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Abstract

The properties of metal oxide surfaces are key to their diverse technological appli-

cations. However, the semiconducting nature of metal oxides presents a problem

- many surface science techniques are electron based and thus require samples to

be conducting. As such, bulk crystal studies of metal oxides by techniques such as

photoemission spectroscopy (PES) and scanning tunneling microscopy (STM) are

limited to reduced surfaces. Alternatively, thin films of a metal oxide can be synthe-

sised on a suitable conducting substrate that mimic the bulk crystal surface whilst

having sufficient conducting character to use these techniques. CeO2 is an important

material found in three-way catalysts that remove pollutants from the exhaust gas of

modern automobiles. Key to this application is the ability of reduced ceria to store

and release oxygen depending on the composition of the exhaust. The addition of

noble metals such as Pd to the ceria surface greatly improves the efficiency of pollu-

tant conversion evidenced by X-ray photoelectron spectroscopy (XPS) by reducing

the ceria. Resonance photoemission spectroscopy (RESPES) has been used to inves-

tigate the effect of Pd on ceria CeO2-x(110) thin films grown on a Pt(111) substrate.

RESPES is more surface specific than XPS and thus reveals more information on

the surface layers of ceria films. TiO2(110) is the most studied metal oxide surface,

and has a multitude of applications. Its chemistry with two of the most abundant

chemical species - water (H2O) and oxygen (O2) - is thus very important. H2O has

been shown to dissociate on TiO2 surfaces. TiO2 thin films grown on W(100) were

used as model system to study the chemistry of the reaction between TiO2 and H2O,

and subsequently the reaction of hydrated surfaces with O2 using XPS. STM was

used to examine the morphology of TiO2(110) films grown on W(100)-(2 × 1)-O,

changes with film thickness and methods of improving surface smoothness. The

first detailed STM images showing row structure of TiO2(110) films grown on W

are shown.
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Chapter 1

Introduction

1.1 Metal oxides

Metal oxides comprise a class of diverse and fascinating materials. Their importance

to technology is huge, with a wide variety of applications. They cover the entire

conductivity range (10−18-108 S cm−2) encompassing metals, semiconductors and

insulators.

A major use of metal oxides is in catalysis. Most commercial catalysts consist of

metal deposits on a high surface area metal oxide support. When the oxide support

is non-reducible, metals are generally not modified with the presence of the support

except for the influence on particle size. However, in some cases metal/support

interaction or the existence of complementary reactions taking place on the metal

or oxide may influence catalytic properties. Metals supported by reducible oxides

can experience strong interactions that alter catalytic behaviour. In some cases, the

metal oxides themselves can catalyse reactions, either in pure (for example, bismuth

molybdate in acrylonitrile synthesis) or mixed forms (for example, V2O5 on TiO2

in the selective oxidation of hydrocarbons and selective catalytic reduction of NOx).

17



Chapter 1. Introduction 18

Metal oxide catalyst supports can play an active role in catalysis by storing and

releasing oxygen [1], capturing adsorbates [2, 3], exchanging charge with an active

component [4, 5] or by maintaining a high dispersion of metallic deposits [6, 7].

Metal oxides are also important as gas sensors, particularly ZnO and SnO2. This

application relies on the nature of electrical resistivity. Stoichiometric metal oxides

can have very high bulk electrical resistivity, although after doping or due to the

presence of defects they can behave as n-type semiconductors. Adsorption of certain

molecules bends the bands at the surface, which can change the resistivity of the

oxide. In this way, surface conductivity can be used to detect the presence of specific

gas molecules. This is the basis for devices such as the electronic nose [8], and

devices capable of detecting the MRSA bacterium [9]. Naturally forming oxides

that spontaneously develop on many metal substrates can be exploited as cheap and

effective protection layers against corrosion and environmental influences [10, 11].

Additionally, metal oxides are used in data storage devices [12], superconducting

materials [13], photoactive materials [14] and solar cells [15].

Compared with most metals and semiconductors, the electronic structure of metal

oxides is much more complicated [16]. Many metals - particularly transition metals

and rare earth metals - display a range of different oxidation states, giving rise to

different metal oxides. For example, in the case of vanadium the following oxides are

known: VO (V 2+), V2O3 (V 3+), VO2 (V 4+) and V2O5 (V 5+). In addition, there are

a number of intermediate phases, some which are well defined (e.g. V4O9) and some

that are essentially non-stoichiometric (VOx, 0.8 ≤ x ≤ 1.3). This chemical com-

plexity has serious consequences for surface science. The reproducible preparation of

metal oxide surfaces with known composition and properties may be difficult, with a

wide range of chemical interactions possible with molecules chemisorbed differently

on surfaces with varying properties.

Whilst the bulk properties of metal oxides are generally well understood [17], the
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situation is less satisfactory for surface properties [16]. Complexity arises due to

the absence of free electrons, especially in wide band-gap materials. This reduces

the ability of the oxide to screen structural defects, thus affecting the electronic

and chemical properties of the surface. Structural defects are a range of non-

stoichiometric atomic arrangements such as point defects, interstitial atoms, step

edges, kinks and corner sites. Each defect type is accompanied by a disruption of

the local electronic structure, the most common type in metal oxides being oxygen

vacancies [18].

A further complication is the large variety of possible surface configurations and

terminations that can develop on one and the same bulk structure. Only in very few

cases do actual surfaces correspond to a slice through the unperturbed crystal lattice.

In most cases atoms rearrange themselves to minimise the Gibbs free energy [19].

Conditions during surface formation, such as oxygen partial pressure or presence of

residual gases can also affect surface structure.

A practical difficulty is that many of the most interesting metal oxides are very good

insulators, but many surface science techniques rely on the emission or absorption of

charged particles. This means that samples with negligible conductivity often can-

not be studied due to surface charging effects. Metal oxides are also poor thermal

conductors, meaning heating is often inhomogeneous. Preparation of well-defined

surfaces is also difficult - metals are usually prepared by sputtering and anneal-

ing, however both of these treatments cause a change in metal oxide stoichiometry.

Cleavage is the preferred method of metal oxide surface preparation, but this too

has its limitations.



Chapter 1. Introduction 20

1.2 Thin Films

Rather than studying bulk metal oxide crystals, thin films of up to 100 Å thickness

can be grown on suitable metal substrates and are adequate to simulate the surfaces

of bulk terminated crystals [20]. Using thin films has the following advantages over

studies of the bulk surface [21]:

• The growth conditions can be controlled to give the desired stoichiometry.

• Films can be relatively easily renewed.

• The geometry of films is determined by the substrate.

• Similarly, the lattice match between substrate and film can be used to con-

trol defect concentration - the better the lattice match, the lower the defect

concentration.

• It is possible to grow polar surfaces.

• Films have sufficient conductivity to be probed using charged particles.

Oxide films can be grown on native metal surfaces, on a foreign metal surface or on

an alloy. The simplicity of growing a metal oxide film on a native metal surface is an

advantage over other approaches. However, typically there are large mismatches in

metal and metal oxide crystal lattices leading to a large concentration of defects in

films. Furthermore, the native metal may not be able to withstand the treatments

required to produce an ordered film. A metal can be deposited on a foreign metal

surface, either in an oxygen background or in vacuum and subsequently annealed

in oxygen to produce metal oxide films. Whilst this is more complicated, the choice

of substrate provides a degree of control over the lattice mismatch, and thus some

control over defect density. Similarly, there is control over the lattice mismatch

when growing oxide films on an alloy. Additionally, alloys can have higher melting
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points than the pure native metal (such as in the case of NiAl [22]) and so allow

higher temperatures for surface preparation.

For films to sufficiently replicate bulk oxide chemistry, they require the same atomic

structure and similar electronic structure. Due to the absence of surface charg-

ing, oxide thin films can be examined by spatially averaging surface science tech-

niques such as low energy electron diffraction (LEED), diffraction techniques (such as

XPD) - which provide information on structure - ultraviolet and X-ray photoelectron

spectroscopy (UPS, XPS), electron energy loss spectroscopy (EELS) - which pro-

vide information on electronic properties - infrared absorption spectroscopy (IRAS),

high resolution electron energy loss spectroscopy (HREELS) and temperature pro-

grammed desorption (TPD) - which provide information on adsorption behaviour.

Whilst information provided from these techniques can reveal much about surface

properties, most metal oxide surfaces exhibit non-equivalent sites that often only

produce weak or undetectable signatures in spatially averaging techniques. This

limitation is even greater when considering adsorption from the gas phase or deposi-

tion of metal clusters. Spatially resolving techniques such as atomic force microscopy

(AFM) and scanning tunnelling microscopy (STM) can be used to provide real space

information at an atomic scale. Whilst AFM probes the force between a tip and the

surface, STM probes the local density of states (LDOS) and thus is limited to con-

ductive samples. Thin films are electron transparent and thus an attractive sample

for use with STM.

1.3 Thesis Overview

This thesis investigates the surface properties of two metal oxides, cerium dioxide

(CeO2) and titanium dioxide (TiO2), using ultrathin films grown on suitable metal

substrates.
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CeO2 is a key component in three-way converters (TWCs) that reduce the toxicity of

automobile exhausts. This exploits the ability of CeO2 to store and release oxygen,

which accompanies a change in stoichiometry. The addition of precious metals such

as Pd, Pt and Rh can promote catalytic activity, although this process is not fully

elucidated.

TiO2 is one of the most widely studied metal oxides. Since it has a multitude

of uses, the nature its reactivity with two of the most abundant chemical species,

water (H2O) and oxygen (O2) is an important consideration. The reactivity of TiO2

surfaces is dominated by defects such as oxygen vacancies.

The experiments described in this thesis aim to expand current knowledge of both

oxides using the surface science techniques of photoemission spectroscopy (PES) to

provide information on electronic and chemical properties, and scanning tunnelling

microscopy (STM) to examine surfaces and defects locally at the atomic scale.

The thesis is arranged as follows. In chapter 2, the techniques used in experiments

are described, and the theory behind them discussed. Chapter 3 presents the vacuum

systems used in the collection of data, and describes the instruments used. The

effect of dosing Pd on ceria thin films grown on Pt(111) is examined in chapter 4 by

comparing measurements of the stoichiometry using two complementary techniques,

XPS and RESPES. In chapter 5, the growth of TiO2 ultrathin films on W(100) is

investigated with XPS, as is the reactivity of the TiO2 surface with H2O and O2.

Chapter 6 examines the surface morphology of TiO2 ultrathin films grown on W(100)

using STM and the effect of varying film thickness. Finally, chapter 7 summarises

findings and places them in a wider context. Suggestions for extending the work are

outlined.



References

[1] Trovarelli, A.; Catal. Rev. Sci. Eng., 1996, 38, 439

[2] Connor, W.C., Falconer, J.L.; Chem. Rev., 1995, 95, 759

[3] Iglesia, E.; Appl. Catal. A, 1997, 161, 59

[4] Yoon, B., Hakkinen, H., Landman, U., Worz, A.S., Antonietti, J.M., Abbet,

S., Judai, K., Heiz, U.; Science, 2005, 307, 403

[5] Chen, M.S., Goodman, D.W.; Science, 2004, 306, 252

[6] Khodakov, A., Olthof, B., Bell, A.T., Iglesia, E.; J. Catal., 1999, 181, 205

[7] Min, B.L., Wallace, W.T., Goodman, D.W.; J. Phys. Chem. B, 2004, 108,

14609

[8] Persaud, K., Dodd, G.; Nature, 1982, 299, 352

[9] Dutta, R., Dutta, R.; BioMedical Eng. OnLine, 2006, 5, 26

[10] Schweitzer, P.A.; Fundamentals of Metallic Corrosion: Atmospheric and Media

Corrosion of Metals, 2nd Ed., 2007, Taylor & Francis, Boca Raton

[11] Jones, D.A.; Principles and Prevention of Corrosion, 1995, Prentice Hall, Up-

per Saddle River

[12] Vollertsen, R.P.; Microelectron. Reliab., 2003, 43, 865

23



REFERENCES 24

[13] Imada, M., Fujimori A., Tokura, Y.; Rev. Modern Phys., 1998, 70, 1039

[14] Ollis, D.E., Al-Ekabi, H., Eds.; Photo-catalytic Treatment of Water and Air,

1993, Elsevier, Amsterdam

[15] O’Regan, B., Grätzel, M.; Nature, 1991, 353, 737

[16] Henrich, V.E., Cox, P.A.; The Surface Science of Metal Oxides, 1994, Cam-

bridge University Press

[17] Cox, P.A.; Transition Metal Oxides, 1992, Clarendon Press, Oxford

[18] Pacchioni, G.; Solid State Sci., 2000, 2, 161

[19] Nilius, N.; Surf. Sci. Rep., 2009, 64, 595

[20] Street, S.C., Xu, C., Goodman, D.W.; Ann. Rev. Phys. Chem., 1997, 48, 43

[21] Buschow, K.H.J., Cahn, R.W.; Flemings, M.C.; Ilschner, B.; Kramer, E.J.;

Mahajan, S., eds.; Encyclopedia of materials: science and technology, 2001,

Elsevier Amsterdam

[22] Freund, H.J., Kulenbeck, H., Staemmler, V.; Rep. Prog. Phys., 1996, 59, 283



Chapter 2

Theoretical Considerations

2.1 Introduction

In this chapter, the theoretical basis behind the techniques used in this thesis will

be discussed. Surface science techniques have been employed to determine informa-

tion about chemical composition - using X-ray photoelectron spectroscopy (XPS),

resonance photoelectron spectroscopy (RESPES) and Auger electron spectroscopy

(AES) - and physical structure - using scanning tunnelling microscopy (STM) and

low-energy electron diffraction (LEED).

