths.   

Gas-metal interactions may be classified in terms of physical absorption, 

chemisorption, solution (or absorption) or bulk compound formation, although it is 

often difficult to distinguish clearly between these interactions. The first two of these 

processes will now be considered briefly in terms of their relationship to the initial 
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stages of the oxidation reaction. Oxygen molecules from the gas must first contact the 

metal surface; the rate of collision of molecules per unit area of surface is given by 

kinetic theory: 

 

                                             P / (2nm k T)1\2                                    Equation 2.4 
 

where P is the gas pressure in mTorr, n is the number of moles, m is the mass of the 

gas molecule, k the Boltzmann constant and T the absolute temperature. If the 

sticking probability is assumed to be unity, then a monolayer of adsorbed gas forms 

on the surface in approximately one second at room temperature for a gas pressure of 

mTorr. Most surfaces on which oxidation studies have been carried out, however, 

have not been clean and sticking coefficients have undoubtedly been very small. 

Even starting with clean surfaces, the sticking coefficient in some cases may fall to a 

low value before the formation of a complete monolayer. When an oxide film is 

present on the surface of a metal, the chemical reaction between the solid and a gas is 

initiated by chemisorption of the gas on the oxide. The process of chemisorption is 

generally very complex and must be treated as a three-dimensional process. 

Chemisorption will generally be influenced by the presence of lattice defects, the 

distribution of electrons and holes, as well as traps in and near the surface of the 

oxide [67, 4]. 

 

 

2.4 Fundamentals of Surface Crystallography  

It is obvious that the surface properties of solids are influenced to a large extent 

by the solid state properties of the material. The questions develop as to how we can 

define the surface. In this section some surface science terms will be explained and 

information about surface crystallography will be given.  

A monolayer of adsorbate is one way of defining the coverage of the surface 

with a single complete atomic or molecular layer in terms of the coverage of a two-

dimensional closed packed layer taking account of the atom or molecule size. On the 

surface of well-defined crystallography it is generally more convenient to use 



definition based on the atomic density of packing of the surface itself. Then, the 

definition of the monolayer absorbed can be used as that a number of density equal to 

that of the atoms in a single atomic layer of the substrate material parallel to the 

surface. Another definition concerning absorption studies is for a unit of exposure. 

The unit which is firmly establishes in the literature is the Langmuir (L), with 1 L= 

1x10-6 Torr·s exposure. 1 L corresponds to the order of 1 monolayer coverage if all 

the molecules stick to the surface. 

The classification and description of symmetry properties and structures of bulk 

(three dimensional) crystalline materials require a reasonable understanding of 

crystallography. They can be characterized by their associated unit cell which must 

be one of the 14 Bravais lattices.  

 

 

 

 

 

 

 

 

Figure 2.6. The five two dimensional Bravais lattices 

 

Figure 2.6 shows the five two-dimensional Bravais nets. An ideal crystal is the 

infinite repetition of identical units in space. The infinite repetition of identical units 

is represented by the so-called lattice; the crystal structure is given by placing the 

basis, which can be a single atom or a group of atoms, at the lattice points. Two 

arbitrary vectors r , r' belong then to the lattice if  

 

r'- r  = n1a + n2b 

 

n1and n2 are integer number, the vectors a and b are lattice vectors. They are also 

called primitive cell vectors. It means the any point of the crystal can be described as: 
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R = n1a + n2b 

 

If the surface layers of a solid differ structurally from the substrate, these layers may 

be disordered, ordered or coherent with the substrate. Then the over layer structure 

can be described by using the substrate layer. If the primitive cell vectors of substrate 

are a and b and those of the overlayer a' and b', then we can relate these by  

 

a' = G11a + G12b 

b'= G21a + G22b 

where Gij the parts of matrix  

 

                                                      G =       
 

 

such that the overlayer and substrate meshes are related by  

  

                                         

                                                                   

                                                                  = G  

 

 

There are 3 possible results from this matrix: 

(a) det G integral and all the matrix components are integral; two meshes are 

simply related with the adsorbate mesh having the same translational 

symmetry as the whole surface.  

(b) det G a rational fraction (or det G integral and some matrix component 

rational); two meshes rationally related. In this case, the structure is still 

commensurate; but the true surface mesh is larger than either the substrate 

surface or adsorbate surface. This surface mesh has a size dictated by 

G11    G12 

              G21     G22 

                

a'    

                
b'     

                

a    

                
b    



distances over which the two meshes come to coincidence at regular intervals, 

and for this reason such structures are called coincidence structures.  

(c) det G irrational, the two meshes are now incommensurate and no true surface 

mesh exists.[68-70] 

 

2.5 Overview of Experimental Techniques 

In this section, we provide a brief introduction to characterization techniques 

employed in this study.  

 

2.5.1 Auger Electron Spectroscopy (AES)  

 

Auger Electron Spectroscopy (AES) represents a surface specific technique 

utilising the emission of low energy electrons in the Auger process and is one of the 

most commonly employed surface analytical techniques for determining the 

composition of the surface layers of a sample. AES was developed in the late 1960’s, 

deriving its name from the effect first observed by Pierre Auger, a French Physicist, 

in the mid-1920's.  The method is based on excitation of so called `Auger electrons`. 

Already in 1923 Pierre Auger [71] had described the �  emission of electrons due to 

ionization of a gas under bombardment by X-rays. The ionization process can be 

provoked either by electrons, commonly known as the Auger electrons, or by photons 

as used by P. Auger. Today’s AES is based on the use of primary electrons with 

typical energies between 3 and 30 keV, and the possibility to focus and scan the 

primary electron beam in the nanometer and micrometer range analyzing the top-

most atomic layers of the sample. The emitted Auger electrons are part of the 

secondary  

 

 

 

 

 

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6. Schematic photon emission and auger electron emission process  

 

electron spectrum obtained under electron bombardment with a characteristic energy 

allowing one to identify the emitting elements. Figure 2.6 shows a basic photon 

emission and auger electron emission process. When an atom is ionised by the 

production of a core hole either by an incident photon in XPS or by incident electron 

of surface energy, the ion loses some of its potential energy by filling this core hole 

with an electron from a shallower level together with emission of energy. This energy 

may either appear as a photon, or as kinetic energy given to another shallowly bound 

electron. The first process is that of X-ray fluorescence and the second is that of 

Auger electron emission.  In the case of Auger electron emission we have 

 

                                        EK = EA - EB - EC                                  Equation 2.5 

 

The Auger electrons have a characteristic energy allowing element identification to 

be determined. The technique supplies information on the elemental composition of 

the first 2-10 atomic layers. [69] 

 

 



2.5.2 Low  Energy Electron Diffraction (LEED) 

 

When Davidson and Germer reported in 1927 that the elastic scattering of low 

energy electrons from well ordered surfaces leads to diffraction spots similar to those 

observed in X-ray [72], this was the first experimental proof of the wave nature of 

electrons. A few years before, in 1923, De Broglie had showed electrons have a 

wavelength, given in Å, of  

                                       

                            � e = h / me�  = (150/ Ek)
1/2                           Equation 2.7 

 

and a corresponding wave vector of magnitude:  

 

                                              k = 2�  / � e                                            Equation 2.8 

 

where h is Planck`s constant, me the electron mass, �  the velocity, and Ek the kinetic 

energy of the electron in eV. The diffraction of low energy electrons in the energy 

between 40 and 500 eV, where their wavelength ranges between 0.5 and 2Å, could be 

used to determine the structure of the single crystal surface. Because of their small 

mean free path of only a few Å (typically less than 10 Å), electrons in this energy 

range that sample only the upper most atomic layers of a surface are better suited to 

the analysis of  surface geometries.  Analysis of the LEED data in respect of the exact 

positions of atoms at the surface is somewhat more complicated and requires fully 

dynamic quantum mechanical scattering calculations.  

