High Temperature Oxidation of W
(110)

A thesis submitted to the University of Dublin, ity College,

in application for the degree of Master of Science

by

Sava Ulucan

School of Physics
Trinity College Dublin

October 2008






Declaration

This thesis is submitted by the undersigned for the degree of Master of &tience

the University of Dublin.
It has not been submitted as an exercise for a degree at any other university
Apart from the advice, assistance and joint effort mentioned in the

acknowledgements and in the text, this thesis is entirely my own work.

| agree that the library may lend or copy this thesis freely on request.

Savas Ulucan
October 2008






Summary

In this thesis, we present the study of the oxidation of the W(1ltfgce in the
temperature range between 1000 and 1600 K for varying oxidation time of &0¢ 90
180 minutes at a partial oxygen pressure of PxI6rr. The oxidized surface was
analyzed with Auger electron spectroscopy (AES), low enetggtron diffraction
(LEED) and scanning tunnelling microscopy (STM). As a result ofottidation of
the W(110), a periodic structure of rows was observed on the surfaese Tows
follow the W[3 -3 7] and WI[3 -3 -7] directions. The width of the rows is equal to 25 +
0.5 A. Two equivalent domains were observed by LEED and STM. It ouasl fthat
the growth of the oxide layer is self-limited to 1 ML. The diéfet oxidation
conditions did not affect the surface oxide structure. A correspondodgl was
proposed that describes the observed crystal structure of the saxideeAccording
to AES, LEED and STM data, the oxide phase grown on the surfackenahat of
the WQ (00-1).
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Chapter 1

Introduction

Metal-oxide surfaces are very important for technological apita and
future possible nano-scale devices [1-4]. Transition metal-oxides &osaries of
compounds with a uniquely wide range of electronic properties. Téney & range of
important applications in areas such as dielectrics, semiconduatmisalso as
materials for magnetic and optical applications [5-7]. The disgowdr high-
temperature superconductors has brought attention of a wide scieotrfraunity to
this area, and has highlighted the difficulties of understandingansition metal-
oxides. For all of their technological and scientific importance,uoderstanding of
the basic physics and chemistry of metal-oxide surfaceslalgstantially behind that
of metals and semiconductors [8, 9].

Transition metal-oxides have gained substantial consideration emtrgears
[10-15]. Their surfaces crucially influence the behaviour of gasosgnsatalysts and
semiconductor devices. Several research groups have been studyingltmentals
of transition metal oxides [16-21]. Density functional theory (DK commonly
used to construct models of their experimental results [22-24].

Tungsten is an important example of a transition metal. Itvmasrtain oxide
phases. These are tungsten trioxide g\ddd tungsten dioxide (WA WO; exhibits
various special properties, which make it very popular for applicaitiogas sensors,
catalysis [25-27], and as a material for transparent thindleotrochromic displays
[28-31]. In addition to these, WOs a 2.6 eV wide band gap material with
semiconductor properties at room temperature [32]. This property mnbakas
promising material for electronic applications. Wi® another important tungsten
oxide. It shows a metallic behaviour at room temperature [33].

In this thesis, the oxidation of W(110) at different temperatundsfar various
exposures in oxygen at a partial pressure of £XU@r is studied. An ultra high
vacuum (UHV) system is used for the preparation and the chasati@mi Auger
electron spectroscopy (AES), low energy electron diffractionE(QEand scanning
tunnelling microscopy (STM) are the characterisation technigsed in this study.



The computer program, Material Studio 4.0, is used to compose atomit ohoite
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) surfacatiomn. An
overview of fundamental properties of tungsten oxides, recent studieansition
metal oxides, including fundamentals of surface science, the ro&tdhtion
processes and the theories of experimental techniques are piesecteapter 2.
Chapter 3 describes the experimental details which were usdusinhesis. The
detailed explanation of AES, LEED, STM results and the possible Inffmdexide
surface is described in Chapter 4. Chapter 5 deals with the conctidilois 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 afram”,
and its ore asWolframite’, which is also the origin of its chemical symbol, W. It
was discovered in 1783 by Fausto and Juan Jose de Elhuyar. The aectroni
configuration of the element W is [Xe] #f5d" 6. Tungsten has the highest melting
point of all metals (3683 K) — indeed, of all elements except ca®®n For this
reason, metallic W is fabricated by the techniques of powdéallomgy. Due to its
high melting point, tungsten is widely used in light bulbs, vacuum tldradnts and
electrodes, as it can be drawn out into very thin metal wiregays a major role in a
variety of other applications spanning from the electrical/hgaitialustry 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 latticegtaras

ay=3.162 A. Figure 2.1 shows the schematic bce structure of tungsten.

Figure 2.1 Representation of the unit cell of bcc W



In this thesis, the W(110) surface was used. The sample waarg@defrom a
99.995% pure tungsten crystal (Surface Preparation Laboratory, Idatsrand
was aligned to within £0.1° of the (110) crystal plane. W(110) sutiasea central
rectangular surface structure. The lattice parametersefared rectangular W(110)
surface are @ 3.162 A and = 4.471 A in directions of W[001] and W[1-10].
Figure 2.2 presents the schematic of W(110) surface with thdidimeof W[001]
and W[1-1 0].

Wiool)

Wl-10]

Figure 2.2 Centred Rectangular W (110) surface

An overview for oxidation of W (110) surface will be given in thisapter.
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 pHasss. T
are WO, WQ, WO, and W@ and intermediate states such as M&and WoOsg,
etc. [35, 36]. WQ and WQ are the most important phases of tungsten oxidés
literature review shows that the final products of oxidation of W& these
compounds.

WO; is the most stable oxide phase of tungsten.;\8fws different crystal
structures at different temperatures [37-41]. Its structurededoan corner-sharing
WOQOg octahedron and resembles the cubic structure of; Re€hows a monoclinic
phase named-WO; at room temperature 273 and 603 K [41]. As stated, unit cell
data show that W9has monoclinic crystal structure with a space group,,Péhd
unit cell dimensions ofygs= 7.306 A, ko= 7.541 A, gox= 7.681 A and = 90.91°
[40]. Figure 2.3 presents the schematic of the;\w@stal structure.

Figure 2.3Representation of the unit cell of WO



In addition to this, another main property of W@ its semiconductor
behaviour at room temperature. It has a wide band gap of 2.6 eV pidpsrty
makes it a promising material for electronic applications.;\W¥@sed in gas sensors,
catalysis [25-27], and as a material for transparent thindleotrochromic displays
[28-31].

WO, shows metallic behaviour at room temperature. Generally, ticansietal
dioxides have a crystallographic structure related to the sitieture (TiQ) [42].
WO, crystal structure has a distorted monoclinic rutile structutee distortion
comes from the pairing of W ions in chains of edge sharing.\WW@e monoclinic
crystal structure is defined with a space group:Rhd the unit cell has dimensions
of avoz= 5.563 A, o= 4.896 A, ¢,0= 5.563 A and = 120.47° [43]. Figure 2.4

shows the schematic of W@rystal structure.

Figure 2.4Representation of the unit cell of WO



2.2 An overview of oxidation studies on W surfacesnd
tungsten oxide surfaces

The oxygen-tungsten system is one of the most widely studied gas-sol
interactions. Several surfaces of W have been studied. The most peytdee of
tungsten studied is W(110). Generally, studies can be divided into awo parts.
Early studies were based on LEED and AES characterization, latalestudies used
STM. After the invention of the STM, the structural investigationsturfgsten-
oxygen systems were improved.

The cleaning process of W is the initial step in most of tleequlures, as
reported by Bodet al [44]. In order to clean the W (110) surface from its main
impurities, carbon (C) and sulphur (S), a variety of process havepbesented. The
cleaning procedure consists of annealing a number of times inygeroatmosphere,
and subsequent short high-temperature treatments, called flasheag Dhe
annealing process in oxygen, carbon is removed from the mef@tesiny formation
of carbon monoxide and carbon dioxide, which are both gaseous substances and ca
be removed after thermal desorption. However, resulting tungsten acadaemly be
removed by thermal desorption at 300 K [44-46].

Adsorption of oxygen on the W(110) surface has been extensively studied
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 ofi 10 W
surface, by work function measurements [54], reflection high-en@iggtron
diffraction [47, 53], ultraviolet photoelectron spectroscopy, [55] etc. adsorption
of O on the W(110) surface at room temperature results in anedrgePx1)
superstructure. The saturation has been shown to be about 0.5 monolayet (M
room temperature, indicating that most of the oxygen atoms on tleesanfe locked
in this p(2x1) structure [56, 57]. Oxygen adsorption on the W(110) surfac®rma
temperature occurs with an initial sticking coefficient of 0.3léaw coverage. The
adsorption of the oxygen on the W (110) shows an increment for the wotlofuat
the surface. Engealt 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 LE&®

coverage was produced at 1x ®10orr 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 coverageormblayer.
According to their results, the saturation value of the work fomas 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. Getnag[50]
examined the absorption of oxygen over a wide pressure range, betW8emd .0
" Torr at low and high temperatures. They observed very complexusesisuch as
c(14x7), c(21x7) and c(48x16) at less than 1 ML coverage were obsanegh
temperature oxidation. It was shown that very simple and reprodut¢iblduses,
such as c(2x2) and c(2x1), were observed at low temperatures. tBearetical
studies combined with experiments explained the growth kinetics gieoxiyngsten
system at high coverage. The O\W(110) p(2x1)+p(2x2) system sepanrats
reported at high coverage [58]. Earlier experiments and calmgagshowed that
room temperature exposure to oxygen results in dissociative chenassrptith
several ordered layers. At sub-monolayer coverage three strugi2e4), p(2x2)
and p(1x1), were investigated. A phase diagram depending on coveragjeomasin
previous studies [59, 60]. A full solid angle photoelectron diffraction waligmical-
state resolution study had presented the exact local atomiceggoof oxygen
adsorbed in the stably saturated one monolayer (1x1) structure DID)VPrecise
structural determination of the domain superstructure emergedlireg the (1x12)
periodicity of the mentioned domains [57, 58]

The single crystals of W and WQ, and their different surfaces were studied
by several groups. Both theoretical and experimental studies penfermed.
Generally, WQ (100), WQ (001) and WQ (120) surfaces in thin film and their bulk
forms were examined. Ws a ¢ oxide based on a framework of corner sharing
WOs. The formal oxidation state of W is +6. It shows a monoclinic phasgeen
290 and 603 K. Stoichiometric monoclinic W@ a semiconductor at 300 K with a
band gap of 2.6 eV. The oxygen deficiency influences the electronicrpespa this
material. WQ(001) surface studies by STM, STS and photoelectron spectroscopy
explained this effect on the surface [61]. Joeésal [62, 63] showed the defect

structure on terraces on the W@D1) surface by examining an annealing treatment.