2.2 Photoelectron Spectroscopy, PES

2.2.1 Overview

Photoelectron spectroscopy (PES) is a widely used surface science technique, capa-

ble of chemical identification and nanostructure quantification. A photon source is

used to irradiate a sample and incident photons cause the ejection of electrons from

25
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atomic orbitals. The kinetic energy of ejected photoelectrons can be recorded across

an energy range to build up a spectrum, from which chemical and physical data

can be derived. The technique can be used to perform element specific analysis and

quantitative analysis based on relative intensity of spectral peaks. Chemical infor-

mation is also accessible, relating to the chemical environment and oxidation state

of surface species. Due to the surface sensitivity of the technique, it is particularly

useful for analysing adsorbates or thin-film overlayers. It is common for PES to be

used in conjunction with other techniques where accurate surface characterisation is

required. PES techniques are usually named according to the photon source used;

in this thesis X-ray sources are used (XPS), as well as a variable energy synchrotron

source for resonance photoemission spectroscopy (RESPES).

2.2.2 Historical development

The first description of the photoelectric effect was given by Hertz in 1887 [1].

However, this was a controversial discovery as it revealed that the theory of radiation

at that time was incomplete. It took until 1905 for Einstein to explain (using

Planck’s concept of quantised energy) how low intensity, high frequency radiation

could eject electrons from metal foils [2]. Although Einstein received the 1921 Nobel

Prize for his work on the photoelectric effect, quantum theory remained controversial

until further work in the 1920s, particularly de Broglie’s proposed wave-particle

duality theory [3].

The potential to use the photoelectric effect for spectroscopy had been recognised

earlier, particularly through experiments by Moseley, Rawlinson and Robinson in

Rutherford’s laboratory, Manchester in the 1910s [4–8]. In early experiments, hard

X-rays (hν=1.5-15 keV) were considered more useful than soft X-rays (hν=50-1500

eV) which had weaker penetrating power. In 1925 Robinson verified that elemental

spectra could be realised [9], although experiments faced many inhibitive difficulties
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- lack of availability of continuous high vacuum, inability to control and exclude stray

interfering fields and the unrealised requirement for stable, integrated electronics.

It took until 1950s for these problems to be overcome. Siegbahn and co-workers

at Uppsala, Sweden had spent the 1940s developing the field of β-ray spectroscopy,

and realised the potential for electron spectroscopy using X-rays. In 1954 the group

produced the first X-ray photoelectron spectrum, of a cleaved NaCl sample [10]. As

the group used the new technique to examine other materials, it was not long after

that the binding energy of C 1s lines in spectra from different carbon-containing

compounds was observed to vary, thus providing the first evidence of chemical shift

[11, 12]. Photoelectrons emitted from more electropositive atoms have less kinetic

energy (and therefore greater binding energy). It was due to this phenomenon that

Siegbahn - who shared the 1981 Nobel Prize for Physics for his work - dubbed the

new technique electron spectroscopy for chemical analysis (ESCA). The technique,

when using X-ray sources, is more commonly referred to as X-ray photoelectron

spectroscopy (XPS).

2.2.3 Theory

In a standard PES experiment, a photon source is used to direct photons of a known

energy, hν at a sample. For XPS, X-ray guns are commercially available and the

most commonly used fixed sources are the MgKα (1253.6 eV) or AlKα (1486.6

eV) lines, or sometimes a combination of both. Different photon sources can be

used, for example ultraviolet lamps in ultraviolet photoelectron spectroscopy (UPS),

or synchrotron sources. Incident photons can cause the ejection of electrons from

atomic orbitals, and ejected photoelectrons leave the sample surface with a kinetic

energy, EK (figure 2.1). Photoelectrons can be detected by an energy analyser, which

scans across a range of energy values to record a spectrum. Thus these quantities

are related:
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Figure 2.1: Energy level scheme showing the relationship between photon energy,
hν, binding energy, EB, kinetic energy, EK and workfunctions, φ in XPS.

EBmeasured = hν − φsample −∆φ− EK (2.1)

where φsample is the workfunction of the sample, and ∆φ = φanalyser−φsample, where

φanalyser is the workfunction of the energy analyser. This simplifies to:

EBmeasured = hν − φanalyser − EK (2.2)

2.2.4 Photoemission Process

The photoemission process describes how photons interact with electrons in the

sample to produce photoelectrons, and can be separated into three stages.

Firstly, photons interact with electrons in the atoms of the sample, which can result

in the emission of a photoelectron. The probability of a photoelectron being emitted

on collision is determined by the photoionisation constant, σ, which is an energy

dependent value. Values for σ have been calculated by several authors for each

element at typical photon energies, and where used in calculations in this thesis have
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been obtained from the comprehensive database compiled by Yeh and Lindau [13].

The second stage concerns the transfer of the photoelectron through the solid. When

the photoelectron leaves the atom it may interact inelastically. The probability of

this happening is quantified by the inelastic mean free path (IMFP), λ, which is

the mean distance travelled by an electron. The IMFP is a function of the electron

energy. Various formulae have been devised to calculate IMFP values, and where

used in this thesis, IMFP values have been calculated using Tanuma and Powell’s

TPP-2 formula [15].

In this stage, the photoelectron could:

1. reach the surface without further interaction, contributing to the photoelectron

current. If the photoelectron is detected by an energy analyser, an XPS peak

will appear in the spectrum.

2. interact inelastically once, losing part of its energy. If detected by an energy

analyser the photoelectron will contribute to intensity at a lower kinetic energy.

3. interact inelastically several times, losing sufficient energy to contribute to the

secondary electron background on which all XPS peaks are superimposed.

4. remain absorbed in the solid, unable to escape from the surface and be de-

tected.

Finally the photoelectron must overcome the surface barrier. This is represented

quantitatively by the workfunction of the sample, φsample, which is the difference

between the Fermi level (the highest filled state), EF and the vacuum level (the

energy level beyond which the electron is no longer bound to the atom). This is

shown in energy terms in figure 2.2.
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Figure 2.2: Energy level diagram of the photoemission process, in this case of a 1s
electron.

2.2.5 Nomenclature of Peaks

In spectroscopy, labelling of atomic levels differs slightly to that of X-ray lines, taking

the form:

nlj (2.3)

where n is the principal quantum number (the shell number), l is the orbital quantum

number (describing the sub-shell shape, e.g. s,p,d,f ...) and j is the total angular

momentum:

j = |l + s| (2.4)

where s is the spin quantum number. For an electron, s = ±1
2
. In the nomenclature

shown in 2.3, the j term is required to describe the spin of remaining unpaired
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Figure 2.3: XPS widescan of a W(100) sample, with XPS and Auger peaks labelled.
hν = 1253.6 eV.

electrons in an atom after the ejection of a photoelectron leaving a hole in the n,l

level. Thus, s peaks (l = 0) appear in spectra as singlets since the only possible

value for the total angular momentum is j = 1
2
. Peaks with l ≥ 1 (p,d,f ...) appear

as doublets in spectra as in each case there are two possible values for j.

2.2.6 Spectral Features

Figure 2.3 shows a typical XPS spectrum across binding energies of 0-1100 eV of a

W(100) sample (with a small amount of oxygen contamination) recorded using an

Mg Kα source. A number of peaks appear superimposed on a background which

decreases to lower binding energy (higher kinetic energy), and also shows stepped

decreases after each significant peak. The features appearing in the spectrum can

be classified in the following sections.
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Core Level

Core level photoemission peaks appear as narrow, intense peaks in spectra. In figure

2.3, the core-level structure is a direct reflection of the electronic structure of W.

The levels appearing in the spectrum are limited by the photon source energy, hν

which in the case of Mg Kα is 1253.6 eV. The W 4s level appears as a singlet peak

at a binding energy of 595 eV, and the W 4p (EB=492, 426 eV), 4d (EB=259, 246

eV) and 4f (EB=37, 34 eV) levels appear as doublets due to spin-orbit coupling.

Peak widths are defined by the full width at half-maximum (FWHM), ∆E, which

is the convolution of contributions:

∆E = (∆E2
n + ∆E2

p + ∆E2
a)

1/2 (2.5)

where ∆En is the natural or inherent line width of the core level, ∆Ep the width of

the photon source and ∆Ea the resolution of the energy analyser, all expressed by

the FWHM.

The uncertainty in the lifetime of the ion state resulting from photoemission defines

the inherent line width of a core-level peak, ∆En, which can be obtained in units of

eV from Heisenberg’s uncertainty principle:

∆En =
h

τ
=

4.1× 10−15

τ
eV (2.6)

where Planck’s constant, h is expressed in eV·s and the lifetime, τ in s.

The shape of core level peaks depends on the nature of the material. For metallic

elements, peaks have the Doniach-Šunjić [16] shape, that is, they are Lorentzian with

an asymmetric tail. Non-metallic core level peaks are a convolution of Lorentzian

(accounting for the inherent peak lifetime) and Gaussian (which accounts for the

width of the photon source, the analyser resolution and thermal broadening) curves.
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Gaussian-Lorentzian curves are known as Voigt curves and the FWHM of a Voigt

curve is defined as [19]:

w(V ) ≈ w(L)

2
+

√
w(L)2

4
+ w(G)2 (2.7)

where w is the FWHM of the Voigt (V ), Lorentzian (L) and Gaussian (G) curves.

These peaks are superimposed on a background contribution. In a peak fitting

calculation, the background is subtracted and peaks are fitted with appropriate

line-shapes according to whether the sample is metallic or not. Applying a linear

background - i.e. a straight line between the first and last set of points in a spectrum

- provides a rough estimate but major errors can result from this approach [17]. An

alternative approach is a Shirley background where an S-shape is applied to the

background underneath peaks [18]. Whilst there are some errors involved in this

approach, in many cases useful results have been obtained through its use. Peak

fitting processes presented in this thesis incorporate Shirley backgrounds.

Valence Band

The valence band consists of low binding energy levels (EB ' 0-20 eV) involved

in delocalised or bonding orbitals. This region contains many levels spaced closely

together in energy, and this gives rise to band structure. The band structure differs

according to whether the material is a conductor (metal) or an insulator. The filled

valence band overlaps with the unfilled conduction band in a conductor, whereas

in an insulator they are separated by a band gap. In the case of a conductor, the

highest occupied energy level is termed the Fermi level, EF . In XPS EB values are

generally referenced to EF , which is easily measured.

If ejected photoelectrons from filled levels have EK values that lie within the con-

duction band, intensity will be observed which is a convolution of both filled and
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unfilled states together with the matrix of transition probabilities [17]. In XPS, the

EK of valence photoelectrons is such that the final states are without much struc-

ture, and observed density of states closely corresponds to the initial filled density

of states.

At typical XPS photon energies, the photoionisation cross sections of valence level

electrons are low, resulting in low intensity in general. Lower energy photon sources,

such as those used in ultraviolet photoelectron spectroscopy (UPS), or variable en-

ergy synchrotron sources are more appropriate for studying the valence band.

Auger Peaks and Auger Electron Spectroscopy (AES)

When an atom is photoionised, the result is the creation of a core hole. The resulting

ion can lose energy by filling this hole with an electron from a higher energy level.

The energy produced by this process can be released by the ejection of a photon or

a so-called Auger electron (illustrated in energy level terms in figure 2.4):

EK = Ea − Eb − Ec (2.8)

where Ea is the core level, Eb the initial energy of the decaying electron level and

Ec the initial energy level of the liberated Auger electron. Discovered independently

by Meitner [20] in 1922 and Auger [21] in 1925, and named after the latter, Auger

electrons are ejected at discrete values of EK depending on the two energy levels

involved in the transition. Auger peaks appear in spectra at the same kinetic energy

regardless of the photon source used. Auger peaks for both W and O appear in the

XPS spectrum shown in figure 2.3.