The range of wavelengths of electrons employed in LEED experiments is seen 

to be comparable with atomic spacing, which is the necessary condition for 

diffraction effects associated with atomic structure to be observed. Figure 2.7 shows a 

basic schematic of electron diffraction model. Firstly we consider a one dimensional 

(1-D) atomic chain, which have an atomic separation a. Then the electron beam 

incident at right angles to the atomic chain. This is the simplest possible model for the 

scattering of electrons by the atoms in the topmost layer of a solid. If we consider the 

backscattering of a wave front from two adjacent atoms at a well-defined angle, q, to 



the surface normal, then it is clear that there is a "path difference" (d) in the distance 

the radiation has to travel from the scattering centres to a distant detector.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 Figure 2.7. Schematic of electron diffraction in one dimension  
 
The size of this path difference is a�sinq and this must be equal to an integral number 

of wavelengths for constructive interference to occur when the scattered beams 

eventually meet and interfere at the detector. It is  

            

                                               d = a�sin �  = n��                             Equation 2.9 

where �  shows wavelength and n is the integer number. For two isolated scattering 

centres the diffracted intensity varies slowly between zero (complete destructive 

interference; d = [n + ½]l ) and its maximum value (complete constructive 

interference; d = nl ) with a large periodic array of scatterers, however, the diffracted 

intensity is only significant when the "Bragg condition" 

             

                                                 a�sin � = n��                                Equation 2.10is 

satisfied exactly. There are a number of points to note from this simple 1-D model. 

These are: the pattern is symmetric about �  = 0 (or sin �  = 0), sin�  is proportional to 

1/� 1/2 (since �  is proportional to 1/�  1/2 ), and sin�  is inversely proportional to the 

�  
Incident Beam 

Scattering Beam 



lattice parameter , a. All surface diffraction patterns showing a symmetry reflecting 

that of the surface structure are centrally symmetric, and of a scale showing an 

inverse relationship to both the square root of the electron energy and the size of the 

surface unit cell. A much better method of looking at LEED diffraction patterns 

involves using the concept of reciprocal space; more specifically , it can be readily 

shown that  the LEED pattern is a (scaled) representation of the reciprocal net of the 

two dimensional surface structure.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.8. Schematic of real space and diffraction pattern of this surface 
 
 

Figure 2.8 shows an example of a real space and its diffraction pattern. The vectors a1 

and a2 indicate the lattice vectors in real space, and the vectors a1
* and a2

* indicate the 

reciprocal lattice vectors. The reciprocal lattice vectors are related to the real space 

unit cell vectors by the scalar product relations: 

 

                                             a1 . a2
*= a2 . a1

*= 0 

and 

                                             a1 . a1
*= a2 . a2

*= 1 

These explain that a1 is perpendicular to a2*, a2 is perpendicular to a1*, a1* is parallel 

to a1, and a2* is parallel to a2; and there is an inverse relationship between the lengths 

of a1 (a2) and a1* (a2*) of the form |a1| = 1/(|a1*| cosA), where A is the angle between 

the vectors a1 and a1*. 



2.5.3 Scanning Tunnelling Microscopy (STM) 

 

Scanning tunnelling microscopy (STM) is unique among imaging techniques in 

that it provides apparent three-dimensional (3-D) real space images. Its development 

in 1981 earned its inventors, Gerd Binnig and Heinrich Rohrer (at IBM Zürich), the 

Nobel Prize in Physics in 1986 [73]. The STM probes the density of states of a 

material using tunnelling current and is based on the concept of quantum tunnelling.  

The tunnelling process offered some of the most convincing evidence of 

quantum mechanics in action in the early years of that theory`s development. Fowler 

and Nordheim [74] explained on the basis of electron tunnelling, the main features of 

the phenomenon of electron emission from cold metals under the influence of large 

external electric fields that had been unexplained since its observation by Lilienfeld 

in 1922. Frenkel proposed that anomalous temperature independence of the contact 

resistance between metals could be explained in terms of tunnelling across a narrow 

vacuum-like region. Experiments by W. Meissner in the early 1930`s verified this 

prediction. These measurements probably constitute the first correctly interpreted 

observation of tunnelling in solids since the vacuum-like region was an oxide layer 

[75]. Metal-Insulator-Metal tunnelling came to prominence again in 1960 when 

Giaver demonstrated the existence of an energy gap in superconductors by measuring 

the current voltage (I-V) characteristics of an Al-Al2O3-Pb structure [76]. The 

insulating layer was formed by leaving the evaporated Al film to oxidise in air for a 

few minutes at room temperature, which gave a 15-20 Å oxide layer free from 

pinholes. The Pb top layer was then cross-deposited over the insulator. Giaver 

realised that “to be able to measure a tunnelling current, the two metals must be 

spaced no more than 100 Å apart”, and decided early in the game not to attempt to 

use air or vacuum between the two metals because of problems with vibration [77]. 

Twenty years later, this problem was to be solved by Binnig, Rohrer, Gerber and 

Weibel with the invention of the STM. 

 

 

 



2.5.3.1 Tunnelling Model  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.9. Schematic of one-dimensional metal-vacuum metal junction 
 
In vacuum tunnelling, the vacuum plays the role of a potential barrier between two 

conducting electrodes, in this case the sample and the tip. This barrier is shown 

schematically in Figure 2.9. Classically, the momentum (p) of an electron with 

energy E moving across a potential U(z) is given by 

 

                                                         EzU
m

pz =+ )(
2

2

                         Equation 2.11 

where m is the electron mass. The electron can move in regions where E> U but can 

not penetrate in to any region where E<U, that is, a potential barrier. The equivalent 

quantum mechanical equation can be represented by Schrödinger’s equation where 

the electron is described by a wave function 	 (z): 
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where p2/h=� . In the classically allowed region (E>U), the electron is represented 

by a travelling wave  
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while in the classically forbidden barrier (E<U), the wave function is decaying 

exponentially 
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The probability of the electron penetrating the barrier a distance z is proportional to  

 

                                             kzeP 22|)0(| -µ y                                     Equation 2.15 

 

This simple model can be used to derive some basic results for metal-vacuum-metal 

tunnelling. Figure 2.9 shows a schematic of free-electron metal-vacuum-metal 

junction. If the vacuum level is taken as the zero-point for energy, then the Fermi 

level is EF = -� , where �  is the work function, i.e., the energy required to liberate an 

electron from the surface of the metal. The work function of the two electrodes is 

assumed to be equal. For metals commonly encountered in STM, the work function is 

usually between 4 and 5.5 eV. By applying a bias V to the junction, a net tunnelling 

current can flow due to tunnelling from states between EF - eV and EF. For small bias 

voltage (eV<<� ),the energy levels of the nth tunnelling state En can be approximated 

by En~�  and the probability of P of an electron from this state reaching the tip can be 

written as  
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n eP -Yµ
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fm
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2
=                          Equation 2.16 

where s is the gap between the electrodes. The decay constant can be written in Å-1 

(with the work function in eV) as  

 

                                    eVk f512.0=  Å-1                                          Equation 2.17 



 

For a typical work function value of 4 eV, this implies 025.1=k  Å-1; and the current 

will fall by a factor of e2k ~7.75 if the gap width increased by 1 Å.  

 

Taking all the possible states in the energy range EF - eV �  E �  Ef into account, the 

tunnel current is: 
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If V is small enough that the density of states does not vary significantly within it, the 

latter sum can be conveniently written in terms of the local density of states (LDOS). 

At the Fermi level, at a location z and energy E, the LDOS � s(z,E) of the sample is 

defined as: 
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The tunnelling current at the tip can be written as 

 

    kS
Fst eEVI 2),0( -µ r    Equation 2.20  

 

2.5.3.2 Tip Contribution  

 

According to the Transfer Hamiltonian approach proposed by Bardeen [78], the 

sample and tip are independent electrodes whose electronic states can be determined 

by the Schrödinger equations for the individual electrodes. The amplitude M of the 

rate of the electron transfer from a sample state with wave function �  and energy E�  

to a tip state with wave function 
  and energy E
  can be written as the overlap of the 

tip and sample wave functions at an arbitrarily chosen surface separation z0 located 

between electrodes.  
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The probability P of an electron tunnelling from the sample state �  to the tip 

state �  is given by Fermi`s Golden rule:  

                            ( )cyd
p

EEMP -=
22

�
                                 Equation 2.22 

 

where the delta function implies that only elastic tunnelling is allowed. As in the 

sample model, the tunnelling current can be calculated by summing over all relevant 

states. The electron occupancies in both electrodes follow the Fermi distribution  
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where E is the energy, kB is Boltzmann`s constant and T is the temperature in Kelvin. 