After annealing experiments, the surface showed reconstrucfign2x 2)R45° and
c(2x 1). The surface energies of these reconstructions akdated to be 1.39 and
1.67 J.nf respectively [62, 63]. The phase transition was observed ley &i[65,
66]. Epitaxially grown W@100) surface was annealed in an oxygen atmosphere at
different temperatures. Results indicated that the surface phasged from p(2x2)
to p(4x2) and from p(4x2) to a mix of p(4x2) and p(3x2). Increasing theaknge
temperature in UHV caused p(1x1) islands to appear on the p(3x2) surface [64, 65].
In the case of W@metal-metal bonding is intrinsic to the material due to the
pairing of the tungsten ions in the distorted rutile-like structtifee first of the
surface studies of the single crystal W@as published by Jonest al [63].
According to the results from Wx3012) surface, STS gives a metallic behaviour at
room temperature. The distortion between W-O chains and W-W chaags w

examined. [66]

2.3 Metal Oxidation

The exposure of almost any metal to gaseous oxygen resultsforrtiegion of
an oxide layer. If the oxide covering the metal surface is yiglaherent in the sense
that film is free of cracks and macroscopic processes, theadttigonal chemical
reaction usually requires diffusion of metals through the oxide .|lajee overall

equation for the chemical reaction involved in the oxidation of a metal (M),
aM+12b 0 — = MOy Equation 2.1

is very simple. The driving force for this reaction is the #aergy change associated
with the formation of oxide from the reactants. Formation of the oxide depends on the
oxygen pressure being greater than the dissociation preBsufethe oxide in

equilibrium with the metal, where

p = expG/RT) Equation 2.2



and G is the free energy of formation of the oxide per mole ydesx consumed.
The rate of chemical reaction in such case is time dependerd,riapid in the early
stages but decreasing as the thickness of the oxide layeasasresince for thicker
oxide layers, it takes longer on the average for any given leatbiciffuse through
the layer. Figure 2.5 presents the oxide film of thickness L(tijreg t in separating
the parent metal from the attacking oxygen. lonic and electraamiicie current
densities Jand { yield respective charge currentglZand ZJ.. The growth rate
dL(t)/dt of the oxide film depends upon the ionic particle currentieds with the
constant of proportionality denoted by R.

The formation of a continuous oxide film on the metal surface intesluc
additional complexities in the oxidation process since the oxide progidesrier
between the reactants. If the oxide film is compact, diffusion psesedependent on
the defect nature of the oxide become important. The initial stepei oxidation
reaction when a continuous film of oxide is present is still absorjof the gaseous
species. Unfortunately, few careful studies have been made absloeption process
of oxygen on oxide films on metals and the process can be very caexgblicisually
the transfer of an electron from the metal is considered to pkdce relatively
quickly with dissociation of molecular oxygen taking place at aboutdmee time.
The incorporation of the oxygen in the oxide is likewise a compticatecess and
generally depends on the nature of the defect structure of the oKifieision of
cations or anions across the oxide film is generally assumedrtutie slower than
the electron transfer and can lead to the formation of spwrge layers, which in
turn may modify the transport process. The driving force fodiffiesion of metal or
oxygen ions may be either the strong electrical field setanpss thin films of oxide

or the chemical potential gradient across thicker oxide films.
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Figure 2.5 Schematic of oxide layer growth on metal surface [67]

Diffusion provides the greatest lower bound to the oxidation rate. @iffus
produced by a concentration gradient dC/dx, where C is the concentohtibe
species, in this case metal ions, and x is the position of oxidedifftgion current
density J at a position x is typically given by

¢F - D [dC/dx] Equation 2.3
where D is the diffusion coefficient for the diffusing speclaszero field, diffusion
would be the only contribution to the transport of cations through the oxidéel
absence of source of cations with in the oxidendst be independent of the position
x within the oxide. The reaction mechanism of oxidation will alsoegaly be a
function of temperature, oxygen pressure, the detailed crysiatige and physical
properties of the oxide on the metal. Under certain conditions grain bgunda
diffusion may be important, and it is necessary to consider thésoeffects of the
oxide microstructure on material transport by short circuit diffusion paths.

Gas-metal interactions may be classified in terms of palysabsorption,
chemisorption, solution (or absorption) or bulk compound formation, although it is
often difficult to distinguish clearly between these interactidh® first two of these

processes will now be considered briefly in terms of theiriogiglip to the initial



stages of the oxidation reaction. Oxygen molecules from the gadimusontact the
metal surface; the rate of collision of molecules per un# afesurface is given by

kinetic theory:
P/ (2nm KY) Equation 2.4

where P is the gas pressure in mTorr, n is the number of moisgher mass of the
gas molecule, k the Boltzmann constant and T the absolute tempeiéttive
sticking probability is assumed to be unity, then a monolayer of reld@as forms
on the surface in approximately one second at room temperaturgdsrpaessure of
mTorr. Most surfaces on which oxidation studies have been carriethawmgyver,
have not been clean and sticking coefficients have undoubtedly beersmahy
Even starting with clean surfaces, the sticking coefficienbmescases may fall to a
low value before the formation of a complete monolayer. When an dikiclds
present on the surface of a metal, the chemical reaction betiweesalid and a gas is
initiated by chemisorption of the gas on the oxide. The procesBeshisorption is
generally very complex and must be treated as a three-donehsprocess.
Chemisorption will generally be influenced by the presence tt€dadefects, the
distribution of electrons and holes, as well as traps in and neautfece of the
oxide [67, 4].

2.4 Fundamentals of Surface Crystallography

It is obvious that the surface properties of solids are influerrcadarge extent
by the solid state properties of the material. The questionsogeas to how we can
define the surface. In this section some surface science valine explained and
information about surface crystallography will be given.

A monolayer of adsorbate is one way of defining the coverage dfuitiace
with a single complete atomic or molecular layer in termthefcoverage of a two-
dimensional closed packed layer taking account of the atom or mo&zeleOn the

surface of well-defined crystallography it is generathore convenient to use



definition based on the atomic density of packing of the surfaeH. itBhen, the
definition of the monolayer absorbed can be used as that a nundmrsaty equal to
that of the atoms in a single atomic layer of the substraterial parallel to the
surface. Another definition concerning absorption studies is for a umkmsure.
The unit which is firmly establishes in the literature is lth@agmuir (L), with 1 L=
1x10° Torr-s exposure. 1 L corresponds to the order of 1 monolayer coveralge if
the molecules stick to the surface.

The classification and description of symmetry properties andtgtas of bulk
(three dimensional) crystalline materials require a reasonabtierstanding of
crystallography. They can be characterized by their assdaiie cell which must

be one of the 14 Bravais lattices.

710 ]
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Figure 2.6. The five two dimensional Bravais lattices

Figure 2.6 shows the five two-dimensional Bravais nets. An idgatatris the
infinite repetition of identical units in space. The infinite td: of identical units
is represented by the so-called lattice; the crystal tsteids given by placing the
basis, which can be a single atom or a group of atoms, at tlee lpttints. Two

arbitrary vectors, r' belong then to the lattice if
r'-r =ma+ b

n;and n are integer number, the vect@sandb are lattice vectors. They are also

called primitive cell vectors. It means the any point of the crystal can belsebas:



R=ma+nb

If the surface layers of a solid differ structurally frome substrate, these layers may
be disordered, ordered or coherent with the substrate. Then théagpsestructure
can be described by using the substrate layer. If the prévggll vectors of substrate

area andb and those of the overlayarandb’, then we can relate thesg b

a'=Gua+ Gpb
b'= Gxa+ Gxb
where G the parts of matrix
Gu Ge
G G &

such that the overlayer and substrate meshes are related by

a a
G
b’ b

There are 3 possible results from this matrix:

(a) det G integral and all the matrix components are integral; t@shes are
simply related with the adsorbate mesh having the same atiansl
symmetry as the whole surface.

(b) det G a rational fraction (or det G integral and some maftmponent
rational); two meshes rationally related. In this case, thectste is still
commensurate; but the true surface mesh is larger than eithsulibate

surface or adsorbate surface. This surface mesh has a siatedliby



distances over which the two meshes come to coincidence at regeraals,
and for this reason such structures are called coincidence structures.