Instead of a photon source, a beam of electrons can be used to excite Auger electrons

from a surface. Scanning across a range of ejected electron energies builds up a spec-

trum of Auger states. Auger electron spectroscopy (AES) allows composition-depth
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Figure 2.4: Energy level diagram showing the emission of an Auger electron, in this
case from the 2p3/2 level.

profiling and elemental identification. AES is commonly combined with low-energy

electron diffraction (LEED) units on systems where other spectroscopic methods are

not available (see chapter 3).

Secondary Electrons

Ejected photoelectrons can interact inelastically with other atoms in the sample,

causing the emission of secondary electrons which can contribute to the spectrum

as secondary electron peaks.
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2.2.7 Initial and Final State Effects

The measured binding energy of an ejected photoelectron is simply the difference

between the initial n electron system prior to photoemission, Ei(n) and the (n− 1)-

electron final state energy after photoemission, Ef (n− 1):

Em
B = Ef (n− 1)− Ei(n) (2.9)

This implies that the observed binding energy, Em
B is equal to the negative orbital

energy, −εK for the emitted photoelectron:

Em
B ' −εK (2.10)

which is an approximation of Koopmans’ theorem [22]. Values of εK can be calcu-

lated using the Hartree-Fock method. These values provide a good approximation

for core levels and typically are within 10-30 eV of actual EB values for valence lev-

els. This discrepancy arises as Koopmans’ theorem and the Hartree-Fock calculation

method do not account fully for all factors contributing to EB. The assumption that

other electrons remain static during the photoemission process in particular is in-

valid. During the emission of a photoelectron, a core hole is created and other

electrons react to shield - or minimise - the energy of the ionised atom. The accom-

panying energy reduction is termed the relaxation energy, Er. This term accounts

for both atomic relaxations in the photoionised atom and atomic relaxations occur-

ring in surrounding atoms. Taking this into account, a more complete expression

for EB is given by:

EB = −εK − Er − Ecorr − Erelat (2.11)

where Er = Einter−atom + Eextra−atom is the relaxation energy, and Ecorr and Erelat

are correction factors accounting for the electron correlation and relativistic energy,
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respectively [17,23].

Equation 2.9 indicates that both initial (n) and final (n − 1) states contribute to

the observed EB. This can occur in a number of ways which are discussed in the

following sections.

2.2.8 Initial State Spectral Features

The initial state is simply the ground state of the atom, prior to photoemission.

Chemical Shift

The EB of core-level peaks of the same element in different chemical environments is

observed to shift, and this was a defining part of the early development of XPS. Non-

equivalence can arise from variations in oxidation state of the atom, the molecular

environment or lattice site. Due to increasing effective nuclear charge, atoms of

higher oxidation state will have core-level peaks shifted to slightly higher EB.

Spin-Orbit Splitting

As mentioned in section 2.2.6, spin-orbit splitting gives rise to doublet peaks for p,

d and f orbitals (but not s orbitals). For any electron, coupling of magnetic fields

of spin, s and angular momentum, l occurs, since the total angular momentum,

j = |l+s|. Since s = ±1
2

for an electron, there are two possible situations (j = |l± 1
2
|),

(figure 2.5).

The lower j value of the doublet is at higher EB (e.g. EB(2p1/2) > EB(2p3/2)). The

magnitude of spin-orbit splitting increases with the effective nuclear charge, Z, and

decreases with distance from the nucleus. The intensity ratio of doublet peaks is

given by their respective degeneracies (2j + 1), which are summarised in table 2.1.
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Figure 2.5: The two conditions which lead to spin-orbit coupling and the appearance
of doublet peaks for electrons from energy levels where l ≥ 1 (p,d,f ... etc.).

Subshell j values Area ratio

s 1
2

-

p 1
2
, 3

2
1 : 2

d 3
2
, 5

2
2 : 3

f 5
2
, 7

2
3 : 4

Table 2.1: Intensity ratios for doublet peaks [17].
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2.2.9 Final State Spectral Features

Final state effects arise due to the reorganisation - or relaxation - of the remaining

(n − 1) electrons in response to the suddenly created increase in effective nuclear

charge, Z following photoemission.

Shake-up/Shake-off Satellites

When relaxation involves the excitation of a valence electron to a higher, unfilled

energy level, a shake-up satellite will be observed in the spectrum. The required

relaxation energy is not available to the primary photoelectron and so this two

electron process results in discrete structure on the lower EK side of the primary

photoemission peak. Typically the intensity of shake-up satellites is low (< 10% of

the primary peak). However, very strong satellites are observed for certain transition

metal and rare earth compounds which have unpaired electrons in 3d or 4f shells

respectively. In the final state, there is significant ligand-metal charge transfer such

that an extra electron is present in the 3d or 4f levels compared with the initial state.

This phenomenon is only observed in open shell systems (e.g. Cu 2+, 3d9), and not

in closed shell systems (e.g. Cu+, 3d10). In this instance a better description than

“shake-up” would be that a strong configuration interaction occurs in the final state

due to relaxation [14]. It is this phenomenon that leads to the complex structure

observed for Ce 3d spectra of mixed-valence cerium compounds (figure 2.6). This is

discussed in further detail in chapter 4.

Rather than excitation to a higher unfilled valence level, a valence electron could be

excited to the unbound vacuum level, completely ionising the atom and resulting in

a shake-off satellite. The resulting ion then has vacancies in both core and valence

levels. However, discrete shake-off peaks are rarely observed in the solid state.
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Figure 2.6: XPS spectrum of the Ce 3d region of Pt/CeO2-x that shows the complex
shake-up satellite structure. hν = 1486.6 eV.

2.2.10 Analysis Depth

The intensity observed in an XPS spectrum arises from emission of photoelectrons

detected from the sample. The depth from which detected photoelectrons originate

from in a solid is determined by the inelastic mean free path (IMFP), λ. Only those

photoelectrons that have minimal energy loss are likely to be detected and thus

contribute to a spectrum. The IMFP is a function of the kinetic energy, EK of the

electron and hence of the photon source, hν [15]. In XPS, where photoelectrons have

kinetic energies in the range of 15-1000 eV, IMFPs are relatively short - typically

between ∼10-20 Å. Thus XPS is highly sensitive to the top layers of a solid and to

any adsorbates or overlayers that may be on the surface. A universal escape depth

curve shows the IMFP value across an energy range (figure 2.7) [24].
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Figure 2.7: Inelastic mean free path variation with energy. From [24].

2.2.11 Resonance photoemission spectroscopy (RESPES)

Giant resonance occurs when essentially all the oscillator strength of some X-ray

absorption edge appears in a series of relatively narrow lines. This phenomenon

can be used in a spectroscopic capacity in resonant photoemission spectroscopy

(RESPES). The angular momentum selection rule for an electronic transition is

l→ (l+1). Typically, when the final state (l+1) is associated with a partially filled

inner atomic shell, resonance can occur. For example, giant resonances are observed

for the 3p→ 3d transition in transition metals, the 4d→ 4f transition in rare earth

metals and the 5d → 5f transition in actinides. These final states can then decay

through various channels.

RESPES exploits a decay channel that proceeds in an Auger-like manner. The core

hole (created by photoemission) is refilled by an electron from the final state shell,

and another electron is ejected beyond the vacuum level. This ejected electron can

be detected by an energy analyser.

Photoemission of a 4f electron from a rare earth metal can be described by the
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process:

4d104fn
hν−→ 4d104fn−1εK + e− (2.12)

Additionally, a resonance contribution can take place:

4d104fn
hν−→ 4d94fn+1−→4d104fn−1εK + e− (2.13)

where εK is the outgoing photoelectron state. Since the initial and final states in

equations 2.12 and 2.13 are the same, constructive interference (Fano resonance)

occurs appearing as an enhancement of photoemission peaks in spectra.

Resonant peaks have Fano line-shapes as defined by:

f(ε) =
(q + ε)2

1 + ε2
= 1 +

q2 − 1 + 2qε

1 + ε2
(2.14)

where q is the Fano parameter (a function of transition probability) and the reduced

energy variable ε is:

ε =
E − Eφ − F (E)

π|VE|2
(2.15)

where φ represents the intermediate state of process 2.13 with a core hole, F (E)

is a self-energy arising from the interaction with the continuum and VE the Auger

matrix element for the second step of process 2.13. Thus the resonant energy of

state φ is shifted F (E) from Eφ. This shift can be defined:

F (E) = P

∫
dE ′

|VE|2

E − E ′
(2.16)

where P is the principal value. The asymmetric Fano line-shape is shown in figure

2.8 for several values of q.

RESPES measurement can be done in two modes. In constant initial state (CIS)

mode, hν and electron analyser energy are simultaneously varied such that the
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Figure 2.8: Fano line-shapes for various values of the Fano parameter, q.

ionisation energy EI = hν − EK is held constant. Alternatively, using constant

final state (CFS) mode involves varying only hν while the detected EK is held at a

constant value on the inelastic tail of the EK distribution [25].

RESPES of Rare-Earth Metals

In 1978, four papers [26–29] reported resonance associated with the 4d-4f transition

in rare-earth solids. Because the technique is atom-specific, and sometimes orbital-

and valence-specific, RESPES has evolved as a useful spectroscopic tool for identify-

ing particular components in a PES spectrum. This is particularly useful in mixed

valence compounds as different valence states can be identified and quantified.
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2.3 Scanning Tunnelling Microscopy (STM)

2.3.1 Overview

Scanning tunnelling microscopy (STM) is an extremely powerful surface science

technique that facilitates the imaging of surface topography by the use of electron

tunnelling. Since its development in the early 1980s, STM has become a useful tool

and its use is not limited to surface science, having been applied to the fields of

geology, biology and metrology [30]. The key advantages of STM are the ability to

produce real space images of atomic resolution, and - unlike other surface science

techniques - STM has no requisite long or short range surface order meaning that

non-periodic features such as defects, growth centres and reaction sites can be im-

aged. However, the technique is limited by a lack of chemical specificity, meaning

an exact interpretation of STM images can be difficult without theoretical analysis.

2.3.2 Historical development

In his famous 1959 lecture There’s Plenty of Room at the Bottom, the American

physicist Richard P. Feynman declared:

The problems of chemistry and biology can be greatly helped if our

ability to see what we are doing, and to do things on an atomic level, is

ultimately developed - a development which I think cannot be avoided.

[31]

It took just a couple of decades for Feynman’s prescience to be realised. In 1971,

Young described the development of a “topografeiner” at the National Bureau of

Standards (now the National Institute of Standards and Technology, NIST), a de-

vice which was capable of producing 2-dimensional contour maps [32, 33]. The
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Figure 2.9: Number of STM papers published by year. Source: Scopus.com.

topografeiner used emission field current between a sharp tungsten probe and the

sample surface. It was later realised that better resolution should be obtained by

using an electron tunnelling current instead. In the early 1980s, Binnig and Rohrer

described their invention of the scanning tunnelling microscope (STM) [34], an event

that led to them sharing the 1986 Nobel Prize for Physics. Initially however, STM

was treated with scepticism by the surface science community but when Binnig and

Rohrer used the technique to solve a well-known outstanding problem in the field -

the structure of Si(111)(7 ×7) [35] - the technique gained credibility.

In 1990, Eigler and Schweizer - workers at IBM - published the famous image of the

initials of their company’s name written out using 35 Xe atoms, demonstrating the

ability of STM to manipulate single atoms [36]. The popularity of the technique

grew and the number of STM papers published each year rose throughout the 1980s

and 1990s and in the last ten years has averaged around 1500 papers a year (figure

2.9).
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Figure 2.10: Schematic diagram of an STM experiment. An atomically sharp tip is
brought close to a sample surface. When a potential bias is applied, a tunnelling
current I is passed between the tip and the surface. If this is held constant and
the tip is rastered over the surface by varying the X- and Y-piezos, a map of the Z-
displacement is built up.

Figure 2.11: Schematic diagram of a particle tunnelling through a one-dimensional
potential barrier of E0. ψi and ψf are the incident and transmitted wavefunctions,
respectively; κ is the decay constant inside the barrier.

2.3.3 Theory

The basis for STM lies in the effect of quantum mechanical tunnelling (figure 2.10).

The sample surface is probed using an atomically sharp, conducting tip, typically

of W or PtIr. A bias is applied between the tip and the sample, and when the tip is

manipulated to sufficiently close proximity of the surface (but not into mechanical

contact), the wavefunctions of the tip and the sample can overlap, allowing quantum

tunnelling of electrons between them. This can be illustrated by considering a

particle impinging upon a one-dimensional potential energy barrier, of energy E0
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Figure 2.12: The tip model used in the Tersoff-Hamann approximation [38].