At low bias voltages and temperatures at or below room temperature, the Fermi 

distribution can be approximated by a step function; and the total current is given by  
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where � s and � t are the LDOS of the sample and tip respectively. If M is constant 

within the energy range determined by the bias voltage, then the tunnelling current is 

determined by the convolution of the LDOS of the two electrodes. [79] 

 

 

 



Chapter 3 
 

Experimental details 
 

3.1 The ultrahigh vacuum system 

 

The UHV system was devised and manufactured by Professor I.V. Shvets and 

Dr. S. Murphy. The UHV system consists of four main chambers. These are the 

preparation chamber, the analysis chamber (AES and LEED), the STM (RT-STM) 

chamber and the MOKE chamber.  Figure 3.1 shows a schematic layout of the UHV 

system.  

Each chamber is separated from the rest of the system by a series of UHV gate 

valves (VAT) and brought to atmospheric pressure of maintenance without breaking 

vacuum in the rest of the system. Each chamber pressure is monitored using nude 

Bayard-Alpert type ionization gauge. The base pressure of the chambers is low 10-10 

Torr. Samples and STM tips are loaded to the system by a fast-entry loadlock. It is 

connected to the main chamber by a small gate valve. The pressure in the loadlock is 

conserved in the low 10-8 Torr by a 20 L.s-1 differential ion pump (Physical 

Electronics). Transfer of samples and tips around the system is conducted by a 

collection of wobble sticks and magnetically-coupled linear drivers. The front of the 

driver is attached to the appropriate chamber by a short formed bellows. The drive is 

supported front and back, and both supports can be adjusted vertically. Back of the 

drive can be moved horizontally. Thus, as well as the axial and rotary motion allowed 

by the drive itself, the sample holder mount can be adjusted vertically and 

horizontally. The support frame for the UHV system is constructed from welded 

stainless steel box-section. The box section is filled with stones to damp out hollow 

pipe resonances. The frame is mounted on adjustable feet and can be mechanically 

isolated from the floor by a set of ten O.D. pneumatic dampers connected in series to 

a gas bottle. Needle valves connected between the dampers provide some viscous 

damping during STM experiments. 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1 Schematic layout of the UHV system 
 
. 
 
 



The preparation chamber was custom designed and manufactured by Caburn-

MDC. It contains all the facilities for in-situ sample preparation. These are electron 

beam heater, resistive heater, quartz crystal deposition monitor, water cooled focus 

evaporator, effusion cell, ion gun, and precision leak valves for controlled high purity 

oxygen and argon gases. This chamber is generally baked for 2 days at 150 °C by 

heating tapes. The temperature is measured by thermocouple, one end attached to the 

chamber and the other connected to the controller. The chamber is wrapped in Al foil 

and a heavy bake out blanket to provide thermal insulation. Two different pumps are 

connected to the preparation chamber. One of them is a water-cooled 300 L.s-1 turbo 

molecular pump (Leybold). It is directly connected to the preparation chamber by a 

gate valve to minimize the drop in effective pumping speed. This pump is backed by 

0.7 L.s-1 two stage rotary pump. Turbo molecular pump is used for pumping the 

chamber down from atmosphere and handling heavy gas loads during oxidation 

process and ion-etching procedure. It is mounted by a heating jacket to heat the pump 

inlet to 120 °C during bake-out process. The other pump is a double ended 480 L.s-1 

ion pump (Physical Electronics). It is used to maintain UHV conditions. The pump 

has mounted heating strips for baking. Titanium sublimation pump (TSP) is housed to 

ion pump. It helps the ion pump to maintain the base pressure of preparation 

chamber. The base pressure of the chamber is low 10-10 Torr after bake-out.  

The transfer chamber was designed by Dr. Shane Murphy. It contains AES and 

LEED. This chamber is separated by a gate valve from preparation chamber. This 

valve is closed when cleaning or annealing the sample in preparation chamber so as 

to avoid contaminating the LEED chamber. This chamber is not pumped individually 

but it is coupled with STM, MOKE, or preparation chamber. Bake out is done by 

usual way as mentioned above in the preparation chamber.  

The RT-STM chamber is a commercial chamber (Perkin Elmer). 480 L.s-1 ion 

pump (Physical Electronics) is connected to the chamber. The MOKE chamber is 

designed by Dr. Shane Murphy and Dr. Victor Usov. It has 480 L.s-1 ion pump 

(Physical Electronics) as well. The base pressure is low 10-11 Torr in these chambers.  

 

 



3.2. Tip and Sample Holder 

 

The sample holders are machined from molybdenum bar. The top of the sample 

holder threaded and the cap is tapped with the same pitch. The shaft of the sample 

holder sits in a hole in a small stainless steel block and is kept firmly in place by two 

spring loaded pin-connectors. Commercial male pin-connectors are used for tip 

holders (the corresponding female connector is used as the tip-holder mount in the 

piezo-scanner). A small hole is drilled along the axis of the connector and tips are 

bent slightly before insertion so that they stick in the hole. CuBe washers are glued to 

the connector so that the tip holder can be manipulated using the forks mounted on 

the wobble-sticks. Figure 3.2 shows a typical sample holder and tip holder.  
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Figure 3.2(a) Sample Holder (b) Tip Holder 
 

 

3.3. Resistive Heater 

 
The resistive heater was designed by Dr. Shane Murphy. It was tested and calibrated 

by him. It was used for sample annealing in low temperature. The sample holder sits 

in a tantalum support tube inside a flat-bottomed cylindrical alumina crucible. 

Samples can be located face down for annealing. The heating element is a foil of 0.2 



mm diameter tungsten wire which is wounded along a spiral groove cut in to alumina. 

A separate feedthrough carries the connections to the heater filament, a K-type 

(Omega) thermocouple, which is spot-welded to the Ta insert. Figure 3.3 present the 

schematic illustration of the resistive heater.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.3 Schematic illustration of the resistive heater 
 

 
 
3.4. e-beam Heater 

 

The e-beam heater is used for high temperature preparation procedures. It was 

designed and assembled by Dr. J. Osing. Figure 3.4 shows its schematic. The sample 

holder is mounted into a Ta stage which is held at a potential of +1 kV. A current (1.5 

A �  I �  4.5 A) is passed through a grounded thoriated tungsten filament (�  = 0.15 

mm, 1 % Th), which generates thermionic emission of electrons. These electrons are 

accelerated towards the cap of the sample holder, whereupon collision, their kinetic 

energy is transferred to the sample as heat. Because the filament is situated to one 

side of the sample there is a temperature gradient across the sample. Surface 

temperatures are measured through a window port from outside the chamber using an 

infra-red pyrometer (Altimex UX-20/600) using emissivity value of 
 = 0.35 for both 

Top View 



W and Mo. The e-beam heater was the primary heating device used for both cleaning 

and annealing the sample during oxygen exposure. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.4 Schematic illustration of e-beam heater 
 
 

 
 
3.5. Auger Electron Spectroscopy (AES) Set-up 

 

AES is a standard surface science method for determining the chemical 

composition of surface. Figure 3.5 shows the schematic of a cylindrical mirror 

analyzer; the Auger analyzer is a cylindrical mirror analyzer (CMA, model 10-155A 

Physical Electronics). The primary electron beam is generated from a hot filament 

source, and accelerated through a potential V2. It is possible to vary the beam current 

by changing the extraction potential V1 to vary the level of emission. The primary 

beam could be focused on the sample to produce a beam diameter of 100 � m. The 

electron gun is situated between two concentric cylinders, one of which is grounded 

(inner) and the other (outer) is used to deflect the beam. The deflecting potential is 

chosen such that only electrons of a particular energy will pass through the exit 



aperture. An electron multiplier is used to amplify the analyzer current before the 

signal reaches the collector. Primary electrons of known energy, reflected from the 

sample, are used to optimize the signal intensity to find the analyzed spot and hence 

enable the analyzer to be calibrated.  Beam energy of 3keV was used for all 

measurements. The filament and emission currents were 3.2 A and 0.4 mA 

respectively, given a target current of ~ 8 � A. A SR 850 DSP lock-in amplifier from 

Stanford Research Systems was used to output a 0.5 Vrms sinusoidal signal of 

frequency 12 kHz to modulate the defecting voltage applied to the outer cylinder. A 

lock-in sensitivity of 100 � V was used to detect the Auger signal. The scan speed was 

always set at 1 eV.s-1.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.5 Schematic illustration of a cylindrical mirror analyzer 
 



 
 
 
 
Atomic concentration can be calculated using the formula below. The atomic 

concentration Cx of element X is given by: 
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where Ix is the peak-to-peak amplitude of the largest auger transition measured for the 

element, dx is the scaling factor and Sx is a relative Auger sensitivity factor.  