(c) det G irrational, the two meshes are now incommensurate and reutfaee
mesh exists.[68-70]

2.5 Overview of Experimental Techniques

In this section, we provide a brief introduction to characterizatiohntques

employed in this study.
2.5.1 Auger Electron Spectroscopy (AES)

Auger Electron Spectroscopy (AES) represents a surface isptihnique
utilising the emission of low energy electrons in geger processnd is one of the
most commonly employed surface analytical techniques for dietiegn the
composition of the surface layers of a sample. AES was developleel late 1960’s,
deriving its name from the effect first observed by Pierrgekua French Physicist,
in the mid-1920's. The method is based on excitation of so calledr Aleg¢rons'.
Already in 1923 Pierre Auger [71] had described themission of electrons due to
ionization of a gas under bombardment by X-rays. The ionization [gra@es be
provoked either by electrons, commonly known as the Auger electroog ptrotons
as used by P. Auger. Today’'s AES is based on the use of prateatyons with
typical energies between 3 and 30 keV, and the possibility to foais@m the
primary electron beam in the nanometer and micrometer randgziagathe top-
most atomic layers of the sample. The emitted Auger electrongat of the

secondary
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Figure 2.6. Schematic photon emission and auger electron emission process

electron spectrum obtained under electron bombardment with a enetécienergy
allowing one to identify the emitting elements. Figure 2.6 shovimsac photon
emission and auger electron emission process. When an atom is ibgidbe
production of a core hole either by an incident photon in XPS or by mioadiectron
of surface energy, the ion loses some of its potential efwrdyling this core hole
with an electron from a shallower level together with emissicenefgy. This energy
may either appear as a photon, or as kinetic energy given to asbéhewly bound
electron. The first process is that of X-ray fluorescence andeabend is that of

Auger electron emission. In the case of Auger electron emission we have
kE Ep - Eg - Ec Equation 2.5

The Auger electrons have a characteristic energy allowament identification to
be determined. The technique supplies information on the elemental ¢oompok

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 sggttériow
energy electrons from well ordered surfaces leads to diffiraspots similar to those
observed in X-ray [72], this was the first experimental prootefwave nature of
electrons. A few years before, in 1923, De Broglie had showed elediewas a

wavelength, given in A, of
e=h/m,  =(150/ I:'k)ll2 Equation 2.7
and a corresponding wave vector of magnitude:
k=2 . Equation 2.8

where h is Planck’s constant,tine electron mass, the velocity, and gthe kinetic
energy of the electron in eV. The diffraction of low energy ebest in the energy
between 40 and 500 eV, where their wavelength ranges between 0.5 and 2Agcould
used to determine the structure of the single crystal sufBemause of their small
mean free path of only a few A (typically less than 10 A)ctedes in this energy
range that sample only the upper most atomic layers of a suafadbetter suited to
the analysis of surface geometries. Analysis of the LEE®idatspect of the exact
positions of atoms at the surface is somewhat more complicatedequires fully
dynamic quantum mechanical scattering calculations.

The range of wavelengths of electrons employed in LEED arpats is seen
to be comparable with atomic spacing, which is the necessary ioonddar
diffraction effects associated with atomic structure to be gbdefFigure 2.7 shows a
basic schematic of electron diffraction model. Firstly we comsaadene dimensional
(1-D) atomic chain, which have an atomic separadormhen the electron beam
incident at right angles to the atomic chain. This is the simplest possiblé fioroithe
scattering of electrons by the atoms in the topmost layarsofid. If we consider the

backscattering of a wave front from two adjacent atoms atladefned angleq, to



the surface normal, then it is clear that there igadh' differencé (d) in the distance
the radiation has to travel from the scattering centres to a distant detector

Incident Beam

7

e

e / / Scattering Beam
e

® .‘_. \. ® o

d=a. sin®

Figure 2.7. Schematic of electron diffraction in one dimension

The size of this path difference isiaq and this must be equal to an integral number
of wavelengths for constructive interference to occur when tag¢tesed beams

eventually meet and interfere at the detector. It is

dsia =n Equation 2.9
where shows wavelength and n is the integer number. For two isoladtiereny
centres the diffracted intensity varies slowly between zeoonjtete destructive
interference;d = [n + %] ) and its maximum value (complete constructive
interferenced = nl ) with a large periodic array of scatterers, however, tHfeadted

intensity is only significant when the "Bragg condition”

sia =n Equation 2.10is
satisfied exactly. There are a number of points to note fronsitmigle 1-D model.

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

12
/

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



lattice parameter a. All surface diffraction patterns showing a symmetry reftegti
that of the surface structure are centrally symmetric, @nd scale showing an
inverse relationship to both the square root of the electron enedgihea size of the
surface unit cell. A much better method of looking at LEED ditfcan patterns
involves using the concept of reciprocal space; more specificdllyan be readily
shown that the LEED pattern is a (scaled) representatidreattiprocal net of the

two dimensional surface structure.

Real Space Diffraction Fattern
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 diffracti@nmpal he vectors;a
and a indicate the lattice vectors in real space, and the vecfoamd a indicate the
reciprocal lattice vectors. The reciprocal lattice vectoes related to the real space

unit cell vectors by the scalar product relations:

188 =8 .8 =0
and

e =a.a=1

These explain that;as perpendicular toy4 a; is perpendicular to;8 a;* is parallel

to & and a* is parallel to a; and there is an inverse relationship between the lengths
of & (&) and a* (ax*) of the form |a| = 1/(|]a*| cosA), where A is the angle between
the vectors aand a*.



2.5.3 Scanning Tunnelling Microscopy (STM)

Scanning tunnelling microscopy (STM) is unique among imaging tqeaksiin
that it provides apparent three-dimensional (3-D) real spaceesnélg development
in 1981 earned its inventor§erd BinnigandHeinrich Rohrer(at IBM Zirich), the
Nobel Prize in Physicin 1986 [73]. The STM probes thiensity of stateof 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 theoryetogenent. Fowler
and Nordheim [74] explained on the basis of electron tunnelling, the pwurés of
the phenomenon of electron emission from cold metals under the irdloénarge
external electric fields that had been unexplained since itsvathser by Lilienfeld
in 1922. Frenkel proposed that anomalous temperature independence of the contact
resistance between metals could be explained in terms of tumgnatdiross a narrow
vacuum-like region. Experiments by W. Meissner in the early 193€ifed this
prediction. These measurements probably constitute the first ttyrieterpreted
observation of tunnelling in solids since the vacuum-like region wasiale layer
[75]. Metal-Insulator-Metal tunnelling came to prominence agairnl960 when
Giaver demonstrated the existence of an energy gap in supercondhyctoesisuring
the current voltage (I-V) characteristics of an AL®4-Pb structure [76]. The
insulating layer was formed by leaving the evaporated Al fdnoxidise in air for a
few minutes at room temperature, which gave a 15-20 A oxide Fegerfrom
pinholes. The Pb top layer was then cross-deposited over the ins@#ver
realised that “to be able to measure a tunnelling current, tbentetals must be
spaced no more than 100 A apart”, and decided early in the gaimie attempt to
use air or vacuum between the two metals because of problemsibvétion [77].
Twenty years later, this problem was to be solved by Binnig, RoGerber and
Weibel with the invention of the STM.



2.5.3.1 Tunnelling Model
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Figure 2.9 Schematic of one-dimensional metal-vacuum metal junction

In vacuum tunnelling, the vacuum plays the role of a potentialebdretween two
conducting electrodes, in this case the sample and the tip. Thisrbarshown
schematically in Figure 2.9. Classically, the momentum (p) of laotren with

energy E moving across a potentiffk) is given by

£ +U(2)=E Equation 2.11

2m
wherem is the electron mass. The electron can move ilmmegvhereE> U but can
not penetrate in to any region whét€U, that is, a potential barrier. The equivalent
guantum mechanical equation can be representecchngp@nger's equation where

the electron is described by a wave functi@n):

2 2

- _d_zJ’(Z) +U(2y (2 =By (2 Equation 2.12
2m dz



where =h/2p. In the classically allowed regio&¥U), the electron is represented

by a travelling wave

J2m(E - U)

Y (2)=y 0)e™ k= Equation 2.13

while in the classically forbidden barrieE€U), the wave function is decaying
exponentially

J2mU - E)

Y (2 =y 0" k= Equation 2.14

The probability of the electron penetrating therigara distance z is proportional to
Puly OF e Equation 2.15

This simple model can be used to derive some basidts for metal-vacuum-metal
tunnelling. Figure 2.9 shows a schematic of frestebn metal-vacuum-metal
junction. If the vacuum level is taken as the zeooit for energy, then the Fermi
level isEr=- , where is the work function, i.e., the energy requiredilberate an

electron from the surface of the metal. The wonkcfion of the two electrodes is
assumed to be equal. For metals commonly encouhitei®TM, the work function is
usually between 4 and 5.5 eV. By applying a Mas the junction, a net tunnelling
current can flow due to tunnelling from states lesnEr - eV andEr. For small bias

voltage €V<< ),the energy levels of th&, tunnelling statds, can be approximated
by E.~ and the probability oP of an electron from this state reaching the tip loa

written as
A/ 2mf
PulY, (0)’e* k= Nz Equation 2.16

where s is the gap between the electrodes. They derstant can be written in“A
(with the work function in eV) as

k=0512/f , A* Equatiad 7



For a typical work function value of 4 eV, this iligs k =1.025 A™; and the current
will fall by a factor of “~7.75 if the gap width increased by 1 A.