(figure 2.11). According to classical physics, the particle cannot traverse the barrier

if it has an energy E < E0. In the quantum realm however, the particle is considered

as a wavefunction, ψ that describes it in terms of the probability of finding the

particle at a particular point in space. The phenomenon of quantum tunnelling

dictates that the particle has a finite probability of being found beyond the potential

barrier. The early analysis of the tunnelling current between an STM tip and sample

surface was based on a one-dimensional tunnelling problem [37]. In the low tip bias

and low temperature regime, the tunnelling current, I is given by [34]:

I ∝ exp(−2κd) (2.17)

where κ is the decay constant for wavefunctions in the barrier and d is the sample-tip

separation distance. For vacuum tunnelling, κ is related to the local workfunction,

φ:

κ =

√
2mφ

~2
(2.18)

Typically, metals have workfunctions of a few eV, giving κ values of around 1 Å−1.

Substituting this value into equation 2.17 results in an order of magnitude change

in I as d changes 1 Å. It is this exponential dependence of I on d that allows STM

such sensitivity in measuring surface topography.

However, for detailed information, a more complex formalism is required. Tersoff
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and Hamann [38] made the first attempts at such a formalism. Since the dominant

factor in determining the STM image is the relative change over the surface rather

than the absolute value of the tunneling current, Bardeen’s perturbation theory was

used to evaluate the tunnelling current. However, this treatment neglects a detailed

description of the wavefunction tail in the gap region.

Bardeen’s equation for the tunnelling current is:

I =
2πe

~
∑
µν

f(Eµ)[1− f(Eν + eU)] · |Mµν |2δ(Eµ − Eν) (2.19)

where f(E) is the Fermi distribution, U is the applied bias, Mµν is the tunnelling

matrix element between the states ψµ of the tip and ψν of the surface and Eµ and Eν

are the eigenvalues of the ψµ and ψν respectively. δ(Eµ−Eν) gives the conservation

of energy in elastic tunnelling. The problem is then reduced to evaluating the matrix

element, which is given by [39]:

Mµν = − ~2

2m

∫
(ψ∗µ∇ψν − ψµ∇ψ∗ν)dS (2.20)

where S is the surface of the area lying under vacuum. Tersoff and Hamann approx-

imated the STM tip as a locally spherical potential well with radius of curvature

R about the centre rO and a distance d away from the surface (figure 2.12). The

tunnelling current in the Tersoff-Hamann formalism is thus:

I ∝ Unt(EF ) · e2κ′R ·
∑
ν

|ψν(rO)|2δ(Eν − EF ) (2.21)

where κ′ = 2mφ
~ , φ is the effective local potential barrier height, nt(EF ) is the

density of states (DOS) of the tip at the Fermi level, R is the effective tip radius,

and rO is the centre of curvature of the tip. Therefore, in the Tersoff-Hamann

approximation, STM images are interpreted as contour maps of constant surface
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Figure 2.13: Calculated height displacement of a model Na-topped jellium tip when
scanned across a jellium surface with adsorbates Na, S and He. 1 Bohr = 0.53Å.
Figure from [40].

local density of states (LDOS) at EF ,rO. It is important to note that wavefunctions

decay exponentially with tip-surface separation, s, as does the tunnelling current, I.

Lang [40] used ab initio calculations within the Tersoff-Hamann formalism to demon-

strate that STM indeed images the LDOS at the Fermi level rather than the true

surface topography. In these calculations, the STM tip is modelled as a flat jellium

electrode with a single Na atom adsorbed at its apex. Three adsorbates were mod-

elled as a Na atom, a S atom and a He atom on a second jellium electrode. In the

calculations, the tip was scanned over each of the adsorbates at a constant I. The

results are shown in figure 2.13. Scanning over the Na and S atoms caused a positive

tip displacement, greater for the Na atom than the S. The Na atom sits higher on

the surface and also has a greater DOS at the Fermi level than S. Scanning over

the He atom resulted in a depression, or negative tip displacement. Clearly the true

height of a He atom is positive, however He has a closed valence level around 20
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Figure 2.14: Illustration of Chen’s reciprocity principle [41].

eV below the Fermi level, and the adsorbate screens the metallic electrons from EF .

Therefore, the DOS at the Fermi level is less than for the clean surface and the tip

has to move closer to the surface to maintain constant current.

Based on the approximations above, the evaluated spatial resolution of STM is in-

consistent with experimental evidence that shows atomic resolution can be achieved.

Chen [41] introduced the reciprocity principle, which stated that if the tip and sur-

face states were interchanged, the resulting STM image should remain the same

(figure 2.14). Commonly used tip materials, such as W and PtIr are d-band metals,

and in the instance of W around 85% of the DOS at the Fermi level is a contribution

from d states. There is also a tendency for d states in W to form highly localised

dz2 dangling bonds [42] which are likely to play an important role in tunnelling.

Chen simulated an atomically resolved corrugation by scanning an s-wave tip over a

dz2-wave surface, which accounts for the observed atomic resolution in experimental

STM images. Chen also noted the importance of knowing the nature of the tip apex

atom when estimating the maximum corrugation of an STM image.

The Tsukada formalism [43] clearly shows the importance of the nature of the tip

in STM. The tunnelling current was calculated using the Bardeen equation (2.19),

but unlike the Tersoff-Hamann formalism the electronic structures of the tip and

the surface are calculated self-consistently using a linear combination of atomic
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orbitals (LCAO). This model was used to calculate STM images of a graphite-like

structure, using various tip configurations. These configurations included variations

in size, structure and chemical composition. It was found that removing the apex

atom from a 9-atom large W(111) tip shifts the current contour map. The chemical

composition of the tip was varied by introducing embedded C atoms. One C atom

had little effect, however 3 C atoms caused an inversion in current maxima and

minima.

It should be noted that despite various approaches to establishing formalisms, the

corrugation of STM images is still not fully understood.

STM of metal oxides is reviewed by Bonnell [44]. Metal oxides are usually materials

with a band gap in which the Fermi level is located. Additionally, it must be

considered that the bias between the tip and the surface is dropped across the

sample in a space charge region directly below the tip. This region can be evaluated

at 0 V bias by:

d =

√
2εkT

q2N
(2.22)

where ε is the sample permittivity, k the Boltzmann constant, T the temperature,

q the charge of an electron and N the density of charge carriers. Hence, the spatial

resolution may be limited by radius of space charge region.

2.4 Low-Energy Electron Diffraction (LEED)

LEED provides information on the long-range order of crystal surfaces from the

diffraction patterns of low-energy electrons directed at the sample. Whilst LEED

can provide complex information about surface structure, in experiments presented

in this thesis it is only used to check that surfaces are ordered and to derive some

information about overlayer and adsorbate structures. Thus only a brief description
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of the technique will be given here.

2.4.1 Historical development

The angular dependence of elastically back scattered electrons in a diffraction pat-

tern from a Ni target was first observed by experiments by Davisson and Germer [45],

and provided the first experimental evidence of de Broglie’s earlier postulation of

electronic wave-like properties [3].

Although one of the oldest surface science techniques, it was not until ultra-high vac-

uum conditions became more accessible in the 1960s that LEED became a popular

tool for surface analysis.

2.4.2 Theory

As postulated by de Broglie [3], electrons have an associated wavelength, λ which

can be estimated from the modified de Broglie equation:

λ(Å) =

(
150.6

E(eV)

) 1
2

(2.23)

This wave-like property of electrons allows them to be diffracted. The basis for

diffraction lies in Bragg’s law:

nλ = 2d · sin θ (2.24)

where n is the number of wavelengths difference between planes, d is the lattice

spacing and θ is the angle between the incident radiation and scattering planes.

Figure 2.15 shows conditions for constructive and destructive interference. When

n is a whole integer, diffracted electrons are completely in phase and constructive

interference occurs. Conversely, diffracted electrons are completely out of phase

when n is a half integer value, and destructive interference occurs. The result is
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Figure 2.15: Bragg’s law conditions for constructive and destructive interference.

that at specific angles, a discrete beam of diffracted electrons will cause a diffraction

pattern on a suitable detector.

2.4.3 LEED measurement

An electron gun is used to direct an electron beam in the energy range 0-1000 eV

at a sample. If the sample is well ordered, electrons are backscattered and can be

detected to show a two-dimensional diffraction pattern. The resulting diffraction

pattern is a two-dimensional reciprocal space representation of the surface unit cell

periodicity. In reciprocal space, a reciprocal vector a is related to its real space

vector, a by:

a =
2π

a
(2.25)

The technique is highly surface sensitive (probe depth is around 10 Å) and so can

provide information about surface structure and adsorbates or overlayers.
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Chapter 3

Instrumentation

3.1 Introduction

In this chapter, a summary of the instrumentation used in this thesis will be pre-

sented. Most of the XPS experiments and all the STM work presented in this thesis

were conducted at the Christopher Ingold Laboratories, Chemistry Department,

University College London (UCL). Photoemission experiments were carried out at

Elettra Synchrotron Light Source.

As with the vast majority of modern surface science techniques in use, experiments

were conducted under ultra-high vacuum (UHV) conditions corresponding to pres-

sures of ≤ 10−8 mbar. UHV conditions are necessary to maintain clean sample

surfaces. For example, considering simple kinetic theory [1] for CO (a common

gaseous contaminant) at 300 K, at a pressure of 1 × 10−10 mbar monolayer sat-

uration will occur after 7.3 hours (assuming unity sticking probability, i.e. every

gas-phase/solid-surface collision results in adsorption [2]). Hence to maintain clean

surfaces over typical time periods for surface science measurement, the base pressure

needs to be as low as possible.

57
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This chapter is split into two sections. In the first, the vacuum systems and work-

stations used are described and in the second the vacuum instruments used are

discussed in further detail.

3.2 Vacuum Systems

3.2.1 XPS system

The XPS system located at Christopher Ingold Laboratories, UCL is shown in figures

3.1 and 3.2. Initially pumping down using a rotary vane pump (Edwards, RV3)

achieves pressures of around 1 × 10−3 mbar. The main experimental chamber can

then be pumped down using a water cooled diffusion pump (Edwards, E04) and

a titanium sublimation pump (TSP, VG Microtech). The system base pressure is

1× 10−10 after a 12 hr bake-out to 180◦C and thorough degassing of ion gauges and

filaments.

A gas line system, evacuated by a turbomolecular pump (Pfeiffer-Balzers, TVP170)

backed by a rotary pump (Edwards, RV3) admits gas to the main chamber through

two high precision leak valves. One valve is reserved for admitting Ar to the ion gun

for sputtering, while the other is linked to five separate gas lines, meaning several

gases can be admitted in quick succession.

H2O is prepared for dosage by freeze-thaw-pump (FPT) cycles. Liquid N2 is used

to flash freeze H2O in a flask connected to the gas line. A valve is opened and the

atmosphere is pumped off. The valve is then closed and the H2O is thawed using

a warm water bath. Initially gas bubbles are seen to evolve within the liquid, and

cycles are repeated until no further gas evolves.

The experimental chamber is made from non-magnetic stainless steel, 38 cm in

diameter and with three levels. A pumping inlet connects the pumps to the exper-
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imental chamber at the bottom level. A valve is situated between the two and can

isolate the main chamber from the pumps. Also at this level a water cooled Mg

Kα (hν = 1253.6 eV) X-ray source (VG Microtech, XR3, see section 3.3.2 for more

information) is fitted. The X-ray source is attached at a 45◦ angle out of plane and

towards the centre of the chamber and is mounted using a linear drive mechanism,

allowing the distance between X-ray source and sample surface to be optimised.

The middle level is used for XPS data acquisition. A hemispherical energy analyser

is fitted (VSW/Omicron, EA125, see section 3.3.1 for more information). For data

acquisition, samples are positioned at the centre of the level, at grazing incidence

and normal emission to the analyser.

The top level of the chamber is used for sample preparation and characterisation.

LEED optics (VG Microtech, RVL300) lie in the horizontal plane and can be used

to check surface order and sample cleanliness. The LEED screen is mounted on a

linear drive mechanism and so can be positioned close to the sample surface. Also

on this level are an ion source (Perkin-Elmer, PHI 04-161, see section 3.3.4) for

surface sputtering, a homebuilt metal evaporator for Ti dosing (see section 3.3.5), a

quadrupole mass spectrometer (QMS, VG) for checking gas line purity, an ion gauge

to monitor chamber pressure and several view ports.

The whole experimental setup, minus view ports, is shown in figure 3.2.

Sample Manipulation

A high precision manipulator, on which a single crystal sample is mounted, allows

the sample to be moved in X, Y and Z directions and rotated through 360◦. This

enables the sample to be accurately and precisely positioned for XPS data acquisi-

tion. The sample crystal is mounted using a homebuilt construction (figure 3.3), to

allow for the high temperatures (1500-2000 K) required to anneal W and remove its
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Figure 3.3: Photograph of the sample mounting in the XPS system.

contaminants (principally O and C [3]). The sample is positioned at the end of a

tantalum rod sheathed by ceramics and attached using spot-welded tantalum foil.