 

3.6. Low Energy Electron Diffraction (LEED) 

 

The LEED system is a four-grid reverse view optics. The optics was mounted 

on an O.D. 200 mm CF custom elbow which is tilted at an angle of 30° to the 

horizontal. The sample sits in the transfer fork of a magnetic drive, which is grounded 

by a stainless steel braid to an OFHC copper block at the bottom of the LEED annex. 

The sample is rotated in the drive so that its surface faces the electron gun. Scattered 

electrons are collected by the grids and screen located behind the gun. 

A schematic illustration of the four-grid LEED system is shown in Figure 3.6. It 

consists of an electron gun, providing a collimated beam of electrons, and a hemi-

spherical fluorescent screen on which the diffracted electrons are observed. The grid 

nearest the sample, M1, is grounded so that the electrons scattered by the sample, 

initially travel in field-free space. A negative potential is applied to the two center 

grids M2a and M2b, to suppress inelastically scattered electrons, while those that are 

elastically scattered are accelerated towards the phosphorescent screen by its +5 keV 

potential. The fourth mesh M3 is also grounded to reduce the field penetration of the 

suppressing grids by the screen. The LEED measurements on W(110) were taken in 

the range of 40-120 eV. Filament currents typically ranged from 2.3 to 2.45 A with 



corresponding emission current <0.5 mA. For LEED, the retard potential is applied to 

M2a and M2b and screen is biased at +5 keV.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 Schematic illustration of a the four-grid optics operating in LEED model 

 
 
The LEED pattern can be used to determine the lattice parameters of the surface 

mesh. Figure 3.7 presents the schematic of sample positioning for LEED. The 

incident beam of electrons (energy E, momentum � ki) is normal to the sample and 

diffracted beam (momentum � kf) makes an angle �  with the normal. The magnitude 

of the associated reciprocal lattice vector gnp is given by: 
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where a* and b* are the reciprocal mesh basis vectors and m is the electronic mass. 

For hexagonal surface aba /2** p== (a, surface mesh lattice constant, i.e., nearest 

neighbour distance in Å), the equation reduces to  
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where E is the beam energy in eV. LEED patterns are usually photographed using a 

camera on a tripod. The radius of curvature of the screen is 66 mm and its diameter 

Dr is 104 mm. The distance of a spot from the center dr can be calculated from the 

corresponding distance in the photograph dphoto if a calibration shot of the entire 

screen is taken, that is, 
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where Dphoto is the diameter of the screen measured in the photograph. Then we can 

write  
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Figure 3.7 Schematic of sample positioning for LEED 
 
 
 
 
 
 
 
 
 
 



3.7. Scanning Tunneling Microscopy 

 

3.7.1 Design and Construction  

 

The STM head was designed by Prof. I.V Shvets and Dr. Shane Murphy. The STM 

head consists of two main parts. These parts are the main body, which houses the 

piezo walker fine approach mechanism, and the piezo scanner mount. Both parts are 

made from Macor, a low density (2520 kg.m-3) machinable glass ceramic. The 

scanner mount is attached to the main body by two M4 screws allowing different 

scanners to be interchanged. The STM measures approximately 110 x 30 x 35 mm3 

and has a mass of around 0.15 kg. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.8 STM head (side view) 

 
 
 
 
 



3.7.2 Piezo-Scanner 

 

Piezoelectric ceramics are used to provide the tiny vertical (z) and lateral (xy) 

displacements required in STM. Most commercial piezo-transducers are 

manufactured from lead zirconate titanate (PZT). The extension of block of 

piezoelectric material of length L and thickness h if a voltage V is applied across h is 

given by 

 

                                                   
h
VLd

L 31=D                                               Equation 3.6 

 

For commercial piezo-ceramics, the d31 coefficients lay in the range 1-3 Å·V-1. Early 

STMs used a tripod of piezo sticks in which the three sticks met at a common vertex. 

Most modern STMs use tube scanners. The scanner is a piezo-ceramic tube with four 

quartered outer electrodes (Figure 3.9). Vertical (z) motion is achieved by applying 

the same voltage to all four outer electrodes and grounding the inner electrode. 

Lateral (x or y) motion is achieved by applying equal and opposite voltages to the two 

horizontal outer electrodes while keeping the two vertical electrodes grounded or at a 

constant voltage. In practice, the STM control unit produces four high-voltage 

outputs: Z-X, Z+X, Z-Y and Z+Y with the voltage ranging from -140 to +140 V, and 

the X and Y voltages range from -60 to +60 V.  

 

 

 

 

 

 

 

 

 

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                         (a)                                                           (b) 
 

Figure 3.9 Piezo Tube Scanner (a) Top view (b) side view 
 
The z range was calibrated by measuring step height on W(110) and the x or y ranges 

calibrated from atomic scans of HOPG. The error in x or y values due to variations in 

tip-length etc. is approximately 10% and the error in z is also approximately 10%.  

 Since the tunnel current in STM is so small, it is very important to ensure that 

there is no leakage current from the piezo. This requires non-conducting glue which 

does not absorb water and also careful assembly of the scanner. The resistance 

between the various components was checked using the potential divider circuit 

shown in Figure 3.10. 
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Figure 3.10 Potential Divider for high resistance measurements 
 
 



The input voltage (5 Vrms) was supplied by the internal oscillator of a Digital-

Signal-Processor lock-in amplifier. The unknown resistance, R, was calculated by 

measuring the voltage drop across a known resistance, r (100kW, 1%), using lock-in 

amplifier. The lock-in amplifier was used at reference-oscillator frequencies in the 

mHz range since the measured impedance is dominated at higher frequencies by 

capacitance of the cables (~100 pF/m) and parasitic capacitance in parallel with 

unknown resistor (~1pF).  

 

3.7.3 Vibration Isolation System 

 

One of the most essential aspects of any STM system is its ability to maintain a 

tunneling gap of a few angstroms between the tip and the sample. In order to achieve 

this, the STM must be decoupled from external vibrations giving rise to the need for a 

vibration isolation system. There are a couple of conditions that must be fulfilled in 

order to achieve an effective STM system that is insensitive to external vibrations. 

Firstly, the STM head should have a high resonance frequency (> 1 kHz), i.e., it 

should be light, small and rigid. Typical resonance frequencies should be between 4.5 

kHz and 9 kHz as suggested by Taylor [76] for tube scanners similar to the ones used 

in these measurements. Secondly, the STM should be mounted on a vibration 

isolation system in order to minimize vibrations. Modern STM’s use coiled-spring 

systems with eddy current damping or Viton-metal stack isolators, which consist of 

stacks of metal plates separated by layers of Viton. There is the disadvantage of these 

systems being susceptible to building vibrations due to their resonance frequency 

range of 10-100 Hz. In order to overcome this problem, it is common practice to 

“float” the system on pneumatic dampers. Spring systems can be designed with 

resonance frequencies of 1 Hz or lower, both do not provide much damping. For this 

reason, eddy current damping is usually used in conjunction with these systems.  

The entire UHV system used in these experiments is isolated from its 

surroundings by means of pneumatic dampers. The STM sits on the inner stage of a 

two-stage coiled spring system, which is mounted on the base flange of the RTSTM 

chamber. Three outer springs are suspended from stainless steel rods, which are 



screwed into the base flange.  The middle stage of the system is a stainless steel ring 

(O.D. 154mm, I.D. 139 mm, thickness 20mm). Three titanium rods are screwed into 

the ring and the inner rings are suspended from near the top of the rods. Both the 

inner and outer spring suspension mounts can be adjusted up and down to level the 

system. The STM and I-V converter are bolted to the inner stage, a macor disk of 

diameter 123 mm and thickness 12 mm. Viton rings attached to both ends of the inner 

and outer rings provide some damping. The middle stage can be clamped for tip or 

sample exchange using a wobble stick. Vibration isolation is somewhat disrupted by 

the fact that there are a number of wires and coaxial cables connected between the 

outer and inner stage of the damping system. In this sense, improving the efficiency 

of the spring system may not have a noticeable effect on vibration isolation. 

However, in practice, the system proved to work quite well. 

 

3.7.4 Fine Approach System 

 

The tip sample separation in STM is ~5 Å. Using an optical telescope the 

separation can be reduced to the micron range. A fine approach system is required to 

bring the tip and sample into the tunneling regime without crashing the two together. 