Taking all the possible states in the energy rdageeV E E into account, the

tunnel current is:

Er
I, | ly Q) e*® Equation 2.18

E=Eq-eV

If V is small enough that the density of statesstoat vary significantly within it, the
latter sum can be conveniently written in termshef local density of states (LDOS).
At the Fermi level, at a location z and energyHe, LDOS «(z,E) of the sample is
defined as:

E
r (z,E;)= IimTl ly (2) | Equation 2.19

E,=E-1
The tunnelling current at the tip can be written as

|, uVr (0,E.)e?® Equation 2.20

2.5.3.2 Tip Contribution

According to the Transfer Hamiltonian approach psga by Bardeen [78], the
sample and tip are independent electrodes whost@i& states can be determined
by the Schrodinger equations for the individuacetales. The amplituds! of the
rate of the electron transfer from a sample statle wave function and energy
to a tip state with wave functionand energ¥ can be written as the overlap of the
tip and sample wave functions at an arbitrarilysgrosurface separation Incated
between electrodes.



cdl -y*E ds Equation 2.21
2m dz dz

The probabilityP of an electron tunnelling from the sample stat® the tip

state is given by Fermi's Golden rule:

:Q‘Mfd(Ey - EC) Equation 2.22

where the delta function implies that only elagtianelling is allowed. As in the
sample model, the tunnelling current can be caledldy summing over all relevant

states. The electron occupancies in both electrimilesv the Fermi distribution

1 .

1+e kgT

whereE is the energykg is Boltzmann's constant afds the temperature in Kelvin.
At low bias voltages and temperatures at or beloanr temperature, the Fermi

distribution can be approximated by a step functsomd the total current is given by
| =9 Sr(E. - eV+o)r (E. +eM|'de  Equation 2.24

where s and ; are the LDOS of the sample and tip respectivély lis constant
within the energy range determined by the biasagelf then the tunnelling current is
determined by the convolution of the LDOS of the ®lectrodes. [79]



Chapter 3

Experimental details

3.1 The ultrahigh vacuum system

The UHV system was devised and manufactured byeBsof 1.V. Shvets and
Dr. S. Murphy. The UHV system consists of four malmmbers. These are the
preparation chamber, the analysis chamber (AESL&#D), the STM (RT-STM)
chamber and the MOKE chamber. Figure 3.1 shovwhensatic layout of the UHV
system.

Each chamber is separated from the rest of thersyby a series of UHV gate
valves (VAT) and brought to atmospheric pressurenaintenance without breaking
vacuum in the rest of the system. Each chambesyress monitored using nude
Bayard-Alpert type ionization gauge. The base prmessf the chambers is low 19
Torr. Samples and STM tips are loaded to the sy$tgra fast-entry loadlock. It is
connected to the main chamber by a small gate vadilve pressure in the loadlock is
conserved in the low 10Torr by a 20 L3 differential ion pump (Physical
Electronics). Transfer of samples and tips aroumsl gystem is conducted by a
collection of wobble sticks and magnetically-cowplmear drivers. The front of the
driver is attached to the appropriate chamber blyaat formed bellows. The drive is
supported front and back, and both supports caadpested vertically. Back of the
drive can be moved horizontally. Thus, as wellresaxial and rotary motion allowed
by the drive itself, the sample holder mount can dmjusted vertically and
horizontally. The support frame for the UHV systésnconstructed from welded
stainless steel box-section. The box section lisdfilvith stones to damp out hollow
pipe resonances. The frame is mounted on adjustableand can be mechanically
isolated from the floor by a set of ten O.D. pneticmdampers connected in series to
a gas bottle. Needle valves connected between dahgels provide some viscous
damping during STM experiments.
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Figure 3.1Schematic layout of the UHV system



The preparation chamber was custom designed andfatamred by Caburn-
MDC. It contains all the facilities for in-situ sahe preparation. These are electron
beam heater, resistive heater, quartz crystal deposnonitor, water cooled focus
evaporator, effusion cell, ion gun, and precisigkl valves for controlled high purity
oxygen and argon gases. This chamber is generallgdofor 2 days at 150 °C by
heating tapes. The temperature is measured by tliceuple, one end attached to the
chamber and the other connected to the contrdller.chamber is wrapped in Al foil
and a heavy bake out blanket to provide thermailati®n. Two different pumps are
connected to the preparation chamber. One of tiseawiater-cooled 300 Ligurbo
molecular pump (Leybold). It is directly connectiedthe preparation chamber by a
gate valve to minimize the drop in effective pungpspeed. This pump is backed by
0.7 L.s* two stage rotary pump. Turbo molecular pump isdufee pumping the
chamber down from atmosphere and handling heavylagds during oxidation
process and ion-etching procedure. It is mounted bgating jacket to heat the pump
inlet to 120 °C during bake-out process. The ofhenp is a double ended 480 t.s
ion pump (Physical Electronics). It is used to neim UHV conditions. The pump
has mounted heating strips for baking. Titaniunlisdtion pump (TSP) is housed to
ion pump. It helps the ion pump to maintain theebasessure of preparation
chamber. The base pressure of the chamber is [GWTir after bake-out.

The transfer chamber was designed by Dr. Shane iuipcontains AES and
LEED. This chamber is separated by a gate valven fpoeparation chamber. This
valve is closed when cleaning or annealing the $amppreparation chamber so as
to avoid contaminating the LEED chamber. This chanié not pumped individually
but it is coupled with STM, MOKE, or preparationachber. Bake out is done by
usual way as mentioned above in the preparatiomiocba

The RT-STM chamber is a commercial chamber (Peikiner). 480 L.3 ion
pump (Physical Electronics) is connected to therdiex. The MOKE chamber is
designed by Dr. Shane Murphy and Dr. Victor Usdvhds 480 L3 ion pump
(Physical Electronics) as well. The base pressul@y 10** Torr in these chambers.



3.2. Tip and Sample Holder

The sample holders are machined from molybdenumTiber top of the sample
holder threaded and the cap is tapped with the gatde. The shaft of the sample
holder sits in a hole in a small stainless steatllnd is kept firmly in place by two
spring loaded pin-connectors. Commercial male pimrectors are used for tip
holders (the corresponding female connector is asethe tip-holder mount in the
piezo-scanner). A small hole is drilled along tixésaf the connector and tips are
bent slightly before insertion so that they stickhe hole. CuBe washers are glued to
the connector so that the tip holder can be maaiedl|using the forks mounted on
the wobble-sticks. Figure 3.2 shows a typical sanmplder and tip holder.

Sample
Male

=

pin-connector
Cap

Sample holder

Tip CuBe Washer

(a) (b)

Figure 3.2(a)Sample Holde(b) Tip Holder

3.3. Resistive Heater

The resistive heater was designed by Dr. Shane lulpwas tested and calibrated
by him. It was used for sample annealing in lowgenature. The sample holder sits
in a tantalum support tube inside a flat-bottometindrical alumina crucible.

Samples can be located face down for annealingh&ating element is a foil of 0.2



mm diameter tungsten wire which is wounded alosgigal groove cut in to alumina.
A separate feedthrough carries the connectionshéoheater filament, a K-type
(Omega) thermocouple, which is spot-welded to thanBert. Figure 3.3 present the

schematic illustration of the resistive heater.

Metal insert ————— |

Alumina Crucible /
Filament //

Top View /

————»  Support

Sample Holder

Figure 3.3 Schematic illustration of the resistive heater

3.4. e-beam Heater

The e-beam heater is used for high temperatureapapn procedures. It was
designed and assembled by Dr. J. Osing. Figurel®ws its schematic. The sample
holder is mounted into a Ta stage which is hela pbtential of +1 kV. A current (1.5
A | 45 A) is passed through a grounded thoriatedstemgfilament ( = 0.15
mm, 1 % Th), which generates thermionic emissioeleftrons. These electrons are
accelerated towards the cap of the sample holdegrempon collision, their kinetic
energy is transferred to the sample as heat. Bedhesfilament is situated to one
side of the sample there is a temperature gradkendss the sample. Surface
temperatures are measured through a window port @natside the chamber using an
infra-red pyrometer (Altimex UX-20/600) using emnsty value of = 0.35 for both



W and Mo. The e-beam heater was the primary hedénge used for both cleaning
and annealing the sample during oxygen exposure.

Mo support bara
high voltage
\ 1
Sample
i l .
+1kV lﬂ@__“,
/ i ‘\Tampportpla‘ﬁ&
sample holder

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 detegrgnthe chemical
composition of surface. Figure 3.5 shows the schien@ a cylindrical mirror
analyzer; the Auger analyzer is a cylindrical miramalyzer (CMA, model 10-155A
Physical Electronics). The primary electron beangeserated from a hot filament
source, and accelerated through a potentialt\is possible to vary the beam current
by changing the extraction potential Y6 vary the level of emission. The primary
beam could be focused on the sample to producexa lobgameter of 100m. The
electron gun is situated between two concentrimdgks, one of which is grounded
(inner) and the other (outer) is used to defleetllkam. The deflecting potential is
chosen such that only electrons of a particularggnevill pass through the exit



aperture. An electron multiplier is used to amplifie analyzer current before the
signal reaches the collector. Primary electronkmafwn energy, reflected from the
sample, are used to optimize the signal intensitijnid the analyzed spot and hence
enable the analyzer to be calibrated. Beam enefggkeV was used for all
measurements. The filament and emission currente V82 A and 0.4 mA
respectively, given a target current of ~8. A SR 850 DSP lock-in amplifier from
Stanford Research Systems was used to output &/ @oHsinusoidal signal of
frequency 12 kHz to modulate the defecting voltagplied to the outer cylinder. A
lock-in sensitivity of 100 V was used to detect the Auger signal. The scaadspas
always set at 1 eV's

i Electron gun

Figure 3.5 Schematic illustration of a cylindrical mirror dyeer



Atomic concentration can be calculated using theméda below. The atomic
concentration Cof element X is given by:

C, :& Equation 3.1
a (I a /Sa da

wherely is the peak-to-peak amplitude of the largest atrgessition measured for the

elementdy is the scaling factor arfg, is a relative Auger sensitivity factor.