Behind the crystal, two thoriated W filaments (Goodfellow, 99%W/1%Th, φ =0.125

mm) are suspended. For electron beam heating of the sample, a current of 0-4.2

A is applied to the filaments and a positive potential of 0.5-1.5 kV is applied to

the mounted crystal. The temperature of the sample is monitored using an optical

pyrometer.

3.2.2 VT-STM

The variable-temperature STM (VT-STM) is a commercial unit manufactured by

Omicron Vakuumphysik GmbH, located at Christopher Ingold Laboratories, UCL

and is shown in figure 3.4. The system is divided into three chambers, a preparation

chamber, an analytical chamber and the STM chamber. The analytical and STM

chambers are directly connected together, while all other sections are separated by

gate valves. Samples and STM tips can be introduced into the preparation chamber

via a fast entry load lock. A schematic diagram is shown in figure 3.5.
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Figure 3.5: Schematic diagram of the VT-STM at UCL.
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From atmospheric pressure the system is pumped down using a turbomolecular

pump to a pressure of about 10−5 mbar. The system is then baked at around 145◦C

for 12-20 hours to desorb any water or hydrocarbons adsorbed to the internal surface

of the chamber. Following the bake, the system pressure is around 10−7 mbar and

ion getter pumps are switched on. These pumps are more efficient than the turbo-

molecular pumps and can achieve pressures below the maximum sensitivity of ion

gauges (10−11 mbar). When the pressure reaches 1×10−9 mbar, the turbomolecular

pump is valved off as it limits further pressure improvement. TSPs (Omicron) are

fitted to both chambers to improve pressure following a bake, and these are activated

periodically according to the chamber pressure. Using this pumping approach, base

pressures are typically 10−10 mbar or better.

A gas line - also pumped by the turbomolecular pump - is connected to the chambers

by leak valves, allowing admission of Ar and O2 gases.

Preparation chamber

The preparation chamber is used to prepare the sample for analysis and includes

instruments for ion sputtering and sample heating. Samples can be introduced to

this chamber from the fast entry load lock using a magnetic transfer line. Samples

are mounted using spot-welded Ta clips onto Ta plates which can be inserted into a

manipulator arm. This allows X, Y, Z translational and 360◦ rotational positioning

for ion sputtering and metal dosing, and also contains two thoriated-W filaments

for e-beam heating (figure 3.6). Sample temperature is monitored using an optical

pyrometer. Also attached to the preparation chamber are an ion gun (Perkin-Elmer,

PHI 04-161, see section 3.3.4), a homebuilt Ti doser (see section 3.3.5), an ion gauge,

a QMS (VG) and leak valves allowing the admission of Ar (SIP Analytical) and O2

(SIP Analytical) from the gas line.
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Figure 3.6: Photograph of the manipulator head used for sample heating in the
VT-STM.

Analytical chamber

The analytical chamber provides facilities for sample characterisation. Samples can

be introduced from the preparation chamber via a magnetic transfer line and placed

in a second manipulator head (as in the preparation chamber). An electron gun

(not used in these experiments), a second ion gun (Perkin-Elmer, PHI 04-161), a

retarding field analyser (RFA) for LEED and Auger electron spectroscopy (AES)

(Omicron, see section 3.3.3) and a leak valve to the gas line are also attached.

STM chamber

The STM chamber is directly connected to the analytical chamber, and samples can

be transferred from the manipulator head to the STM stage using a wobble stick. A

sample carousel is located between the STM and analytical chambers, allowing up

to 6 samples and/or STM tips to be parked. The STM is a commercial unit manu-
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Figure 3.7: Schematic diagram of tip fabrication by electrochemical etching.

factured by Omicron Vakuumphysik GmbH. A cooling system allows measurement

temperatures of 25-1200 K (hence variable temperature), however all measurements

presented in this thesis were recorded at room temperature. The STM stage is sus-

pended on springs and positioned at the centre of eddy-current damping systems

to minimise vibrational interference. To further reduce the effects of vibrations, the

chamber is mounted on Viton R© stacks.

Tip preparation

The ideal STM tip should be terminated by a single known atom. In reality, no such

method exists to characterise such a tip. However, tips judged to be macroscopically

sharp and symmetric by optical microscopes are known to be suitable for STM

imaging. In experiments presented here, tungsten wire (Goodfellow, 99.9%, φ=0.38

mm) is used as the tip material. Tungsten is widely used for STM tips owing to its

hardness.

Tips are prepared by electrochemical etching (figure 3.7). A length of W wire is

mounted onto a tip holder by spot welding. The wire is clamped such that it passes

through a stainless steel O-ring which forms part of a circuit. When a solution of

aqueous NaOH is suspended in the O-ring by surface tension, it acts as a cathode,
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and the W wire acts as the anode. As such, the W wire is etched at the electrolyte-

air interface. During etching, gravity pulls the tip holder down which elongates the

neck formation, resulting in sharper tips. When etching is complete and the tip

drops off, it is washed thoroughly in distilled water. On introduction to UHV, it is

further cleaned and degassed overnight at ∼400 K.

3.2.3 Materials Science Beamline at Elettra

The Materials Science beamline (MSB) at Elettra Sincrotrone, Trieste was used

in RESPES measurements.

Elettra Light Source

Synchrotron radiation is light emitted when electrons moving at relativistic veloc-

ities are accelerated [5]. At Elettra, most radiation is obtained when electrons

are constrained to a near-circular trajectory with bending magnets. Its storage ring

consists of 12 identical groups of magnets forming a ring roughly 260 m in circum-

ference (figure 3.8). Electrons are generated in a linear particle accelerator (LINAC)

by heating a ceramic disc to a very high temperature and then injected into the ring.

Electrons are drawn out using an electric field and then accelerated through various

Figure 3.8: Schematic diagram of the Elettra storage ring.
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radio-frequency structures that make up the LINAC. Pulses of electron bunches are

generated and accelerated to a final energy of up to 1.2 GeV. The LINAC is at

vacuum to minimise electron loss through collision with gas molecules. Electrons

are transferred to the storage ring via the transfer line.

Beamline

The MSB is attached to bending magnet 6.1 at Elettra with a photon energy

range of 20-800 eV [6]. Given that HeI lamps used for ultra-violet spectroscopy

(UPS) have a photon energy of hν = 21.1 eV and standard XPS photon sources

are typically hν = 1253.6 eV (MgKα) and hν = 1486.6 eV (AlKα), the beamline

provides a tunable synchrotron light source that bridges the gap between the two

techniques. The photon flux at the sample varies, from 3× 108 photons/s at 500 eV

to 3×1010 at 1000 eV at a resolving power of 2000, and ring current of 100 mA [6,7].

The optical layout of the beamline is shown schematically in figure 3.9 [8]. The first

optical element is a toroidal mirror which focuses light onto the entrance slit. Light

then reaches the monochromator, which consists of three optical elements: a plane

mirror, plane grating and spherical mirror. The plane mirror can be rotated and the

plane grating rotated and translated to focus light onto the exit slit. Finally, another

toroidal mirror reflects the light onto the sample in the experimental chamber.

Experimental Chamber

A plan view of the experimental chamber showing the relative positions of equip-

ment and the beam is shown in figure 3.10. The chamber is equipped with a high

luminosity energy analyser (Specs PHOIBOS, 150 mm radius, 9 channels), a fast

entry lock, LEED, an ion gun, He lamp for UPS (not used in these experiments),

a dual AlKα/MgKα source X-ray source, a gas inlet, a mass spectrometer, metal

evaporators (Pd and Ce) and sample heating and cooling.
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Figure 3.10: Diagram of the top view of the MSB experimental chamber and location
of equipment.

3.3 Instruments

3.3.1 Energy Analyser

As discussed in chapter 2, incident radiation of wavelength hν can eject electrons

from a bound state of energy EB with a true kinetic energy of E ′K :

E ′K = hν − EB − φs (3.1)

where φs is the workfunction of the sample. The real energy distribution has a

low energy cut-off of E ′K=φs. Below this energy, electrons have insufficient energy

to overcome the workfunction. The high energy cut-off occurs when electrons are

ejected from the Fermi level, where EB is defined as zero (i.e. E ′K=hν − φs). The

true kinetic energy scale cannot be directly measured because φs is not known. Only
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Figure 3.11: Schematic diagram of a hemispherical energy analyser. d is the entrance
and exit slit width, α the half angle of acceptance, and R1 and R2 are the inner and
outer radii with R0 as the mean radius, all with a common origin, O.

by calibration can (E ′K + φs) be determined.

However, the offset of the spectrum by φs is not as significant as might be expected.

Ejected electrons are focused by a lens element and retarded by an amount R (as

determined by lens voltages) before entering the analyser. The analyser is a band

pass filter only transmitting electrons with energies at or close to the pass energy,

EP . Transmitted electrons are stopped by a detector. The measured kinetic energy

of the electrons is therefore R+EP . However, the analyser also has a workfunction,

φa meaning the kinetic energy of detected electrons becomes:

EK = R + EP + φa = hν − EB (3.2)

Equation 3.2 is independent of φs.

Hemispherical energy analysers consist of two concentric hemispheres of radius R1

and R2, and R0 is the mean radius between the two, all with a common centre,
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O (figure 3.11). A potential is applied to both hemispheres, such that the outer

sphere, −V2 is negative and the inner sphere, −V1 is positive with respect to −V0,

the median potential surface of radius R0. Entry and exit slits to the analyser are

centred on R0 at either end of the hemisphere.

If the pass energy, EP , is the energy of an electron travelling in the mean orbit of

radius R0, then the relationship between EP and V0 is given by:

eV0 = V2 − V1 = EP ·

(
R2

R1

− R1

R2

)
(3.3)

The potentials of the inner, V1 and outer, V2 hemispheres are given by:

V1 = EP ·

(
2
R0

R1

− 1

)
(3.4)

V2 = EP ·

(
2
R0

R2

− 1

)
(3.5)

Energy analysers can be operated in two modes, fixed analyser transmission (FAT)

or fixed retarding ratio (FRR) - alternatively called constant analyser energy (CAE)

and constant retard ratio (CRR), respectively. In FAT mode the pass energy, EP is

held constant and the entrance lens applies a variable retarding voltage on detected

electrons, such that only those electrons matching EP will be deflected through the

hemisphere and be detected. By ramping the retard voltage of the entrance lens, a

full spectrum of kinetic energies can be recorded. In FRR mode, electrons entering

the analyser are retarded by a constant proportion of their kinetic energy so that the

ratio of electron EK to analyser EP is kept constant. All measurements presented

in this thesis were taken in FAT mode since it provides fixed resolution at all EK in

the range 150-2000 eV, whereas FRR mode is more commonly used for investigating
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lower EK , below 150 eV (e.g. for AES).

The relative energy resolution, R is given by a relation between the absolute reso-

lution, ∆E - usually measured as the full width at half-maximum height (FWHM)

of an observed peak - and EP :

R = ∆E/EP (3.6)

Hence, at lower pass energies the spectral resolution will be higher. However, since

signal intensity is proportional to pass energy, measurements taken at low pass en-

ergy will be less intense. In experiments presented here, high pass energies (typically

60-100 eV) are used for recording wide scans (Ek=100-1260 eV), and lower pass en-

ergies (≤ 40eV) for narrow bands of Ek values around peaks of interest [4, 9–11].

3.3.2 X-ray source

X-ray sources are required as a source of photons for XPS experiments. The most

common sources use Mg or Al anodes, or a combination of both. The photon

energy is characteristic of the material used with hν = 1253.6 eV for Mg Kα and

hν = 1486.6 eV for Al Kα.

X-ray sources comprise a central anode with a filament mounted concentrically

around it, protected by an outer shield. A potential of 11 kV is applied to the

anode (which is water cooled to prevent overheating), and when a current - typi-

cally 4.5 A in these experiments - passes through the filament, electrons are emitted

and accelerated towards the anode. These highly energetic electrons cause the emis-

sion of X-ray lines of characteristic energy from the anode source. An aluminium

foil window mounted in the outer shield filters out unwanted X-ray lines and stray

electrons. The range of photon energies from the anode is dominated by core level
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transitions such as the 2p → 1s transition, termed Kα. However, the source is not

monochromatic, also consisting of so-called Bremmsstrahlung background radiation

and a series of lower intensity lines, known as X-ray satellites. The 2p3/2 → 1s

and 2p1/2 → 1s are denoted Kα1 and Kα2 respectively. Satellites are caused by less

common transitions such as valence band→ 1s (Kβ) or transitions from multiply

ionised atoms (Kα3,4).