The fine approach system used in the STM is a six-leg piezo walker designed by Dr. 

S.H. Pan at the University of Basel. In this design, the sample is mounted on a quasi-

cylindrical polished sapphire rod. Six shearing piezos drive the rod toward or away 

from the tip.  The step size of walker depends on the spring-loading of the CuBe foil.  

 

3.7.5 STM Electronics and Control Unit 

 

The tunneling current in STM is typically in the range 10 pA to 50 nA. The first 

stage of processing carried out is to amplify the current and convert it to a voltage. A 

simple circuit, which is an I-V converter, makes this conversion. It is located on the 

STM head.  

 

 



 

 

 

 

 

 

 

 

Figure 3.11 in-situ I-V converter 
 
 
 

Figure 3.11 shows the schematic of an in-situ I-V converter. A large feedback resistor 

is required to provide sufficient amplification of the small tunneling current. It means 

the larger resistor, the bigger gain. The operation amplifier used is an OPA-111 

housed in a standard TO-99 case. The OPA-111 is a low noise precision FET 

amplifier, which has low bias current, low offset and low drift. The feedback resistor, 

108 � , is a carbon film resistor used in I-V converter.  

The STM controller used for experiments is a SCALA system developed by 

Omicron. This controller allows the user to compensate for thermal drift using a 

photographic feature of the STM image as a reference point. The accompanying 

software provides an interface with functions for data analysis. Data was also 

analysed using commercial software from Nanotec Electrica S.L.  

 

3.7.6 STM Tip Preparation  

 

The preparation of atomically sharp tips for STM is difficult and important. The 

sharpness of the tip affects the resolution of STM imaging.  

Tungsten tips are prepared from Ø = 0.5mm W wire. The wire is cut into small 

rods and an insulating layer, PTFE tubing, is placed on the end of the rod. The rod is 

then clamped onto a modified micrometer screw gauge, which allows for precise 

positioning of it into a beaker of 2.0 M NaOH solution. The W wire acts as the anode 



while a submerged metal foil acts as the cathode. Under an applied 4 V dc bias, 

chemical etching occurs at the air/electrolyte interface. The tungsten oxidizes to form 

soluble WO2
-4, which flows away form the active etching region. This leads to a 

thinning of the wire at the interface region, and eventually the submerged section of 

the wire falls off under its own weight. During the etching process the PTFE acts to 

physically restrict the active etching region and also protects the tip that falls into the 

beaker. This tip etching setup is shown in Figure 3.12. The tips are then lightly rinsed 

with iso-propanol, placed in tip holders and inserted into UHV. The oxide layer was 

removed by etching with Ar+. The etching starts with 2 kV of accelerating potential. 

This is used for 20 minutes. This process produces stable, atomically sharp tips. 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.12 Schematic representation of chemical etching process for W tip 
preparation  

 
 
 
 
 

 



 

Chapter 4 
 

Oxidation of W (110) Surface 
 
4.1 Sample preparation 

 

In this study, the oxidation of the W(110) single crystal surface at high 

temperature is described. The sample was prepared from a 99.995% pure tungsten 

crystal (Surface Preparation Laboratory, Netherlands) and was aligned to within 

±0.1° of the (110) crystal plane. The sample was placed on a Mo sample holder with 

a Ta cap and inserted in to the UHV system. We used the same cleaning procedure as 

the one employed for the refractory metals (Mo, W etc.) [34, 79, 80]. The sample was 

annealed at 1300 K �  T �  1600 K in an oxygen partial pressure of 1x10-6 Torr for a 

period of time between 30 and 60 minutes. After that, the sample was flashed to a 

temperature of 2400 K in UHV conditions. Then, it was left to cool down to room 

temperature before the next flash, during which time the preparation chamber 

pressure was allowed to return to the low 10-10 Torr range. This procedure was 

repeated about 20 times until the sample was cleaned. At the completion of every 

cleaning procedure, the sample was characterized by AES and LEED experiments to 

confirm the surface cleanliness.  

After cleaning, the sample was oxidized at different temperatures and different 

annealing durations in an oxygen environment of 1x10-6 Torr. Molecular oxygen of 

4.8 N purity was used for oxidation. The experimental parameters were temperature 

and annealing durations. The temperature range used was from 1000 to 1600 K by 

100 K increments. Annealing durations were 60, 90 and 180 minutes for oxidation of 

W(110) surface. 

All the experiments were carried out in UHV system with a base pressure in the 

low 10-10 Torr. An e-beam heater and resistive heater were used to anneal the sample. 

The UHV system is equipped with LEED, AES and STM. These characterisation 

techniques were employed to explain the oxidation of W(110). 



 

 

4.2 Sample Cleaning and Clean W(110) surface  

 

There is a common cleaning procedure for materials which have a high melting 

point (Mo, W, etc.). This procedure consists of annealing the sample in an oxygen 

atmosphere followed by a series of high temperatures flashes in UHV. The main 

impurities are generally carbon and sulphur present in the crystal. Figure 4.1 shows 

the AES spectrum of the W(110) sample prior to cleaning, plotted in the energy range 

between 40 and 600 eV. 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.1. Auger spectrum of the W(110) surface prior to cleaning. 
 
In this cleaning process, the sample was heated in an oxygen atmosphere (1x10-6 

Torr) at 1300 K �  T �  1600 K. Under these conditions carbon is oxidized into carbon 

monoxide at the surface. Carbon monoxide is then removed by short heating (flash 

annealing) to 2400 K. This process was repeated several times until the surface was 

finally cleaned. The cleanliness of the surface was confirmed by AES and LEED 

100 200 300 400 500 600

dN
 / 

dE
 (

ar
b.

 u
ni

ts
)

Electron Energy (eV)

O-503 

W-179  

W-163 

C-272 
W-120 

W-340 



experiments. Figure 4.2 shows the AES spectrum of the clean W(110) in the energy 

range between 40 and 600 eV. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.2.  Auger spectrum of the clean W (110) surface 
 

As seen in Figure 4.2, there are no traces of carbon and sulphur in this energy range. 

There is a small oxygen peak around 503 eV. This is not important because the 

surface will be oxidized. The main W AES peaks were observed at 163, 169 and 179 

eV, and the minor peaks around 340 and 120 eV.  

 

The crystallographic order of the surface was checked using LEED. Figure 4.3 

shows the LEED pattern of clean W(110) at 114 eV. The W[00 -1] and W[1-1 0] 

directions of the surface are indicated in the figure. The presence of the sharp 

diffraction pattern suggests that the surface is well ordered. W(110) surface has a 

centred rectangular structure. We used the formulation described in Chapter 3 to find 

the lattice parameters of the W(110) surface using the LEED data. Therefore, the 

lattice parameters of the clean surface were found to be a1W= 3.16 ± 0.02 Å and a2W= 

4.47 ± 0.02 Å. These parameters were in agreement with the real values, a1W= 3.162 Å 

and a2W= 4.471 Å. 
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Figure 4.3.  LEED pattern of the clean W (110) surface, E= 114 eV. 
 

Figure 4.4(a) shows a 500 nm x 500 nm STM image of the clean W(110) 

surface. The surface topography is characterized by a staircase arrangement of 

terraces of average width d approximately equal to 60 nm, separated by mono-atomic 

steps. The step height measures h= 2.1 ± 0.1 Å. The line profile is shown in Figure 

4.4(b). This line profile was taken along the W[1 -10] direction, which is indicated in 

the STM image. The miscut angle �  was determined using the equation: 

Tan � = h/d 

 A value of �  ~ 2 ° was calculated. 

 

 

 

 

 

 

 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
                               
                                     (a)                                                                               (b) 
 
Figure 4.4 (a) 500 nm x 500 nm STM image of the clean W(110) surface Vbias =  390  
                    mV, Itunnel = 0.1 nA  (b) Line profile along the W[1 -1 0] direction 
 
 
 
4.3 Oxidation of the W (110) Surface  
 
4.3.1. LEED Analysis  
 

The clean W(110) sample was oxidized at an O2 partial pressure of 1x 10-6 Torr 

for every experiment. Two main parameters were changed between different 

oxidations: the temperature (from 1000 to 1600 K with increments of 100 K) and the 

oxidation duration (60, 90 and 180 min). After each oxidation experiment, a LEED 

pattern was taken to define the crystal structure of the formed oxide. To obtain the 

main directions of the spots on the LEED patterns, the primary W(110) spots were 

used as a reference (Figure 4.5.). The distance between the spots in the LEED 

patterns was calculated using Equation 3.5, which was described in the previous 

chapter. 