3.6. Low Energy Electron Diffraction (LEED)

The LEED system is a four-grid reverse view optifise optics was mounted
on an O.D. 200 mm CF custom elbow which is tiltédaa angle of 30° to the
horizontal. The sample sits in the transfer forla@hagnetic drive, which is grounded
by a stainless steel braid to an OFHC copper bébtke bottom of the LEED annex.
The sample is rotated in the drive so that itsas@ffaces the electron gun. Scattered
electrons are collected by the grids and screeatdocbehind the gun.

A schematic illustration of the four-grid LEED sgst is shown in Figure 3.6. It
consists of an electron gun, providing a collimabe@m of electrons, and a hemi-
spherical fluorescent screen on which the diffrdetkectrons are observed. The grid
nearest the sample, M1, is grounded so that thér@bscscattered by the sample,
initially travel in field-free space. A negative tpatial is applied to the two center
grids M2a and M2b, to suppress inelastically scaltetectrons, while those that are
elastically scattered are accelerated towards llesghorescent screen by its +5 keV
potential. The fourth mesh M3 is also grounded thuce the field penetration of the
suppressing grids by the screen. The LEED measutsnoa W(110) were taken in
the range of 40-120 eV. Filament currents typicadigged from 2.3 to 2.45 A with



corresponding emission current <0.5 mA. For LEHI®, retard potential is applied to
M2a and M2b and screen is biased at +5 keV.

sample

.||—

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

The LEED pattern can be used to determine thecdatiarameters of the surface
mesh. Figure 3.7 presents the schematic of sammpédigning for LEED. The

incident beam of electrons (enerBy momentum k;) is normal to the sample and
diffracted beam (momentunk;) makes an angle with the normal. The magnitude

of the associated reciprocal lattice vedgyis given by:

\J2mE

‘gbp‘ =na +pb =k,Sina =——Sina Equation 3.2

where a* and b* are the reciprocal mesh basis ve@nd m is the electronic mass.

For hexagonal surfac(a*‘ = ‘b‘ =2p/af(a, surface mesh lattice constant, i.e., nearest

neighbour distance in A), the equation reduces to



 Sina/2meE  SinavE

whereE is the beam energy in eV. LEED patterns are ugymdbtographed using a

a h _ 122643 Equation 3.3
n

camera on a tripod. The radius of curvature ofstreen is 66 mm and its diameter
D, is 104 mm. The distance of a spot from the cetitean be calculated from the

corresponding distance in the photografhoo if a calibration shot of the entire

screen is taken, that is,

dphotoDr . .
d, = , Sina =d, /66mm Equation 3.4

photo

whereDphoto IS the diameter of the screen measured in theoghegph. Then we can

write
7.783D
a_ L% phowo Equation 3.5
n dphoto\/E
Dr
ddy—b

/ / LEELD screen

i-_—b Sample

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. 1.V Shvets andSBane Murphy. The STM
head consists of two main parts. These parts arenthin body, which houses the
piezo walker fine approach mechanism, and the pseaoner mount. Both parts are
made from Macor, a low density (2520 kg’dmmachinable glass ceramic. The
scanner mount is attached to the main body by twlosegrews allowing different
scanners to be interchanged. The STM measures apateky 110 x 30 x 35 mn
and has a mass of around 0.15 kg.

FPiezo Tube Scanner

Tip Holder Wount

Sample holder Mount

CuBe Foil

.—P Sapphire Road

Figure 3.8 STM head (side view)



3.7.2 Piezo-Scanner

Piezoelectric ceramics are used to provide the tiagtical ¢) and lateral Xy)
displacements required in STM. Most commercial pieaosducers are
manufactured from lead zirconate titanate (PZT).e Téxtension of block of
piezoelectric material of length and thickness if a voltageV is applied acrosk is

given by

— dSlVL
h

DL Eqgoat3.6

For commercial piezo-ceramics, ttig coefficients lay in the range 1-3 AVEarly
STMs used a tripod of piezo sticks in which the éhsticks met at a common vertex.
Most modern STMs use tube scanners. The scanngriez@ceramic tube with four
quartered outer electrodes (Figure 3.9). Vertigpinfotion is achieved by applying
the same voltage to all four outer electrodes aralirgling the inner electrode.
Lateral & ory) motion is achieved by applying equal and opposileages to the two
horizontal outer electrodes while keeping the twdical electrodes grounded or at a
constant voltage. In practice, the STM control umibduces four high-voltage
outputs: Z-X, Z+X, Z-Y and Z+Y with the voltage ging from -140 to +140 V, and
the X and Y voltages range from -60 to +60 V.



7-Y 7Z+X 7+X

(a) (b)
Figure 3.9Piezo Tube Scannéa) Top view(b) side view

Thezrange was calibrated by measuring step height (l® and thex or y ranges
calibrated from atomic scans of HOPG. The erroramy values due to variations in
tip-length etc. is approximately 10% and the emar is also approximately 10%.

Since the tunnel current in STM is so small, ivésy important to ensure that
there is no leakage current from the piezo. Thigiires non-conducting glue which
does not absorb water and also careful assemblgheofscanner. The resistance
between the various components was checked usmgakential divider circuit
shown in Figure 3.10.

R

—{ ] '

out

Figure 3.10Potential Divider for high resistance measurements



The input voltage (5 M9 was supplied by the internal oscillator of a Eati
Signal-Processor lock-in amplifier. The unknownisesice, R, was calculated by
measuring the voltage drop across a known resistand00kV, 1%), using lock-in
amplifier. The lock-in amplifier was used at refere-oscillator frequencies in the
mHz range since the measured impedance is domirstédigher frequencies by
capacitance of the cables (~100 pF/m) and paras#ipacitance in parallel with
unknown resistor (~1pF).

3.7.3 Vibration Isolation System

One of the most essential aspects of any STM systé ability to maintain a
tunneling gap of a few angstroms between the tgptha sample. In order to achieve
this, the STM must be decoupled from external vibrat giving rise to the need for a
vibration isolation system. There are a coupleafditions that must be fulfilled in
order to achieve an effective STM system that ignsgive to external vibrations.
Firstly, the STM head should have a high resonarmeguéncy (> 1 kHz), i.e., it
should be light, small and rigid. Typical resonafreguencies should be between 4.5
kHz and 9 kHz as suggested by Taylor [76] for tet@nners similar to the ones used
in these measurements. Secondly, the STM should dented on a vibration
isolation system in order to minimize vibrations. ddon STM’s use coiled-spring
systems with eddy current damping or Viton-metatktisolators, which consist of
stacks of metal plates separated by layers of Viitwere is the disadvantage of these
systems being susceptible to building vibrationg dwo their resonance frequency
range of 10-100 Hz. In order to overcome this pFohlit is common practice to
“float” the system on pneumatic dampers. Springtesys can be designed with
resonance frequencies of 1 Hz or lower, both dopnatide much damping. For this
reason, eddy current damping is usually used ifuoation with these systems.

The entire UHV system used in these experimentdsaated from its
surroundings by means of pneumatic dampers. The Si&von the inner stage of a
two-stage coiled spring system, which is mountedhenbase flange of the RTSTM

chamber. Three outer springs are suspended fromlests steel rods, which are



screwed into the base flange. The middle stagheofystem is a stainless steel ring
(O.D. 154mm, I.D. 139 mm, thickness 20mm). Thrésntum rods are screwed into

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

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

system. The STM and |-V converter are bolted toitimer stage, a macor disk of

diameter 123 mm and thickness 12 mm. Viton ringgcaed to both ends of the inner
and outer rings provide some damping. The middigesican be clamped for tip or

sample exchange using a wobble stick. Vibratiotatgm is somewhat disrupted by

the fact that there are a number of wires and ebaebles connected between the
outer and inner stage of the damping system. Bigéinse, improving the efficiency

of the spring system may not have a noticeablecefta vibration isolation.

However, in practice, the system proved to workequiell.

3.7.4 Fine Approach System

The tip sample separation in STM is ~5 A. Using amical telescope the
separation can be reduced to the micron rangenédpproach system is required to
bring the tip and sample into the tunneling reginiout crashing the two together.
The fine approach system used in the STM is a gpplezo walker designed by Dr.
S.H. Pan at the University of Basel. In this desite sample is mounted on a quasi-
cylindrical polished sapphire rod. Six shearingzpg drive the rod toward or away

from the tip. The step size of walker dependshenspring-loading of the CuBe foil.

3.7.5 STM Electronics and Control Unit

The tunneling current in STM is typically in the ggnl10 pA to 50 nA. The first
stage of processing carried out is to amplify theent and convert it to a voltage. A
simple circuit, which is an |-V converter, makesstbonversion. It is located on the
STM head.
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Figure 3.11in-situ |-V converter

Figure 3.11 shows the schematic ofirusitu I-V converter. A large feedback resistor
Is required to provide sufficient amplification thie small tunneling current. It means
the larger resistor, the bigger gain. The operafamplifier used is an OPA-111
housed in a standard TO-99 case. The OPA-111 iswanbise precision FET
amplifier, which has low bias current, low offseiddow drift. The feedback resistor,
1¢° , is a carbon film resistor used in I-V converter.

The STM controller used for experiments is a SCALStem developed by
Omicron. This controller allows the user to compeasfor thermal drift using a
photographic feature of the STM image as a refergrmbt. The accompanying
software provides an interface with functions faatad analysis. Data was also

analysed using commercial software from NanotectBta S.L.

3.7.6 STM Tip Preparation

The preparation of atomically sharp tips for STMlificult and important. The
sharpness of the tip affects the resolution of Sirdging.