3.3.3 LEED/AES Optics

In experiments presented here, both LEED and AES were used qualitatively for

checking surface long-range order and contamination, respectively. On the XPS

system, the LEED unit (VG Microtech) was used exclusively for LEED whilst on

the VT-STM, the optics and electron gun (Omicron) were used for both LEED and

AES. The optics are shown in figure 3.12 operating in (a) LEED and (b) AES modes.

In LEED mode, an electron gun is used to direct a beam of electrons in the energy

range 20-200 eV at the sample surface. The energy spread of these electrons is of the

order of 0.5 eV resulting in finite dimensions of diffracted spots. The optics consist

of 3 (VG Microtech) or 4 (Omicron) meshes and a phosphor coated screen. The first

and last grids are earthed, as is the sample. A bias roughly equal to the potential

of the electron source is applied to the middle mesh/es to retard any inelastically

scattered electrons. Elastically scattered electrons are directed to the screen, which

is held at positive bias (+5-7 kV) and illuminate spots of a diffraction pattern if the

surface is ordered.

In AES mode, the electron gun is used to produce an electron beam of higher

energy (3 keV). The LEED optics are used as a retarding field analyser (RFA),

which employs a modulating voltage of 5 V. The phase sensitive signal is detected

using a lock-in amplifier. This also enables spectra to be recorded in derivative

mode, which enhances peaks.
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Figure 3.12: Schematic diagram showing the LEED/AES optics in (a) LEED mode
and (b) RFA AES mode.

3.3.4 Ion Source

The ion source is used to clean the sample surface. Argon (SIP Analytical) is ad-

mitted to the chamber to a pressure of 5 × 10−5 mbar. A hot filament in the ion

source is used to ionise the gas. Ar+ ions are accelerated with a potential of 1500

V, focused using electrostatic lenses into a beam and directed onto the sample (typ-

ical spot size of 10 mm). To ensure the beam is directed at the surface, the drain

current can be measured by placing a multimeter between the sample and ground

(typical drain currents of 10µA). Accelerated Ar+ ions strike the surface and knock

out atoms, and so remove surface contaminants. Bombardment results in a disor-

dered, “pitted” surface and can also cause embedding of Ar into the substrate. For

this reason samples are annealed following periods of sputtering.
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Figure 3.13: Photograph of a homebuilt Ti doser.

3.3.5 Metal Evaporators

Metal deposition is achieved using homebuilt e-beam metal evaporators. Ti and Pd

dosers were constructed in an identical manner. On an electrical feedthrough, a Ti

rod (Goodfellow, 99.99+%, φ =1.0 mm) or Pd rod (Goodfellow, 99.99+%, φ =1.0

mm) is mounted in front of a thoriated-W filament (Goodfellow, 99%W/1%Th,

φ =0.125 mm). The distance between the metal rod and the filament is small (∼ 5

mm). A high voltage, V is applied to the metal and a current, Ifil passed through

the filament. Typical settings are V = 0.6− 1 kV and Ifil = 1.8− 2.1 A, resulting

in an emission current, Iem, typically Iem = 5 − 20 mA. Electrons emitted from

the filament strike the metal rod, heating it and causing it to sublime. Sublimated

metal atoms leave the tip of the rod and travel through the vacuum. The substrate

must be angled such that it is facing the metal rod for evaporated metal to reach

its surface.

A cerium doser was constructed in a similar fashion except that a tantalum crucible

was used to house a piece of cerium foil. The crucible was biased in the same way

and passing a current through the filament caused Ce to be heated and sublime in

the same way as for Ti and Pd.
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Chapter 4

Reduction of thin-film ceria on

Pt(111) by supported Pd

nanoparticles probed with

resonant photoemission

4.1 Introduction

4.1.1 Ceria in Technology

Cerium dioxide is a technologically important material that is used in catalytic,

mechanical, electronic, optical, thermal and chemical applications. Nearly all ap-

plications of cerium-based materials are related to the potential redox chemistry

involving Ce 3+↔Ce 4++e – which has a relatively low activation energy, as well as

the high affinity of Ce for oxygen and sulphur. One of the most important ap-

plications of ceria is in three-way catalysts (TWCs) found on modern automobile

80
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exhausts [1]. TWCs are designed to simultaneously convert CO, NOx and unburnt

hydrocarbons to CO2, N2 and H2O [2]. This is possible since ceria can release and

absorb oxygen in a reversible reaction:

CeO2 
 CeO2−x + (x/2)O2 (i)

This oxygen storage capacity (OSC) is useful in controlling the air/fuel ratio and

attaining a high conversion efficiency of pollutants such as CO, NOx and unburnt

hydrocarbons. In order to maintain overall efficiency of the TWC, support materials

must be able to store oxygen under conditions of excess O2 and release it under

conditions of excess fuel in the exhaust gas [3, 4]. TWCs are efficient even under

oscillatory conditions found in the course of normal driving, due to the reversible

reaction:

CeO2 + xCO 
 CeO2−x + xCO2 (ii)

The addition of noble metals activates redox sites of ceria and allows very high

oxygen storage even at low temperature [5–9].

4.1.2 Structure and non-stoichiometry of ceria

Ce with the outer electronic configuration [Xe] 4f 25d06s2 can take both +3 and +4

oxidation states. This means mixed valence cerium oxides in the composition range

Ce2O3-CeO2 can form. Cerium metal is unstable in the presence of O2 and readily

forms both Ce2O3 and CeO2. However, the final stoichiometry is temperature and

O2 pressure dependent resulting in mixed valency ceria CeO2-x.

Ceria can be reduced by the removal of O 2 – ions from the crystal lattice, which
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creates an anion vacancy site [10]:

4Ce 4+ + O 2− → 4Ce 4+ + 2e−/� +
1

2
O2 → 2Ce 4+ + 2Ce 3+ + � +

1

2
O2 (iii)

where � represents an anion vacancy site. The reduction of Ce 4+ to Ce 3+ enables

overall electrostatic balance to be maintained. By the elevating temperature and/or

lowering p(O2) a seemingly continuum of oxygen-deficient CeO2-x can be formed.

Intrinsic defects may arise in the ceria surface due to thermal disorder or reaction

between the solid and the surrounding atmosphere. There are three possible path-

ways for the generation of intrinsic disorder in ceria that do not involve gas-phase

exchange:

CeCe + 2OO ↔ V ′′′′Ce + 2VÖ + CeO2 ∆E = 3.53eV (iv)

CeCe ↔ Cei
···· + V ′′′′Ce ∆E = 11.11eV (v)

OO ↔ Oi
′′ + VÖ ∆E = 3.20eV (vi)

In the Kröger-Vink defect notation [11] used in the above reactions, V represents a

vacancy, · a positive charge and ′ a negative charge. CeCe and OO represent cerium

and oxygen in their respective lattice sites, V ′′′′Ce and VÖ represent cerium and oxygen

vacancies respectively, and Cei
···· and Oi

′′ represent cerium and oxygen interstitials

respectively. Comparing ∆E values [12], reaction (vi) produces the dominant defect

state, VÖ [13]. Generally, these defects are only present in low concentrations and

do not cause non-stoichiometry. However, higher concentrations can be produced

by exposing ceria surfaces to reducing gases. Reduction causes the cation/anion
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ratio to increase > 0.5 (i.e. excess metal to anion content). There are two ways to

compensate for the change in composition. Firstly, oxygen vacancies can be assumed

to compensate holes formed on reduction. Removing O 2 – from the crystal lattice

results in an overall positive charge, and 2e – need to be introduced for every O 2 –

removed. These 2e – are associated with two cerium atoms that are reduced from

a 4+ state to a 3+ state, thus maintaining overall neutrality of the crystal. This

process is illustrated in reaction (i) where x < 0.5, or using defect notation:

CeO2 ↔ 2xCeCe
′ + (1− 2x)CeCe + xVÖ + (2− x)OO +

x

2
O2 (g) (vii)

The presence of VÖ in the crystal lattice is shown in schematically in figure 4.1(a).

Alternatively, the creation of cation interstitials can create positively charged de-

fects. These may be formed by the transfer of Ce cations at the surface to an

interstitial position, accompanied by the removal of two anions to the gas phase for

each Cei formed:

(1 + x)CeO2 ↔ Ce1+xO2 + xO2 (g) (viii)

when x < 0.33. However, reaction (viii) does not reveal where the e – are localised.

Several possibilities exist, as explained more satisfactorily using defect notation:

(1 + x)CeO2 ↔ xCei
··· + 3xCeCe

′ + (1− 3x)CeCe + 2OO + xO2 (g) (ix)

(1 + x)CeO2 ↔ xCei
···· + 4xCeCe

′ + (1− 4x)CeCe + 2OO + xO2 (g) (x)

The presence of a Cei
···· interstitial (reaction (x)) in the crystal lattice is shown
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schematically in figure 4.1(b).

The OSC of ceria can be improved by the addition of a suitable metal (such as

Rh [14, 15], Pd [15, 17, 18], Pt [19], Sn [20, 21], Au [22] and Gd [23]). However,

despite extensive investigation, detailed mechanistic insight into the operation of

this catalyst is lacking.

When deposited on ceria surfaces, Pd forms nanoparticles [18], providing a large

surface area for catalysis with low coverages, which has a clear economical bene-

fit. Pd/CeO2 systems have been shown to catalyse methanol synthesis [24] and the

water-gas shift (WGS) reaction [25, 26]. Additionally, Pd is an important additive

to TWCs - CO readily adsorbs molecularly to Pd whilst ceria provides the oxygen

required for oxidation and activates the Pd so that the adsorption is partially dis-

sociative. The presence of Pd on the ceria surface alters the stoichiometry and can

introduce oxygen vacancies [17].

4.1.3 Ceria thin films

The CeO2 band gap of 3.2 eV prevents the study of single crystals at least at room

temperature and below. Thus, the work described above has been conducted by

using ultrathin single crystalline films of ceria, to allow the use of electron based

spectroscopies. Films can be grown on a variety of single crystal metal substrates

such as Pt(111) [27–30], Rh(111) [31], Re(0001) [32], Cu(111) [33], Ru(0001) [34],

Ni(111) [34] and Pd(111) [35]. The non-stoichiometry of ceria surfaces is determined

by the temperature and the pressure of O2. Growth on Pt(111) is a well established

technique, and it has been shown by STM that ceria grows as multi-layered islands

on the Pt(111) surface [36]. Pd deposition occurs preferentially on islands of ceria,

forming nanoparticles [18].
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Figure 4.1: Schematic diagram showing (a) an oxygen vacancy(VÖ) and (b) a quadru-
ply ionised cerium interstitial (Cei) in a reduced CeO2 surface. Reduced Ce 3+ cations
are indicated by light blue shading.
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3d3/2 3d5/2 Ox. state Electronic configuration

vO uO Ce 3+ Mixture of 4f 2 O 2p5 and 4f 1 O 2p6

v u Ce 4+ Mixture of 4f 2 O 2p4 and 4f 1 O 2p5

v′ u′ Ce 3+ Mixture of 4f 2 O 2p5 and 4f 1 O 2p6

v′′ u′′ Ce 4+ Mixture of 4f 2 O 2p4 and 4f 1 O 2p5

v′′′ u′′′ Ce 4+ 4f 0 O 2p6

Table 4.1: Table of Ce 3d satellites first described by Burroughs et al [37].

4.1.4 Measuring Stoichiometry

XPS of the Ce 3d region

X-ray photoelectron spectroscopy has been widely used to probe the Ce 3d region

[37, 38]. Cerium in its elemental state shows a doublet in the 3d region with peaks

at binding energies of 883.8 and 902.4 eV [39]. In oxides, there is interaction with

oxygen which complicates the 3d region. In stoichiometric CeO2, all cerium atoms

are in the Ce 4+ state with an unoccupied 4f 0 configuration. Hybridisation of Ce

4f and O 2p orbitals gives rise to three possible final state electronic configurations,

4f 2 O 2p4, 4f 1 O 2p5 and 4f 0 O 2p6 (the 5d and 6s orbitals being vacant). Notation

for Ce 3d spectral features established by Burroughs et al [37] terms peaks arising

from these configurations as v, v′′, v′′′ (from Ce 3d5/2), u, u′′ and u′′′ (from Ce 3d3/2).

In Ce2O3 the cerium atoms are all Ce 3+, the outer electronic configuration is 4f 1,

and the energy required to transfer an electron from the O 2p band to the 4f state

significantly exceeds the hybridisation energy. This results in only two possible final

state electronic configurations, 4f 2 O 2p5 and 4f 1 O 2p6 with the peaks arising

from them termed vo, v
′ (from Ce 3d5/2), uo and u′ (from Ce 3d3/2). A Ce 3d XPS

spectrum of reduced ceria, CeO2-x therefore consists of 5 doublet peaks - 3 arising

from Ce 4+ and 2 from Ce 3+. Deconvolution of the spectrum provides an estimation

of the stoichiometry of the ceria. Whilst this approach has been widely used, it is

not straightforward as it requires fitting of a number of overlapping peaks.
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Previous studies by the Thornton group using XPS of the Ce 3d region [18] showed

an increase in Ce 3+ concentration on deposition of Pd onto CeO2-x films grown on

Pt(111). Skála et al [17] also showed that the addition of Pd to a ceria ultrathin film

grown on a Cu(111) substrate results in the creation of reduced Ce 3+ states. In only

one case, Pd deposition was reported to have had no effect on CeO2-x stoichiometry

[15].