  

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.5. LEED pattern of the W(110) surface and reciprocal lattice vectors, E= 
114 eV 

 

Figure 4.5 shows the LEED pattern of the W(110) surface with reciprocal lattice 

vectors taken at E = 114 eV. This figure shows the W(110) p(1x1) LEED spots. We 

define a1
* and a2

* as the vectors of the reciprocal lattice for the W(110) surface.  

Figure 4.6 shows seven LEED patterns of the sample obtained after oxidation 

under different conditions. They are labelled in Figure 4.6 from (a) to (g). a1
* and a2

* 

were defined as the vectors of the reciprocal lattice for the W(110) surface in this 

figure. As seen from the LEED patterns, we observed two rows of satellite spots 

around W(110) p(1x1) spots. These rows of satellite spots run in W[7 -7 6] and W[7 -

7 -6] directions in the LEED patterns. These directions were obtained by solving the 

following system of equations which represent relations between vectors: 
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                                   (a)                                                                               (b)                                                                                         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                 
                                (c)                                                                                (d) 
 

Figure 4.6 (a) Oxidation at 1000 K, for 1h, E= 60 eV, (b) Oxidation at 1100 K, for 

1h, E= 60 eV, (c) Oxidation at 1200 K for 30 min. + 1600 K for 30 min, E= 80 eV, 

(d) Oxidation at 1600 K for 1h, E= 68 eV 
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                                                                            (g) 
 
Figure 4.6 (e) Oxidation at 1500 K, for 1h, E= 68 eV, (f) Oxidation at 1500 K, for 

1,5h, E= 65 eV, (g) Oxidation at 1500 K, for 3h, E= 65 eV 

 
 
 

 

 

 



LEED patterns were the same for all oxidation conditions. This means that the 

directions of the rows of satellites spots and the space between these spots were the 

same. It shows the same crystallographic structure at all oxidation conditions. The 

only difference between the various LEED patterns is the presence of a greater 

number of satellite spots for LEED patterns taken on samples oxidized at higher 

temperatures and higher oxidation durations. The presence of a greater number of 

satellite spots in LEED patterns acquired from the surface oxidized at higher 

temperatures and higher oxidation durations indicates a highly ordered surface 

obtained using such preparation procedures. Another observation from the LEED 

patterns is the presence of two domains. These two equivalent rows of satellite spots 

are separated by an angle of 62.5 ± 0.5° and run in two different directions. One of 

them runs along the W [7 -7 6] direction and the other one is along the W[7 -7 -6] 

direction. The periodic rows representing these satellite spots are aligned along W[3 -

3 7] and W[3 -3 -7] directions in real space. These directions were obtained using 

relations between reciprocal lattice vectors and real space unit cell vectors described 

in the Section 2.5.2. The separation of the spots in LEED patterns gives a periodic 

row structure with a space of 25.0 ± 0.5 Å. The space between these rows was 

calculated by Equation 3.5, which was defined in the Chapter 3. Since all LEED 

patterns have the same separation and orientation of the spots regardless of the 

oxidation conditions, we have to conclude that the crystal structure of the oxide is the 

same in the entire range of oxidation temperatures and durations. The oxide layer 

formed on the W (110) surface seems to be stable in these conditions. Additionally, 

the main W(110) p(1x1) spots can be observed for each sample in the LEED patterns. 

It is known that low energy electrons (E~60-70 eV) have 6-7 Å penetration depth 

[68-70]. As a result, the thickness of the oxide layer can not exceed this value (6-7 

Å). This means that oxide layer growth stopped after ~1 ML in all oxidation 

conditions. 

To better understand the LEED results, a map of the LEED patterns will be 

discussed in detail in the next section of this chapter. 

 

 



4.3.2. LEED Map and Real Space Presentation 

  

For a better understanding of the LEED results, we constructed a map of 

the LEED patterns observed after oxidation. Firstly, a clean W(110) pattern was 

chosen. Figure 4.7 shows a representation of the LEED pattern of the clean 

W(110) and the real LEED pattern of W(110). The directions are labelled in 

both pictures. The vectors a1* and a2* indicate the unit cell vectors in the 

reciprocal lattice.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) 
 
 

Figure 4.7 (a) Representation of the LEED pattern of the clean W(110) surface, 

                       (b) The LEED pattern of the clean W(110) at E= 114 eV 

 

To match the pictures, three of the first order spots are numbered by 1, 2 and 3 in 

both pictures shown in Figure 4.7. 
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Figure 4.8 (a) Representation of the LEED pattern of the oxidized surface of the 
W(110)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.8 (b) The LEED pattern of the W(110) surface oxidized at 1500 K for 1 
hour  
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Figure 4.8(a) presents the schematic LEED pattern after oxidation. Figure 4.8(b) 

shows the LEED pattern of W(110) after 1 hour of oxidation at 1500 K. For clarity 

three of the diffraction spots are numbered by 1, 2 and 3 in both pictures shown in 

Figure 4.8. We observed two rows of satellite spots in the LEED patterns. They have 

equivalent directions. Therefore we showed just one domain in Figure 4.8(a). The 

satellite spots running along the W[7 -7 6] direction was chosen for demonstration. 

The separation angle between two domains (along the W[7 -7 6] and W[7 -7 -6] 

directions) in the LEED pattern is 62.5 ± 0.5°. The direction of rows of satellite spots, 

W[7 -7 6], makes an angle, �  = 31.2°, to the direction of W[1-10]. The spacing 

between the spots indicated as `d` in Figure 4.8(b) was the same for all oxidation 

conditions. Using these angles and the spacing between the spots, we showed the 

rows of satellite spots in the Figure 4.8(a). It can be observed that the satellite spots 

coming from 1st diffraction point (2) joint to the 3rd diffraction point (4). It can be 

concluded that there is a coincidence between the formed oxide structure and W(110) 

surface in these directions, W[7 -7 6] and W[7 -7 -6], in LEED patterns. Now we can 

define the unit cell parameters of the formed oxide related to the W(110) surface. It is 

known that the separation of the spots in LEED pattern gives a periodic row structure 

on the oxide surface with a 25.0 ± 0.5 Å. W has a bcc crystal structure with aw=3.162 

Å lattice constant. This unit cell vectors of the W(110) surface a1 and a2 (Figure 

4.9(b)) are equal to 2.74 Å. Using observations from the LEED results and the LEED 

map (directions of rows of satellite spots, spacing between the spots, distance 

between rows of satellite spots and angles between rows of satellite spots) and 

knowing the a1 and a2 values for the clean W(110) surface, the formed oxide unit cell 

can be defined as b1=25.0 Å and b2=12.5 Å (Figure 4.9(b)). Two equivalent 

crystallographic domains were observed in the LEED patterns. These domains can be 

described with the same unit cell. However, the unit cell vector directions are 

different for these domains. 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.9 (a) First domain in reciprocal lattice, substrate and formed oxide unit cell 

vectors in the reciprocal lattice 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.9 (b) First domain unit cell and vectors schematics in real space 
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Figure 4.10 (a) Second domain in reciprocal lattice, substrate and formed oxide unit 

cell vectors in the reciprocal lattice 
 

 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
  
 
 

Figure 4.10 (b) Second domain unit cell and vectors schematics in real space 
 



Figures 4.9 and 4.10 show the LEED simulations (reciprocal space) and the real 

space schematics of the two equivalent domains of the oxidized W(110) surface 

observed in the LEED. Vectors a1* and a2* are the unit cell vectors of the W(110) 

surface in reciprocal space. Vectors b1* and b2* are the unit cell vectors of the formed 

oxide structure in reciprocal space. LEED schematics of both domains are shown in 

Figures 4.9(a) and 4.10(a). The angle between b1* and b2* is 117.5°. Vector b1* has 

W [7 -7 6] and W [7 -7 -6] directions in reciprocal lattice for the first and second 

domains, respectively. The spacing between satellite spots defines a periodic row 

structure on the oxide surface. Figures 4.9(b) and 4.10(b) show the surface schematic 

in the real space. Vectors a1 and a2 are the unit cell vectors of the clean W(110) 

surface in real space. Vectors b1 and b2 are the unit cell vectors of oxide structure in 

real space. The blue balls indicate the W atoms and the red ones show the 

coincidence points between the oxide structure and W atoms. Vector b2 has W[3-3-7] 

and W[3 -3 7] directions in real space for the first and second domains, respectively. 