Tungsten tips are prepared from @ = 0.5mm W witee Wire is cut into small
rods and an insulating layer, PTFE tubing, is pdage the end of the rod. The rod is
then clamped onto a modified micrometer screw gawgech allows for precise

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



while a submerged metal foil acts as the cathodelet an applied 4 V dc bias,
chemical etching occurs at the air/electrolyterfaize. The tungsten oxidizes to form
soluble WQ™, which flows away form the active etching regidtis leads to a
thinning of the wire at the interface region, anergually the submerged section of
the wire falls off under its own weight. During tlb&hing process the PTFE acts to
physically restrict the active etching region atgbagrotects the tip that falls into the
beaker. This tip etching setup is shown in Figule 3The tips are then lightly rinsed
with iso-propanol, placed in tip holders and insérinto UHV. The oxide layer was
removed by etching with Ar The etching starts with 2 kV of accelerating peit.

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

Micropo sitionerI

PTFE tubing =4V dc bias

/ . — S. Steel cathode
2MNeOH| = = =

Figure 3.12Schematic representation of chemical etching m®t& W tip
preparation



Chapter 4

Oxidation of W (110) Surface

4.1 Sample preparation

In this study, the oxidation of the W(110) singleystal surface at high
temperature is described. The sample was prepased & 99.995% pure tungsten
crystal (Surface Preparation Laboratory, Nethedarahd was aligned to within
+0.1° of the (110) crystal plane. The sample wasqd on a Mo sample holder with
a Ta cap and inserted in to the UHV system. We tlsedame cleaning procedure as
the one employed for the refractory metals (Mbetc.) [34, 79, 80]. The sample was
annealed at 1300 K T 1600 K in an oxygen partial pressure of 1%T®rr for a
period of time between 30 and 60 minutes. Aftet,ttiee sample was flashed to a
temperature of 2400 K in UHV conditions. Then, @sMeft to cool down to room
temperature before the next flash, during whichetithe preparation chamber
pressure was allowed to return to the low*Torr range. This procedure was
repeated about 20 times until the sample was akafsethe completion of every
cleaning procedure, the sample was characterizesl8/and LEED experiments to
confirm the surface cleanliness.

After cleaning, the sample was oxidized at différesmperatures and different
annealing durations in an oxygen environment ofofXIorr. Molecular oxygen of
4.8 N purity was used for oxidation. The experinaéparameters were temperature
and annealing durations. The temperature range wasdrom 1000 to 1600 K by
100 K increments. Annealing durations were 60, 199 B30 minutes for oxidation of
W(110) surface.

All the experiments were carried out in UHV systerth a base pressure in the
low 10*° Torr. An e-beam heater and resistive heater wezd tsanneal the sample.
The UHV system is equipped with LEED, AES and STNhe3e characterisation
techniques were employed to explain the oxidatio®/@L10).



4.2 Sample Cleaning and Clean \\110) surface

There is a common cleaning procedure for matewaish have a high melting
point (Mo, W, etc.). This procedure consists of ating the sample in an oxygen
atmosphere followed by a series of high temperatti@shes in UHV. The main
impurities are generally carbon and sulphur presette crystal. Figure 4.1 shows
the AES spectrum of the W(110) sample prior tortleg, plotted in the energy range
between 40 and 600 eV.
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Figure 4.1. Auger spectrum of the W(110) surface prior to cieg.

In this cleaning process, the sample was heatezhimxygen atmosphere (1x10
Torr) at 1300 K T 1600 K. Under these conditions carbon is oxidim¢d carbon
monoxide at the surface. Carbon monoxide is themoved by short heating (flash
annealing) to 2400 K. This process was repeatedraktimes until the surface was

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



experiments. Figure 4.2 shows the AES spectrunhefctean W(110) in the energy
range between 40 and 600 eV.
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Figure 4.2. Auger spectrum of the clean W (110) surface

As seen in Figure 4.2, there are no traces of caaoal sulphur in this energy range.
There is a small oxygen peak around 503 eV. Thisoisimportant because the
surface will be oxidized. The main W AES peaks warserved at 163, 169 and 179
eV, and the minor peaks around 340 and 120 eV.

The crystallographic order of the surface was cedaksing LEED. Figure 4.3
shows the LEED pattern of clean W(110) at 114 ekl W[00 -1] and W[1-1 0]
directions of the surface are indicated in the rigguThe presence of the sharp
diffraction pattern suggests that the surface i aelered. W(110) surface has a
centred rectangular structure. We used the formomlatescribed in Chapter 3 to find
the lattice parameters of the W(110) surface usigLEED data. Therefore, the
lattice parameters of the clean surface were fdarae a,= 3.16 + 0.02A andau=
4.47 + 0.02 AThese parameters were in agreement with the réss;aa,= 3.162A
andaw=4.471 A,



Figure 4.3. LEED pattern of the clean W (110) surface, E= éV4

Figure 4.4(a) shows a 500 nm x 500 nm STM imagehef dlean W(110)
surface. The surface topography is characterizeda bstaircase arrangement of
terraces of average width d approximately equé&ltom, separated by mono-atomic
steps. The step height measures h= 2.1 + 0.1 Alifi@erofile is shown in Figure
4.4(b). This line profile was taken along the WID} direction, which is indicated in
the STM image. The miscut anglevas determined using the equation:

Tan =h/d

A value of ~ 2 ° was calculated.
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Figure 4.4 (a)500 nm x 500 nm STM image of the clean W(110) s@,,s= 390
MV, innei= 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 arp&tial pressure of 1x Tdrorr
for every experiment. Two main parameters were gednbetween different
oxidations: the temperature (from 1000 to 1600 khwmcrements of 100 K) and the
oxidation duration (60, 90 and 180 min). After eactidation experiment, a LEED
pattern was taken to define the crystal structdrth® formed oxide. To obtain the
main directions of the spots on the LEED patteths, primary W(110) spots were
used as a reference (Figure 4.5.). The distanceekeat the spots in the LEED
patterns was calculated using Equation 3.5, whiels wescribed in the previous
chapter.



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

Figure 4.5 shows the LEED pattern of the W(110)asa@ with reciprocal lattice
vectors taken at E = 114 eV. This figure showswH@10) p(1x1) LEED spots. We
define @ and a as the vectors of the reciprocal lattice for thel¥0) surface.

Figure 4.6 shows seven LEED patterns of the samipiained after oxidation
under different conditions. They are labelled igufe 4.6 from (a) to (g).aand a
were defined as the vectors of the reciprocaldatfor the W(110) surface in this
figure. As seen from the LEED patterns, we obsenvea rows of satellite spots
around W(110) p(1x1) spots. These rows of satd|sats run in W[7 -7 6] and W[7 -
7 -6] directions in the LEED patterns. These ditets were obtained by solving the

following system of equations which represent retet between vectors:

cos3120 = L 1IXXGX] g cosP(’ - 31.2°) = 100- 11X,
[1- 101 x,%,%,]] [00- 1] A x%,%]]
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Figure 4.6 (a) Oxidation at 1000 K, for 1h, E= 60 e{h) Oxidation at 1100 K, for
1h, E= 60 eV/{c) Oxidation at 1200 K for 30 min. + 1600 K for 30rmE= 80 eV,
(d) Oxidation at 1600 K for 1h, E= 68 eV
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Figure 4.6 (e) Oxidation at 1500 K, for 1h, E= 68 e\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 cbods. This means that the
directions of the rows of satellites spots andgpace between these spots were the
same. It shows the same crystallographic structirall oxidation conditions. The
only difference between the various LEED pattermshie presence of a greater
number of satellite spots for LEED patterns takensamples oxidized at higher
temperatures and higher oxidation durations. Thesence of a greater number of
satellite spots in LEED patterns acquired from theface oxidized at higher
temperatures and higher oxidation durations indkad highly ordered surface
obtained using such preparation procedures. Anathservation from the LEED
patterns is the presence of two domains. Thesestiuovalent rows of satellite spots
are separated by an angle of 62.5 + 0.5° and ruwondifferent directions. One of
them runs along the W [7 -7 6] direction and thieeotone is along the W[7 -7 -6]
direction. The periodic rows representing theselldat spots are aligned along W[3 -
3 7] and WJ[3 -3 -7] directions in real space. Thdgections were obtained using
relations between reciprocal lattice vectors arad space unit cell vectors described
in the Section 2.5.2. The separation of the spotsHED patterns gives a periodic
row structure with a space of 25.0 + 0.5 A. Thecephetween these rows was
calculated by Equation 3.5, which was defined ia @hapter 3. Since all LEED
patterns have the same separation and orientafidheospots regardless of the
oxidation conditions, we have to conclude thatdhestal structure of the oxide is the
same in the entire range of oxidation temperatares durations. The oxide layer
formed on the W (110) surface seems to be stabileese conditions. Additionally,
the main W(110) p(1x1) spots can be observed fon sample in the LEED patterns.
It is known that low energy electrons (E~60-70 dMye 6-7 A penetration depth
[68-70]. As a result, the thickness of the oxidgeltacan not exceed this value (6-7
A). This means that oxide layer growth stoppedraft¢ ML in all oxidation
conditions.

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

discussed in detail in the next section of thigatba



4.3.2. LEED Map and Real Space Presentation

For a better understanding of the LEED resultscastructed a map of
the LEED patterns observed after oxidation. Firslglean W(110) pattern was
chosen. Figure 4.7 shows a representation of thHeDLRattern of the clean
W(110) and the real LEED pattern of W(110). Theediions are labelled in
both pictures. The vectorg*aand &* indicate the unit cell vectors in the

reciprocal lattice.
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Figure 4.7 (a)Representation of the LEED pattern of the clead W] surface,
(bYhe LEED pattern of the clean W(110) at E= 114 eV

To match the pictures, three of the first orderts@re numbered by 1, 2 and 3 in

both pictures shown in Figure 4.7.