RESPES of the valence band

Whilst XPS has been used extensively in estimating ceria stoichiometry, results

must be treated carefully. It has been shown by comparison with X-ray absorption

near edge structure (XANES) that values of %Ce 3+ are significantly larger when

estimated by XPS, possibly due to depth dependence or surface reduction of ceria

by photons [16]. Resonance photoemission spectroscopy (RESPES) is an alterna-

tive approach to determining the stoichiometry of ceria. This technique allows the

separation of Ce 4f states from other contributions, is more surface sensitive and

does not require complicated fitting analyses. When the incident photon energy

matches specific resonant energies, electrons can be promoted from Ce 3d or 4d or-

bitals to the Ce 4f state. This manifests itself as a resonant peak in valence band

spectra. Using constant intial state (CIS) scanning, the photon energy is varied

over a range while scanning over a fixed binding energy range. This reveals separate

resonant peaks for Ce 3+ and Ce 4+ at hν =121 eV and hν =124.5 eV respectively

for the 4d-4f transition. By subtracting a suitable off-resonance scan, the heights

of these resonant peaks, D can be determined, and the ratio DCe 3+/DCe 4+ gives

an indication of the stoichiometry of the ceria [17,20–23,40–42]. The inelastic mean

free path (IMFP) of an ejected cerium electron with a kinetic energy of 119.6 eV

(corresponding to the Ce 3+ peak at 1.5 eV using photon energy of 121.1 eV) is 6 Å,

whereas with a kinetic energy of 569.6 eV (u′′′ peak using Al Kα) the IMFP is 14

Å. RESPES is therefore more sensitive to the stoichiometry of the top two O-Ce-O
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trilayers (trilayer thickness is 3.1 Å) and less influenced by deeper bulk cerium atoms

than XPS.

4.1.5 Objectives

This work extends previous findings by the Thornton group [18] using XPS that

showed deposition of Pd nanoparticles on ultrathin films of CeO2-x grown on Pt(111)

causes an increase in non-stoichiometry by charge transfer. Here - using Pt(111)/CeO2-x

grown by the technique described in [27] and characterised by XPS and LEED - a

direct comparison in the calculation of ceria stoichiometry will be made between

XPS of the Ce 3d region and RESPES of the Ce 4d-4f transition in the study of

the effect of Pd on the ceria surface.

4.2 Experimental

Experiments were conducted at the Materials Science Beamline, Elettra Syn-

chrotron, Trieste, Italy. This is a soft X-ray beamline, providing a monochromatic

light source in the photon energy range 20-800 eV. The experimental vacuum cham-

ber is fitted with a Specs PHOIBOS hemispherical energy analyser (150 mm mean

radius with 9 channels), a fast entry lock (FEL), LEED optics, an ion sputtering gun,

Ce and Pd evaporators, a dual source Mg/Al Kα X-ray gun, a mass spectrometer

and a sample heating system.

Synthesis of ceria thin films was carried out using an established method reported

by Schierbaum [27]. A Pt (111) crystal was cleaned by cycles of Ar+ sputtering,

annealing in O2 at 900 K and in UHV at 1100 K. The clean surface was charac-

terised by a (1×1) hexagonal LEED pattern, and the absence of contaminant peaks

(principally carbon and oxygen [43]) in XPS spectra, within the detection limits of
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Figure 4.2: LEED (1.37× 1.37) pattern for a 0.8 MLE CeO2-x film on Pt(111). (a)
Red circles indicate first order spots from the Pt(111) (labelled), green circles are
spots from the CeO2-x. The image is reproduced without symbols in (b) for clarity.
Ebeam=80 eV.

the technique.

Cerium was deposited onto the Pt (111) substrate held at room temperature, then

annealed under UHV to 1000 K. This gives rise to a (2×2) hexagonal LEED pattern

due to the formation of a Pt-Ce alloy [27]. The deposited cerium was then oxidised

by further annealing in 5 × 10−7 mbar O2 at 1000 K, resulting in a (1.37 × 1.37)

hexagonal LEED pattern (figure 4.2), consistent with a recent study [36]. Palladium

was deposited onto the Pt(111)/CeO2-x films by e-beam heating of a Pd wire under

UHV conditions.

XPS spectra were taken at each stage of the Ce 3d, Pt 4d, Pd 3d and O 1s regions

using the Al Kα source. The Mg Kα source was inappropriate for use in this exper-

iment as the Pd M4,5V V Auger peak at 327.5 eV [44] would complicate the Ce 3d

spectra - this is avoided by using the Al Kα source.

XPS of the Ce 3d region (870-930 eV) was used to estimate the composition of the

ceria as a function of Pd deposition. The Ce 3+ concentration was calculated using

an established procedure, whereby the Ce 3d spectrum is fitted with 5 Voigt doublet
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peaks. The ion concentration ratio, r(Ce3+/Ce4+) is estimated by comparing the

XPS peak heights of the features associated with Ce 3+ to those associated with

Ce 4+, as expressed by:

r(Ce3+/Ce4+) =
ΣICe3+

ΣICe3+ + ΣICe4+
(4.1)

where

ΣICe3+ = IvO + Iv′ + IuO + Iu′ (4.2)

ΣICe4+ = Iv + Iv′′ + Iv′′′ + Iu + Iu′′ + Iu′′′ (4.3)

This procedure has been used in a number of other studies [16, 38, 48]. For the Ce

3d spectra of each sample, a Shirley background was calculated, and peak widths

and spin-orbit splitting (18.5 eV) were kept constant. It was important to strictly

constrain these parameters as changes were relatively small. Following manual input

of intensity parameters that provided a visually close fit to experimental data, a

least-squares iterative refinement was used to improve the accuracy of the fit. The

binding energies and peak widths used (which are adapted from parameters used in

a fitting by Skála et al [17] using the same experimental setup) are summarised in

table 4.2.

The thicknesses of CeO2-x films and Pd deposits were calculated using the relative

areas of overlayer (Ce 3d, Pd 3d) and substrate (Pt 4d) XPS peaks, using the method

described in appendix A. Thicknesses, d calculated in Å units can be converted

to coverage units of monolayer-equivalence (MLE) by dividing d by the height of

one unit cell of the adsorbate. One monolayer in this instance is defined as the

number of Pt atoms in the top layer of the substrate; one monolayer equivalent is

the number of adsorbate atoms that, when close packed, would uniformly cover the

substrate. CeO2 is a cubic structure with a lattice constant of a = 5.411Å [45].

Assuming bulk truncation of the (111) surface, this gives hexagonal surface unit cell
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Binding Branching Gaussian Lorentzian Voigt
energy ratio width width width

/eV /eV /eV /eV

vO + uO 880.2 0.56 1.73 0.93 2.26
898.7

v + u 882.5 0.70 1.03 1.35 1.91
901.0

v′ + u′ 884.8 0.56 0.57 4.47 4.54
903.3

v′′ + u′′ 888.9 0.61 2.09 4.01 4.90
907.4

v′′′ + u′′′ 898.5 0.71 1.26 1.60 2.29
916.9

Table 4.2: Binding energies, branching ratios, Lorentzian and Gaussian widths and
subsequently calculated Voigt widths used in the fitting of Ce 3d XPS spectra.

constants of 3.826 Å. Using this value for MLE calculations must be regarded as an

approximation since it assumes the CeO2 structure for CeO2-x films - it has been

demonstrated that there is a small increase in lattice parameter with increasing x

in CeO2-x [46, 47]. For Pd, assuming growth in the (100) direction, the unit cell

parameter is 3.89 Å. STM experiments show ceria grows as islands on a Pt(111)

surface [36]. Visually these islands cover roughly ∼ 50% of the Pt surface, and from

STM line profiles are around one or two O-Ce-O trilayers. Similarly, STM of Pd

deposited on Pt(111)/CeO2-x shows preferential adsorption as nanoparticles on ceria

islands [18]. The dimensions of these nanoparticles were reported to be between 2-6

Å in height and 5-30 Å in width.

RESPES scans of the valence band (VB, EB = 0−16 eV) were recorded at each stage

of deposition over a photon energy range of 113-131 eV using the synchrotron vari-

able energy light source, and normalised to the current induced from the synchrotron

beam striking a gold mesh located in front of the experimental UHV chamber.
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4.3 Results

Three ceria films are presented here, with estimated thicknesses: (i) 0.5± 0.2 MLE,

(ii) 0.7± 0.2 MLE and (iii) 0.8± 0.2 MLE.

4.3.1 XPS of Ce 3d

The ion concentration ratio, r(Ce3+/Ce4+) for the films synthesised shows they have

a small degree of non-stoichiometry and are partially reduced prior to Pd deposition.

Depositing Pd in sequential stages shows an increase in the Ce 3+ concentration. Ce

3d XPS spectra for a 0.8 MLE CeO2-x film monitoring this trend are shown in figure

4.3. At high coverages of Pd (above 1 MLE), r(Ce3+/Ce4+) appears to tend to a

maximum. These results are summarised in table 4.3.

4.3.2 RESPES of the 4d-4f transition

CIS scans were recorded for the 0.7 and 0.8 MLE films, before and after the stages

of Pd deposition. Figure 4.4 shows CIS scans across photon energies of 113-131

eV and binding energies of 0-16 eV for a 0.8 MLE CeO2-x film with and without a

0.9 MLE Pd deposit. Of particular interest are the peaks that appear at binding

energies of 1.5 eV and 4 eV, at photon energies of 121 eV and 124.5 eV respectively.

At these resonant energies, electrons are promoted from the core 4d levels to the

4f valence levels. These promoted electrons can then be excited from the 4f level

to the vacuum and enhance the valence band peak. The resonant energy of the

4d-4f transition for Ce 3+ (121 eV) is slightly less than that for Ce 4+ (124.5 eV) and

as a result there are two distinct resonant peaks. In figure 4.4(b) the addition of

0.9 MLE Pd causes the peak at EB=1.5 eV to be more intense than in 4.4(a). An

examination of the ratio DCe 3+/DCe 4+ of the intensities of these two features gives
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Figure 4.3: Ce 3d XPS spectrum of (a) a 0.8 MLE CeO2-x film and (b) with 0.9
MLE Pd. Blue and red curves correspond to Ce 3+ and Ce 4+ Voigt-like contributions
respectively and these are compared directly in the broken axes at the bottom of
the graph; the green curves are the sum of these calculated doublets, the black dots
experimental data points and red dots are residuals. Spectra have been normalised
to the same maximum intensity, hν = 1486.6 eV.
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Film CeO2-x Pd thickness r(Ce3+/Ce4+) DCe 3+/DCe 4+

film thickness

(i) 0.5±0.2 MLE

0 0.155±0.005
0.4±0.3 MLE 0.174 ±0.007
1.3±0.9 MLE 0.187 ±0.009
5.3±1.2 MLE 0.186 ±0.020

(ii) 0.7 ±0.2 MLE
0 0.140±0.005 0.220±0.002

0.3±0.2 MLE 0.151±0.006 0.244±0.002
0.7±0.6 MLE 0.156±0.008 0.255±0.002

(iii) 0.8±0.2 MLE
0 0.134±0.005 0.219±0.002

0.9±0.3 MLE 0.161±0.007 0.310±0.002

Table 4.3: Ion concentration, r(Ce3+/Ce4+) and resonant peak intensity ratio,
DCe 3+/DCe 4+ for the three films presented in this study (i), (ii) and (iii) before
and after successive Pd deposition.

an illustration of the composition of the ceria films and the Ce 3+ concentration.

The intensities of the resonant peaks, DCe 3+ and DCe 4+ were measured as the

difference between the on-resonance scans and an off-resonance scan (the scan mea-

sured at around hν =115 eV). Figure 4.5 shows the on- and off-resonance scans for

a 0.8 MLE CeO2-x film before and after addition of 0.9 MLE Pd, with subtraction

curves (on- minus off-resonance) also displayed. These scans were normalised to the

mesh current. The resonant peak DCe 3+ increases on Pd deposition and increases

the ratio DCe 3+/DCe 4+. The off-resonance scan changes slightly between the de-

position step, this difference is due to the lower intensity of the DCe 4+ peak after

depositing Pd which alters the Fano line-shape. These results are summarised in

table 4.3.

4.4 Discussion

The three films presented here are ultrathin, with a thickness range of 0.5-0.8 MLE.