The lattice parameters of the oxide structure are b1=25 Å and b2=12.5 Å. 

In summary, LEED results show that the W oxide layer formed by annealing of 

the W(110) surface in oxygen atmosphere at high temperature has a coincident 

structure related to the clean W(110) substrate. The observed LEED patterns show 

two equivalent domains. The results show similarity between LEED patterns obtained 

after each oxidation experiment. This allows to conclude that the crystal structure of 

the oxidized W(110) is the same and does not depend on oxidation conditions. The 

thickness of the oxide layer was estimated to be ~6-7 Å, which means that the 

oxidation of the W(110) surface has stopped after the thickness of the formed oxide 

has reached ~1 ML. 

 

 

 

 

 

 

 



4.3.3. STM Results 

STM was used to image the oxidized W(110) surface prepared using different 

conditions. The LEED results were used to understand the crystal structure of the 

oxide surface in reciprocal space. We will show the same information in real space 

using STM in this section.  

Since the LEED data show the same crystallographic structure for every 

experiment, we conclude that there is only one oxide phase formed in all the 

experiments. Therefore, we will limit the STM analysis for two cases shown below. 

All the images were taken with an electrochemically etched polycrystalline W tip. 

Constant current mode was used for the STM imaging.  

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11 (a) 40 nm x 130 nm STM image of the W(110) surface oxidized during 1 

hour at 1500 K, Vbias = -0,8 V, Itunnel = 0.1 nA 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11 (b) Line profiles taken from the 40 nm x 130 nm STM image shown in 

Figure 4.11 (a) 
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Figure 4.11(a) shows the STM image taken from the W(110) surface annealed at 

1500 K in oxygen atmosphere during 1 hour. As seen in the STM image, a periodic 

row structure was observed on the terraces. Rows are aligned along the W[3 -3 7] 

direction of the surface. These directions are found by analyzing the LEED data 

obtained from the oxidized W(110) surface. According to the LEED results discussed 

in the previous section, the satellite spots indicate a periodic row structure on the 

oxidized surface. These spots correspond to a 25 ± 0.5 Å periodicity of the rows 

aligned in W[3 -3 7] direction on the formed oxide. The row structure can be easily 

seen from the line profiles shown in Figure 4.11(b). LEED results agree well with 

STM results. These oxide rows cover the whole surface.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.12 40 nm x 35 nm STM image of the W(110) surface oxidized during 1 
hour at 1500 K, Vbias = -0.9 V, Itunnel = 0.1 nA 

 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.13 25 nm x 25 nm STM image of the W(110) surface oxidized during 1 
hour at 1500 K, Vbias =  -1.1 V, Itunnel = 0.1 nA, and a corresponding line profile 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.14 (a) 7.2 nm x 6.7 nm STM image of the W(110) surface oxidized during 1 

hour at 1500 K, Vbias = -0.8 V, Itunnel = 0.1 nA;  (b) Derivative of this STM image 
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STM images shown in Figure 4.13 and Figure 4.14 are taken from different areas of 

the W(110) surface oxidized at 1500 K for 1 hour. The line profile in Figure 4.13 

shows a row structure with a periodicity of ~25 Å. The height corrugation of the line 

profile is 0.2 Å. Figure 4.14(b) shows the STM image of the row structure and its 

derivative. Atomic oxide rows indicated by the red arrows can be visible.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.15 35 nm x 35 nm STM of the W(110) surface oxidized during 1 hour at 

1500 K, Vbias = -1.1 V, Itunnel = 0.1 nA 
 
 
The two domains discussed in the previous section analyzing the LEED patterns also 

appear on STM images. Figure 4.15 and Figure 4.16 show these two domains 

observed after oxidation of the W(110) surface at 1500 K for 1 hour.  
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Figure 4.16 35 nm x 35 nm STM image of the W(110) surface oxidized during 1 
hour at 1500 K, Vbias = -1.1 V,  Itunnel = 0.1 nA 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.17 Line profiles measured from two different domains shown in Figure 4.16 
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Figure 4.16 shows the STM image of two different domains observed along W[3-37] 

and W[3 -3 -7] directions. These directions are the same directions that have been 

found analyzing the LEED patterns. The angle between these directions was found to 

be 62.5° in the LEED pattern analysis. The angle measured from the STM image is 

equal to 62.5°, which is in perfect agreement with LEED data. The line profiles from 

these domains shown in Figure 4.17 demonstrate a row structure. The separation 

between these rows is the same for both types of domains and equal to 25 ± 0.5 Å.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.18 110nm x110 nm STM image of the W(110) surface oxidized during 1.5 

hours at 1500 K, Vbias =-0.8 V,Itunnel = 0.1 nA 
 
 
After increasing the oxidation time from 1 hour to 1.5 hours, the same row structure 

was observed on the oxide surface. Figure 4.18 shows the STM image of the W(110) 

surface oxidized at 1500 K for 1.5 hours. 
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Figure 4.19 40nm x 30 nm STM image of the W(110) surface oxidized during 1.5 
hours at 1500 K, 

Vbias =-0.8 V, Itunnel = 0.1 nA 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.20 12 nm x 7 nm STM image of the W(110) surface oxidized during 1.5 
hours at 1500 K, 

Vbias =-0.8 V, Itunnel = 0.1 nA 
 
Figures 4.19 and 4.20 show STM images of different areas of the W(110) surface 

oxidized at 1500 K for 1.5 hours. The width of the rows is same in these pictures. 

 



The oxidized W(110) surface was also imaged with atomic resolution using STM. 

Figure 4.21 shows the STM image taken with atomic resolution for the case of the 

W(110) surface oxidized during 1.5 hours at 1500 K. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.21 5 nm x 2 nm STM image of the W(110) surface oxidized during 1.5 
hours at 1500 K, 

Vbias =-1,1 V, Itunnel = 0.1 nA 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.22 Line profile measured along the blue line shown in Figure 4.21. 
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equal to 3.4 Å. These rows are indicated by number 1 in Figure 4.21. Moreover, 

another type of atomic rows is observed and is marked by number 2 in Figure 4.21. 

The analysis presented shows that STM and LEED data are in perfect 

agreement. LEED data give the information about reciprocal lattice of the oxide layer 

and STM data give information about the real space lattice. After oxidation of the 

W(110) surface a periodic structure on the surface was observed. In STM, the 

tunnelling current is proportional the local density of states (LDOS) of the surface 

atoms and their z positions. Therefore, atoms with the same z position can be imaged 

brighter or darker, if there is a difference in LDOS. In the case of the surface oxide 

formed on the W(110) substrate, even if W and O atoms have the same z position, 

they are imaged differently due to different LDOS. This results in the periodic 

structure observed by STM. 

The W(110) surface oxidation was performed at the same O2 partial pressure of 

1x 10-6 Torr. The parameters for the preparation of the sample were the duration of 

oxidation and the oxidation temperature. The sample was heated in an O2 atmosphere 

from 100 to 1600 K. The LEED results were the same for all samples. This means 

that the changes in the oxidation temperature and oxidation duration are not affecting 

the crystallographic structure of the oxide on the W(110) surface. It was expected that 

the changing of the oxidation temperatures and the oxidation duration would change 

the structure of the rows on the surface. It means that the oxidation growth would be 

continued [10]. Recently, some studies on oxidation of transition metals, 

RhO2/Rh(100) and VOx/Pd(111), have shown that under proper conditions some 

oxides on transition metals are kinetically stable since significant barriers inhibit 

further growth (self-limited oxidation) [81, 82]. From LEED patterns we determined 

that the surface oxide is ~1 ML and the pattern is not changing with continuous 

annealing. Therefore the oxide does not grow thicker. Metal oxidation is the complex 

interaction of oxygen with the metal surface. The initial stage of oxidation requires a 

supply of atomic oxygen together with sufficient mobility of metal atoms on the 

surface. The oxidation can occur only if oxygen atoms can react with W atoms. For 

this process O atoms should be readily available on the surface and they have to be 

able to diffuse through the oxide layer to react to the W atoms. Alternatively, W 



atoms have to diffuse through the surface oxide layer to react with atomic oxygen. 