. )
L]
L] .
wpoé-13 *
[1-10] . RN
. . . L DR

Figure 4.8 (a) Representation of the LEED pattern of the oxidizedface of the
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Figure 4.8 (b)The LEED pattern of the W(110) surface oxidizedz@0 K for 1
hour



Figure 4.8(a) presents the schematic LEED pattéer axidation. Figure 4.8(b)
shows the LEED pattern of W(110) after 1 hour oidakon at 1500 K. For clarity
three of the diffraction spots are numbered by ané@ 3 in both pictures shown in
Figure 4.8. We observed two rows of satellite spothe LEED patterns. They have
equivalent directions. Therefore we showed just damain in Figure 4.8(a). The
satellite spots running along the W[7 -7 6] direstwas chosen for demonstration.
The separation angle between two domains (alongMfe -7 6] and W[7 -7 -6]
directions) in the LEED pattern is 62.5 + 0.5°. ™iection of rows of satellite spots,
WI[7 -7 6], makes an angle, = 31.2°, to the direction of W[1-10]. The spacing
between the spots indicated as in Figure 4.8(b) was the same for all oxidation
conditions. Using these angles and the spacingdegtwhe spots, we showed the
rows of satellite spots in the Figure 4.8(a). h ¢ observed that the satellite spots
coming from f' diffraction point (2) joint to the "3diffraction point (4). It can be
concluded that there is a coincidence betweendimeed oxide structure and W(110)
surface in these directions, W[7 -7 6] and W[76], in LEED patterns. Now we can
define the unit cell parameters of the formed oxalated to the W(110) surface. It is
known that the separation of the spots in LEEDgpatgives a periodic row structure
on the oxide surface with a 25.0 + 0.5 A. W has@adrystal structure with,&3.162

A lattice constant. This unit cell vectors of the(M0) surface aand a (Figure
4.9(b)) are equal to 2.74 A. Using observationsiftbe LEED results and the LEED
map (directions of rows of satellite spots, spacbhejween the spots, distance
between rows of satellite spots and angles betwears of satellite spots) and
knowing the aand a values for the clean W(110) surface, the formedexnit cell
can be defined as;#5.0 A and p=12.5 A (Figure 4.9(b)). Two equivalent
crystallographic domains were observed in the LERerns. These domains can be
described with the same unit cell. However, thet wall vector directions are
different for these domains.



Figure 4.9 (a)First domain in reciprocal lattice, substrate #ardhed oxide unit cell
vectors in the reciprocal lattice

Figure 4.9 (b)First domain unit cell and vectors schematicsad space



Figure 4.10 (a)Second domain in reciprocal lattice, substratefanded oxide unit
cell vectors in the reciprocal lattice

Figure 4.10 (b)Second domain unit cell and vectors schematiesahspace



Figures 4.9 and 4.10 show the LEED simulationsigrecal space) and the real
space schematics of the two equivalent domainshefaxidized W(110) surface
observed in the LEED. Vectors*aand a* are the unit cell vectors of the W(110)
surface in reciprocal space. Vectog$ dnd by* are the unit cell vectors of the formed
oxide structure in reciprocal space. LEED schematicbhoth domains are shown in
Figures 4.9(a) and 4.10(a). The angle betweé&raihd p* is 117.5°. Vector P has
W [7 -7 6] and W [7 -7 -6] directions in reciprodattice for the first and second
domains, respectively. The spacing between satedlitots defines a periodic row
structure on the oxide surface. Figures 4.9(b)4&aa0(b) show the surface schematic
in the real space. Vectorg and a are the unit cell vectors of the clean W(110)
surface in real space. Vectorsdnd b are the unit cell vectors of oxide structure in
real space. The blue balls indicate the W atoms #ed red ones show the
coincidence points between the oxide structure\@rtoms. Vector phas W|[3-3-7]
and W[3 -3 7] directions in real space for thetfaad second domains, respectively.
The lattice parameters of the oxide structure @@®HA and b=12.5 A.

In summary, LEED results show that the W oxide tdgemed by annealing of
the W(110) surface in oxygen atmosphere at highpésature has a coincident
structure related to the clean W(110) substrate dlbserved LEED patterns show
two equivalent domains. The results show simildsgyween LEED patterns obtained
after each oxidation experiment. This allows toatode that the crystal structure of
the oxidized W(110) is the same and does not depanoixidation conditions. The
thickness of the oxide layer was estimated to b& 4§ which means that the
oxidation of the W(110) surface has stopped afierthickness of the formed oxide
has reached ~1 ML.



4.3.3. STM Results

STM was used to image the oxidized W(110) surfaepamed using different
conditions. The LEED results were used to undedstae crystal structure of the
oxide surface in reciprocal space. We will show $hene information in real space
using STM in this section.

Since the LEED data show the same crystallogragtiacture for every
experiment, we conclude that there is only one @xhase formed in all the
experiments. Therefore, we will limit the STM anadyfor two cases shown below.
All the images were taken with an electrochemicalighed 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 iaed during 1
hOLII’ at 1500 K, Masz '0,8 V, lunne|: 01 nA
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Figure 4.11 (b)Line profiles taken from the 40 nm x 130 nm STM gaahown in
Figure 4.11 (a)



Figure 4.11(a) shows the STM image taken from thd M surface annealed at
1500 K in oxygen atmosphere during 1 hour. As seghe STM image, a periodic

row structure was observed on the terraces. Rowslggned along the W[3 -3 7]

direction of the surface. These directions are foby analyzing the LEED data
obtained from the oxidized W(110) surface. Accogdio the LEED results discussed
in the previous section, the satellite spots indica periodic row structure on the
oxidized surface. These spots correspond to a P%H+A periodicity of the rows

aligned in W[3 -3 7] direction on the formed oxidenhe row structure can be easily
seen from the line profiles shown in Figure 4.11({fED results agree well with

STM results. These oxide rows cover the whole sarfac

Figure 4.1240 nm x 35 nm STM image of the W(110) surface @ddiduring 1
hOUf at 1500 K, Masz '0.9 V, lunne|= 0.1 nA
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Figure 4.1325 nm x 25 nm STM image of the W(110) surface @adiduring 1
hour at 1500 K, Was= -1.1V, lunne= 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 iaeid during 1
hour at 1500 K, Was=-0.8 V, lunnei= 0.1 nA; (b) Derivative of this STM image



STM images shown in Figure 4.13 and Figure 4.14aken from different areas of
the W(110) surface oxidized at 1500 K for 1 houneTine profile in Figure 4.13
shows a row structure with a periodicity of ~25The height corrugation of the line
profile is 0.2 A. Figure 4.14(b) shows the STM imaifethe row structure and its

derivative. Atomic oxide rows indicated by the sedows can be visible.

Figure 4.1535 nm x 35 nm STM of the W(110) surface oxidizedryi1 hour at
1500 K, %iasz '1.1 V, lunne|= 0.1 nA

The two domains discussed in the previous sectayaing the LEED patterns also
appear on STM images. Figure 4.15 and Figure 4w sthese two domains
observed after oxidation of the W(110) surface=ft0lK for 1 hour.



Figure 4.1635 nm x 35 nm STM image of the W(110) surface @adiduring 1
hOUf at 1500 K, Mas: '1.1 V, lunne|: 0.1 nA
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Figure 4.17Line profiles measured from two different domash®wn in Figure 4.16



Figure 4.16 shows the STM image of two different dom observed along W[3-37]
and W[3 -3 -7] directions. These directions are shee directions that have been
found analyzing the LEED patterns. The angle betmibese directions was found to
be 62.5° in the LEED pattern analysis. The anglasueed from the STM image is
equal to 62.5°, which is in perfect agreement WilED data. The line profiles from
these domains shown in Figure 4.17 demonstratewastoucture. The separation

between these rows is the same for both typesmadts and equal to 25 + 0.5 A.

Figure 4.18110nm x110 nm STM image of the W(110) surface @ediduring 1.5
hOUfS a.t 1500 K, Mas :'0.8 V,lunne|= 0.1 nA

After increasing the oxidation time from 1 hourli® hours, the same row structure
was observed on the oxide surface. Figure 4.18 shiogvSTM image of the W(110)

surface oxidized at 1500 K for 1.5 hours.



Figure 4.1940nm x 30 nm STM image of the W(110) surface oxdiduring 1.5
hours at 1500 K,
Vbias =-0.8 V, kunne= 0.1 NA

Figure 4.2012 nm x 7 nm STM image of the W(110) surface oxadiduring 1.5
hours at 1500 K,
Vbias=-0.8 V, lunne= 0.1 NA

Figures 4.19 and 4.20 show STM images of differeats of the W(110) surface

oxidized at 1500 K for 1.5 hours. The width of thevs is same in these pictures.



The oxidized W(110) surface was also imaged withmét resolution using STM.
Figure 4.21 shows the STM image taken with atomsoltgion for the case of the
W(110) surface oxidized during 1.5 hours at 1500 K.

Figure 4.215 nm x 2 nm STM image of the W(110) surface oxididaring 1.5
hours at 1500 K,
Viias=-1,1 V, lunne= 0.1 NA
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Figure 4.22Line profile measured along the blue line showhRigure 4.21.

Periodic atomic rows are visible in the STM imagd-igure 4.21. The separation of

these atomic rows was measured from the line prafilown in Figure 4.22 and is



equal to 3.4 A. These rows are indicated by numibér Figure 4.21. Moreover,
another type of atomic rows is observed and is sthldy number 2 in Figure 4.21.

The analysis presented shows that STM and LEED da¢ain perfect
agreement. LEED data give the information abouprecal lattice of the oxide layer
and STM data give information about the real spatiicé. After oxidation of the
W(110) surface a periodic structure on the surfa@s observed. In STM, the
tunnelling current is proportional the local deypsif states (LDOS) of the surface
atoms and their z positions. Therefore, atoms thighsame z position can be imaged
brighter or darker, if there is a difference in LBAn the case of the surface oxide
formed on the W(110) substrate, even if W and Onatbave the same z position,
they are imaged differently due to different LDOBRis results in the periodic
structure observed by STM.

The W(110) surface oxidation was performed at #mesQ partial pressure of
1x 10° Torr. The parameters for the preparation of thepda were the duration of
oxidation and the oxidation temperature. The sampig heated in an @tmosphere
from 100 to 1600 K. The LEED results were the sdaneall samples. This means
that the changes in the oxidation temperature amthbon duration are not affecting
the crystallographic structure of the oxide on\W.10) surface. It was expected that
the changing of the oxidation temperatures and#ation duration would change
the structure of the rows on the surface. It meéhasthe oxidation growth would be
continued [10]. Recently, some studies on oxidatioh transition metals,
RhGO,/Rh(100) and VQ@Pd(111), have shown that under proper conditicomes
oxides on transition metals are kinetically stabilece significant barriers inhibit
further growth (self-limited oxidation) [81, 82]rém LEED patterns we determined
that the surface oxide is ~1 ML and the pattermas changing with continuous
annealing. Therefore the oxide does not grow thidetal oxidation is the complex
interaction of oxygen with the metal surface. Thi#ial stage of oxidation requires a
supply of atomic oxygen together with sufficient ity of metal atoms on the
surface. The oxidation can occur only if oxygennaacan react with W atoms. For
this process O atoms should be readily availabl¢hersurface and they have to be
able to diffuse through the oxide layer to reacthhe W atoms. Alternatively, W



atoms have to diffuse through the surface oxiderlag react with atomic oxygen.
Absence of such diffusion can be the reason fors#lé&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 W€L10) will be presented. W
has a bcc crystal structure with the lattice cartstg=3.162 A.

W[001]

WIl-10]

Figure 4.24Centred Rectangular W(110) surface



The W(110) surface was used for oxidation in thiglg. After oxidation, the
satellite spots in the LEED patterns show two egjent periodic row structures on
the oxide surface along the W [3 -3 7] and W [3-7B directions. Here we will
propose a model for just one domain. The W(110fserwas cleaved in the W[3-3-
7] direction. From LEED and STM data analysis it i@snd that the angle between
the unit cell vectors for the formed oxide is equaall17.5°. We create a mesh with
directions U= [3 -3 -7] and V= [11 -11 -1] and mesmgths 25.9 A and 49.3 A
respectively. These lengths are two times largan tthe lattice parameters which

were found analysing the LEED patterns and the STiges.
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Figure 4.25The schematic of the W (110) surface

Figure 4.25 shows directions and the unit cell loé W(110) substrate. For the
formation of the oxide layer on the W(110) substratn oxygen-tungsten-oxygen
trilayer model was used which is in agreement Wigrature [82-85]. The formation

of the oxygen-tungsten-oxygen trilayer is showreschtically 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, Wé&hd WQ. The WQ is the
most stable tungsten oxide. Its structure is basedorner-sharing W§€octahedra
and resembles the cubic structure of Redbwever, at room temperature \A/Ras a
monoclinic distortion with its cell parameters &297 A, b=7.539 A, ¢=7.688 A and

= 90.91°. Its crystal structure is dependent onpnature. The W®is based on a
distorted tetragonal rutile structure. The distord come from the pairing of W ions
in chains of W@ octahedra along the crystallographic a-axis rewylin a
monoclinic cell with cell parameters a=5.563 A, 896 A, ¢=5.663 A and =
120.47°.

To choose the best oxide layer, several surface¥vV@t and WQ were
examined: WQ010), WQ(1 -1 1), WQ(001), WQ(00-1), WQ(001), and WQ(1-
11). The WQ(00-1) surface was chosen as the structure ofxtue dayer. We found
the right mesh sizes for the W00-1) surface to fit with the substrate parameters
Then we constructed a coincident structure. Figug¥(a) shows the WX crystal

structure and Figure 4.27(b) shows the chosen W®1) surface.



Figure 4.27 (a)The WGQ crystal structure

Figure 4.27 (b)The WQ (00-1) surface bottom view and a cross sectiomxggen-
tungsten-oxygen trilayer structure



The same procedure was followed to create an atlequesh of the W&00-1) on
the substrate. Proper meshes were selected, amdtteenpts were made to match the
substrate and oxide layer. Figure 4.28 show the@earanit cell of the WQ(00-1)
surface. These figures illustrate an oxygen lagar,oxygen-tungsten layer and an

oxygen-tungsten-oxygen layer, respectively.
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Figure 4.28.The chosen directions and mesh of the @Q-1) surfac€a) an oxygen
layer,(b) an oxygen-tungsten layer and its cross secf@mn oxygen-tungsten-
oxygen layer and its cross section



The [3 4 0] direction of the W400-1) was oriented parallel to the [3 -3 7] dirext

of the W(110). The mesh length of the W®4 0] is 25.7 A and the mesh length of
the W[3 -3 7] is 25.9 A. The mesh length of the Y¢D10 0] is 49.2 A and the mesh
length of the W[11 -11 -1] is 49.3 A. Lattice misicta was found to be
approximately 1%. But the angle between the unit\@tors is slightly different.
The difference is about ~12°. To overcome this [@wob we rotated the oxide layer
on the substrate surface and we observed the nuoetwte. We first positioned a
layer of oxygen atoms to match the W(110) surfacEigure 4.29(a). In this case the
rows on surface were clearly visible. The distabetveen these rows was measured
to be 25 A in Figure 4.29(b). This value is the saas the row width that we
observed in the STM images. The angle between ttieelavectors is the same as in
the LEED patterns. In addition to this, the oxygews can be seen in Figure 4.29(a).
These rows are similar to the atomic resolutiothen STM image. Then we added a
layer of W atoms in the appropriate positions dbscdr above. Figure 4.30(a) shows
the structure of the substrate/oxygen/tungstethiscase, it was also possible to see
the rows on the surface. Finally, we added a layfepxygen atoms on top to
complete the trilayer structure. Figure 4.31 showwe structure of the
substrate/oxygen/tungsten/oxygen trilayer. In tase, the rows are not easily seen.
However, the superposition of atomic layers doesstake into account electronic
effects. It is known that STM image of an ultratbixide layer on a metal substrate is
dependent on the site location of oxygen atom an stbstrate [86]. This was
explained by interplay of several electronic effechusing a difference in tunnelling
probability at that location. This theory has besed to explain the Moiré patterns,
the superposition of the two lattices, that areemftseen in STM images of
coincidence lattice structures [87-90]. These ola@ns show that the Moiré pattern
is a valid explanation for the row structures. Vé@énfound this model with its lattice
parameters and row structures to be the best mpe®n of the oxidized W(110)
surface. This model agrees well with the observEM $mages. In conclusion, this

model shows that the formed oxide layer is WO
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Figure 4.29 (a)The Substrate\Oxygen layer mo@&) The corresponding row
structure
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Figure 4.30 (a)The Substrate\Oxygen\Tungsten layer m@bgelrhe corresponding
row structure
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Figure 4.31 (a)The Substrate\Oxygen\Tungsten\Oxygen layer mgxjelhe
corresponding row structure



Chapter 5

Conclusion

The oxidation of the W(110) crystal surface is s#ddn the thesis. Oxidation
was performed in a temperature, ranging from 1000600 K, for different oxidation
time of 60, 90 and 180 minutes with an oxygen phgiessure of 1 x 10Torr. To
explain the oxidation of the W(110) surface, AEEHD and STM experimental
techniques were used. A computer program, Materiadi® 4.0, was used to
determine a suitable oxide model for the oxideam@fthat matches the experimental
results.

The W(110) surface was cleaned by a procedure storgsiof high temperature
annealing in oxygen and flashing in UHV conditidosremove the carbon from the
surface. The LEED patterns of the oxidized surfsttew a complex structure. Two
equivalent satellite spots were observed around1®j(p(1x1) spots. These gave a
periodic row structure on the oxide surface. Byngghe LEED map, a unit cell was
defined with lattice parameters 12.5 A x 25.0 AeTiructure of the surface oxide
was found to be coincident with the W(110) surfdtevas found that these periodic
rows have covered the entire W(110) surface aftadabion. There were two
equivalent directions observed using LEED and STNesE directions were W [3 -3
7] and W [3 -3 -7]. The width of the rows obseniedSTM is equal to 25.0 + 0.5 A
which is in agreement with the LEED results. In iidd, different oxidation
conditions have been examined. The surface steictbstained under these
conditions appeared to be the same regardlesg aiiditions. The row dimensions,
directions and the formed oxide unit cell have re®a@ the same upon changes in the
oxidation conditions from lower to higher temperator shorter to longer oxidation
time. The experimental data indicate that the serfaxidation is self-limited to ~6-7
A thickness. This result means that the oxidatiops after the formation of the first
oxide layer. A model for the surface oxide was psga and was found in agreement
with the LEED and the STM results. It was found ttree WQ (00-1) oxide layer
produces the best fit for the oxide model. The moadas based on the oxygen-



tungsten-oxygen trilayer system. First layer, usixggen only, gave the expected
row structure on the surface. These rows were wvedein the STM images. We
suggest that the WXO(00-1) surface oxide model is the best model afingrto
computational and experimental analysis.
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