Absence of such diffusion can be the reason for the self-limited oxidation of the 

W(110) surface. 

 

 

4.4. A Model for Oxidation of the W (110) 

 

In this section, a model for the oxide layer on the W(110) will be presented. W 

has a bcc crystal structure with the lattice constant aw=3.162 Å. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.23 Crystal structure of the bcc W 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.24 Centred Rectangular W(110) surface 



The W(110) surface was used for oxidation in this study. After oxidation, the 

satellite spots in the LEED patterns show two equivalent periodic row structures on 

the oxide surface along the W [3 -3 7] and W [3 -3 -7] directions. Here we will 

propose a model for just one domain. The W(110) surface was cleaved in the W[3-3-

7] direction. From LEED and STM data analysis it was found that the angle between 

the unit cell vectors for the formed oxide is equal to 117.5°. We create a mesh with 

directions U= [3 -3 -7] and V= [11 -11 -1] and mesh lengths 25.9 Å and 49.3 Å 

respectively. These lengths are two times larger than the lattice parameters which 

were found analysing the LEED patterns and the STM images. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.25 The schematic of the W (110) surface 
 

 
Figure 4.25 shows directions and the unit cell of the W(110) substrate. For the 

formation of the oxide layer on the W(110) substrate, an oxygen-tungsten-oxygen 

trilayer model was used which is in agreement with literature [82-85]. The formation 

of the oxygen-tungsten-oxygen trilayer is shown schematically in Figure 4.26. 
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Figure 4.26 The formation of the O-W-O trilayer 
 

 
It is known that W has two main oxide types, WO2 and WO3. The WO3 is the 

most stable tungsten oxide. Its structure is based on corner-sharing WO6 octahedra 

and resembles the cubic structure of ReO3. However, at room temperature WO3 has a 

monoclinic distortion with its cell parameters a=7.297 Å, b=7.539 Å, c=7.688 Å and 

� = 90.91°. Its crystal structure is dependent on temperature. The WO2 is based on a 

distorted tetragonal rutile structure. The distortions come from the pairing of W ions 

in chains of WO6 octahedra along the crystallographic a-axis resulting in a 

monoclinic cell with cell parameters a=5.563 Å, b=4.896 Å, c=5.663 Å and � = 

120.47°. 

To choose the best oxide layer, several surfaces of WO2 and WO3 were 

examined: WO2(010), WO2(1 -1 1), WO2(001), WO2(00-1), WO3(001), and WO3(1-

11). The WO2(00-1) surface was chosen as the structure of the oxide layer. We found 

the right mesh sizes for the WO2(00-1) surface to fit with the substrate parameters. 

Then we constructed a coincident structure. Figure 4.27(a) shows the WO2 crystal 

structure and Figure 4.27(b) shows the chosen WO2 (00-1) surface. 

 

 

 

 

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 4.27 (a) The WO2 crystal structure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
Figure 4.27 (b) The WO2 (00-1) surface bottom view and a cross section for oxygen-

tungsten-oxygen trilayer structure 
 



 
The same procedure was followed to create an adequate mesh of the WO2 (00-1) on 

the substrate. Proper meshes were selected, and then attempts were made to match the 

substrate and oxide layer. Figure 4.28 show the proper unit cell of the WO2 (00-1) 

surface. These figures illustrate an oxygen layer, an oxygen-tungsten layer and an 

oxygen-tungsten-oxygen layer, respectively. 
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Figure 4.28. The chosen directions and mesh of the WO2(00-1) surface (a) an oxygen 
layer, (b) an oxygen-tungsten layer and its cross section, (c) an oxygen-tungsten-

oxygen layer and its cross section 



The [3 4 0] direction of the WO2(00-1) was oriented parallel to the [3 -3 7] direction 

of the W(110). The mesh length of the WO2[3 4 0] is 25.7 Å and the mesh length of 

the W[3 -3 7] is 25.9 Å. The mesh length of the WO2[-1 10 0] is 49.2 Å and the mesh 

length of the W[11 -11 -1] is 49.3 Å. Lattice mismatch was found to be 

approximately 1%. But the angle between the unit cell vectors is slightly different. 

The difference is about ~12°. To overcome this problem, we rotated the oxide layer 

on the substrate surface and we observed the row structure. We first positioned a 

layer of oxygen atoms to match the W(110) surface in Figure 4.29(a). In this case the 

rows on surface were clearly visible. The distance between these rows was measured 

to be 25 Å in Figure 4.29(b). This value is the same as the row width that we 

observed in the STM images. The angle between the lattice vectors is the same as in 

the LEED patterns. In addition to this, the oxygen rows can be seen in Figure 4.29(a). 

These rows are similar to the atomic resolution in the STM image. Then we added a 

layer of W atoms in the appropriate positions described above. Figure 4.30(a) shows 

the structure of the substrate/oxygen/tungsten. In this case, it was also possible to see 

the rows on the surface. Finally, we added a layer of oxygen atoms on top to 

complete the trilayer structure. Figure 4.31 shows the structure of the 

substrate/oxygen/tungsten/oxygen trilayer. In this case, the rows are not easily seen. 

However, the superposition of atomic layers does not take into account electronic 

effects. It is known that STM image of an ultrathin oxide layer on a metal substrate is 

dependent on the site location of oxygen atom on the substrate [86]. This was 

explained by interplay of several electronic effects causing a difference in tunnelling 

probability at that location. This theory has been used to explain the Moiré patterns, 

the superposition of the two lattices, that are often seen in STM images of 

coincidence lattice structures [87-90]. These observations show that the Moiré pattern 

is a valid explanation for the row structures. We have found this model with its lattice 

parameters and row structures to be the best representation of the oxidized W(110) 

surface. This model agrees well with the observed STM images. In conclusion, this 

model shows that the formed oxide layer is WO2.  
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Figure 4.29 (a) The Substrate\Oxygen layer model (b) The corresponding row 
structure 
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Figure 4.30 (a) The Substrate\Oxygen\Tungsten layer model (b) The corresponding 
row structure 
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Figure 4.31 (a) The Substrate\Oxygen\Tungsten\Oxygen layer model (b) The 
corresponding row structure 

 
 
 
 

 



Chapter 5 
 
Conclusion  
 

The oxidation of the W(110) crystal surface is studied in the thesis. Oxidation 

was performed in a temperature, ranging from 1000 to 1600 K, for different oxidation 

time of 60, 90 and 180 minutes with an oxygen partial pressure of 1 x 10-6 Torr. To 

explain the oxidation of the W(110) surface, AES, LEED and STM experimental 

techniques were used. A computer program, Material Studio 4.0, was used to 

determine a suitable oxide model for the oxide surface that matches the experimental 

results. 

The W(110) surface was cleaned by a procedure consisting of high temperature 

annealing in oxygen and flashing in UHV conditions to remove the carbon from the 

surface. The LEED patterns of the oxidized surface show a complex structure. Two 

equivalent satellite spots were observed around W(110) p(1x1) spots. These gave a 

periodic row structure on the oxide surface. By using the LEED map, a unit cell was 

defined with lattice parameters 12.5 Å x 25.0 Å. The structure of the surface oxide 

was found to be coincident with the W(110) surface. It was found that these periodic 

rows have covered the entire W(110) surface after oxidation. There were two 

equivalent directions observed using LEED and STM. These directions were W [3 -3 

7] and W [3 -3 -7]. The width of the rows observed in STM is equal to 25.0 ± 0.5 Å 

which is in agreement with the LEED results. In addition, different oxidation 

conditions have been examined. The surface structure obtained under these 

conditions appeared to be the same regardless of the conditions. The row dimensions, 

directions and the formed oxide unit cell have remained the same upon changes in the 

oxidation conditions from lower to higher temperature or shorter to longer oxidation 

time. The experimental data indicate that the surface oxidation is self-limited to ~6-7 

Å thickness. This result means that the oxidation stops after the formation of the first 

oxide layer. A model for the surface oxide was proposed and was found in agreement 

with the LEED and the STM results. It was found that the WO2 (00-1) oxide layer 

produces the best fit for the oxide model. The model was based on the oxygen-



tungsten-oxygen trilayer system. First layer, using oxygen only, gave the expected 

row structure on the surface. These rows were observed in the STM images. We 

suggest that the WO2 (00-1) surface oxide model is the best model according to 

computational and experimental analysis.  
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