XPS peak fitting of Ce 3d spectra for the three films shows ion concentration ratios
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Figure 4.4: CIS scans for (a) a 0.8 MLE CeO2-x film, and with (b) 0.9 MLE Pd
across a photon energy range hν = 113− 131 eV. The z-axis (colour scale) is the %
relative intensity (scans normalised to the same maximum intensity), with electron
counts (arbitrary units) as a percentage of maximum intensity indicated by the inset
colour scale.
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Figure 4.5: VB scans for (a) a 0.8 MLE CeO2-x film, and (b) with 0.9 MLE Pd,
showing difference between on- and off-resonance scans. Synchrotron light source
used, spectra have been normalised to the mesh current, hν indicated in legend.
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in the range 0.134-0.155, with a negative correlation suggesting a decreasing ion

concentration ratio with increasing film thickness. Previously, a CeO2-x film con-

sisting of three O-Ce-O layers (∼ 11 Å) grown on Pt(111) was reported with an ion

concentration ratio of 0.125 [18]. There is less strain in thicker films and hence fewer

defects, which result in a lower concentration of Ce 3+.

On deposition of Pd, ceria films are reduced, as shown by the increase in ion con-

centration ratio. In this study only low coverages have been analysed but in the

particular case of the 0.5 MLE film there is no appreciable increase in ion concen-

tration ratio between the 1.3 and 5.3 MLE Pd coverages. A low signal-to-noise

ratio, caused by increased attenuation by the 5.3 MLE Pd meant that both XPS

and RESPES data was of poor resolution and so impossible to meaningfully analyse.

Although the trends evidenced in table 4.3 are consistent in showing an increase in

Ce 3+ concentration with Pd coverage, there is a considerable difference in the per-

centage change of both r(Ce3+/Ce4+) and DCe 3+/DCe 4+ between the three films

presented. This discrepancy could arise from variations in growth conditions. Com-

paring the calculated Pd coverage with deposition times, there is a variation in flux

which could affect the wetting of the ceria surface and thus the Ce 3+ concentration.

RESPES is a more surface sensitive technique than XPS owing to a shorter probe

depth. The difference between the ratios r(Ce3+/Ce4+) and DCe 3+/DCe 4+ can

be explained by the growth of ceria islands rather than homogeneous monolayer by

monolayer growth, as supported by STM studies [18, 36]. Thus RESPES is more

sensitive to Ce 3+ ions in the top two O-Ce-O trilayers. Further investigation using

STM will provide more information regarding surface morphology.

DFT calculations showed that on deposition of Pd, charge transfer takes place from

Pd atoms to Ce, resulting in Pd+ and Ce3+ [18]. Results presented here confirm this

observation, since the ion concentration ratio is seen to increase with Pd deposition

as observed by both techniques. Similarly, these results compare favourably with
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previous experiments of metals on CeO2-x thin films, although the effect is much

more subtle than compared with for instance Ga [23].

4.5 Conclusions

The effect of Pd deposits on ultrathin films of CeO2-x grown on Pt(111) has been

examined using XPS and RESPES. Both techniques show an increase in the ion

concentration ratio, indicating an increase in Ce3+ states. In principle, reduction of

the films could be due to oxygen vacancies created on deposition of Pd or charge

transfer from the Pd nanoparticles to the ceria films. Evidence from recent DFT

calculations [18] indicates the latter, with a charge transfer from Pd to Ce ions. The

use of RESPES to analyse the valence band affords a higher degree of sensitivity to

changes in the top O-Ce-O trilayer, where this charge transfer is expected to occur.

The reducibility of ceria is an important property in its function as a catalyst, and

the addition of Pd can enhance its catalytic function particularly with regard to its

oxygen storage capacity.
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K.C., Cháb, V.; Thin Solid Films, 2008, 516, 6120



REFERENCES 102
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Chapter 5

Synthesis of TiO2(110) ultrathin

films on W(100) and their

reactivity with H2O

5.1 Introduction

5.1.1 Importance of TiO2

The last two decades have seen an increase in interest in the study of metal oxides.

Much modern technology is dependent on the properties of metal oxide surfaces [1]

and their wide range of applications [2], including heterogeneous catalysis, supports

for catalysts, metal-ceramic interfaces, gas sensors and in solid-state devices.

Titanium dioxide, TiO2(110) is the most studied metal oxide surface [3] and is

considered to be the prototypical metal oxide system [4], owing to its stability, rela-

tive ease of preparation, availability as a single crystal, electrical conductivity when

reduced and its use in a wide range of applications, such as in catalysis and pho-
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tocatalysis. Indeed, the behaviour of TiO2 is determined by the stoichiometry at

the surface. Although perfect TiO2 is a 3.1 eV band gap material [5], when reduced

there is sufficient electrical conductivity to use electron based spectroscopies and

tunnelling techniques to probe the surface. However, difficulties lie in the repro-

ducible preparation and interrogation of non-stoichiometric surfaces [6], and this

requires further study.

5.1.2 TiO2 thin film synthesis

Thin films that are sufficiently ordered to mimic the surfaces of their bulk coun-

terparts can be synthesised [7], providing a means to modify the stoichiometry in

a more controlled fashion. Lithographic techniques offer a “top-down” approach

to the formation of thin films, but are slow and structures are limited to a mini-

mum thickness of ∼ 100 Å. The alternative “bottom-up” approach [8, 9] is to grow

epitaxial thin films [10, 11] that are well-ordered and exhibit sufficient conducting

character to enable study by electron spectroscopy and scanning tunnelling mi-

croscopy (STM) [12]. Previously, thin films grown on refractory metal substrates

have been shown to provide a suitable system for surface science studies of their

properties [11,13–15]. Moreover, these properties are similar to those of bulk mate-

rials. Ultra-thin films - those which are less than 10 Å thick - offer the potential for

new applications, such as in high density visual displays [16].

The first issue to address in the growth of stoichiometric thin films is the choice of

a suitable substrate. The lattice parameters of the TiO2(110) unit cell have a high

aspect ratio (2.19) which is a barrier to simple epitaxial match with most metals.

However, successful growth of TiO2 thin films has been reported on Cu(001) [17],

Mo(100) [18], Mo(110) [19], Mo(112) [20], Ni(110) [21, 22], Pt(111) [23], Ru(0001)

[24] and W(100) [25].
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Growth on the W(100) surface

McCavish and Bennett report that W(100) is an appropriate surface to use as a

substrate for TiO2(110) stoichiometric thin films [25]. Upon adsorption of oxygen,

the surface undergoes a p(2×1) reconstruction [26, 27], resulting in a unit cell of

dimensions 6.32 × 3.16 Å2. This is comparable in size to the TiO2 (110) unit

cell, 6.49 × 2.96 Å2, a 2.7% × −6% mismatch. Films were grown by metal vapour

deposition of Ti in UHV with subsequent annealing in O2 and by reactive deposition

of Ti in an O2 partial pressure. Fully oxidised and ordered TiO2(110) thin films,

of thickness 0.5-30 ML exhibit a LEED pattern that is a composite of the (1 × 1)

pattern observed from a clean, ordered W(100) surface and the (1×1) pattern from

an ordered TiO2 surface, resulting in streaking along the principal axes. Films grown

by this technique have been used for studies using vibrational spectroscopy [28] and

STM [29].

5.1.3 The TiO2(110) surface and reactivity with H2O

The TiO2 rutile unit cell is shown in figure 5.1(a). The (110) surface is the most

stable and consists of alternate rows of bridging oxygen atoms (Ob) and fivefold

coordinate titanium atoms (Ti5c) with a periodicity of 6.49 Å (figure 5.1(b) and

(c)).

TiO2 is widely used in heterogeneous catalysis, and surface science studies of the

material are most extensive in the area of adsorption of molecules and atoms, and

their dissociation and/or reactions [4]. Water (H2O) is probably the most important

of these adsorbates at the TiO2 surface. Many applications of TiO2 take place in

aqueous environments (for example photocatalytic applications). Titanium is also a

very useful material in medical applications, since it is light, has excellent mechanical

properties, a low corrosion rate and good biocompatibility. Over the course of several
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Figure 5.1: Models depicting (a) TiO2 rutile unit cell, with the (110) plane marked,
(b) top view and (c) side view of the (110)(1×1) surface. Ti atoms are red, top-layer
bridging O atoms in light blue and subsurface O atoms in blue.

months, strong bonding can develop between the metal and living tissue or bone,

making Ti and Ti alloys excellent materials for medical implants and prostheses [30].

Even in ultra-high vacuum (UHV), H2O adsorption must be considered as it is a

significant component of the residual gas.

Fujishima and Honda demonstrated the use of TiO2 as an electrode in an elec-

trochemical cell and showed that H2O dissociates on the surface of TiO2 in the

presence of UV light [31]. Surface science studies of the H2O interaction with the

TiO2(110) surface began to build up a picture of the adsorption process and revealed

evidence for the presence of surface hydroxyls (as a result of dissociation) at room

temperature, although it was thought that dissociation did not occur on defect free

surfaces [32–35].

Synchrotron radiation studies by Kurtz et al showed an increase in Ti 3+ defect state

density on dissociative adsorption of H2O on nearly perfect TiO2(110) surfaces [36].

Similarly on other surfaces of TiO2, earlier work suggested that the concentration of
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surface OH was independent of defect density concentration [37–39]. Pan et al [40]

showed that there is negligible correlation between H2O saturation of a slightly

defective TiO2(110) surface (0.08 ML oxygen vacancies, Ovac) with surface defect

concentration, compared to a fully stoichiometric surface. Dosing onto a highly de-

fective surface (0.4 ML Ovac) resulted in a higher H2O saturation coverage limit.

Temperature Programmed Desorption (TPD) measurements found that molecular

water desorbs at 275 K but that around 25% is disproportionated and remains as

surface OH [41]. Further TPD measurements by Henderson showed that molecular

water desorbs from the TiO2(110) surface at 270 K, and that multilayer H2O ad-

sorption only occurs below 175 K [42]. The importance of defects in the dissociation

reaction was shown since perfect TiO2(110) showed only molecular adsorption (be-

low 270 K) and absence of surface hydroxyls - thus TiO2(110) is only active to H2O

dissociation if structural defects such as kinks, step edges or oxygen vacancies are

present [42,43].

The application of scanning tunnelling microscopy (STM) to the interaction of H2O

with TiO2 in the last decade has provided more insight into the mechanism of

dissociation. It was confirmed that molecular water adsorbs at 150 K on fivefold

co-ordinate Ti sites, Ti5c, but desorbs by 290 K to leave two bridging hydroxyls,

OHb, one in place of an Ovac and a second on one of the two nearest neighbouring

Ob [44–46]. Non-contact atomic force microscopy, NC-AFM confirmed the STM

findings [47].

Adsorption Mechanism

In summation of the literature discussed, the current accepted mechanism for ad-

sorption and dissociation of H2O on TiO2(110) at room temperature is presented

(figure 5.2). An H2O molecule adsorbs at an Ovac site. Dissociation occurs and

results in an OH pair: an OHb group in place of the Ovac, and a second OHb formed



Chapter 5. XPS of W(100)/TiO2 thin films and reactivity with H2O 108

Figure 5.2: Schematic diagram showing the mechanism of adsorption and dissocia-
tion of H2O on the TiO2(110) surface to form an OH pair. Ti atoms are red, Ob are
sky blue and subsurface O are blue. H2O and subsequent dissociation products are
represented by a green O atom and two yellow H atoms.
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from the dissociated H atom and another bridging O (Ob) atom:

H2O + Ovac + Ob −→ 2OHb (xi)

5.1.4 Interaction between hydroxylated-TiO2(110) and O2

The resulting OHb pair from the H2O dissociation reaction plays an important role

in reactivity of the surface with O2. Diffusion of H atoms can take place, and two

mechanisms for this action are proposed. Below 300 K, migration is dominated by

H transition along the same Ob row (along the [001] direction) [46]. However at low

OHb coverage and above 400 K the dominant mode of migration is H2O mediated to

neighbouring rows in the [110] direction [48], although at such temperatures high

H2O coverages are not possible due to the high desorption rate [49].

Molecular oxygen, O2 has also been shown to dissociate in Ovac, healing the vacancy

with an Ob and an additional adatom (Oa) adsorbed on a Ti5c site [45, 50–53]:

O2 + Ovac −→ Ob + Oa (xii)

A second pathway has also been proposed [54]:

O2

Ti4+5c−−→ 2Oa (xiii)

In the absence of Ovac, O2 can also react directly with OHb [55, 56]. This reaction

proceeds via the creation of intermediate products HO2, terminal hydroxyl groups

(OHt) and Oa [57]:

OHb + O2 −→ Ob + HO2 (xiv)
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OHb + Oa −→ OHt + Ob (xv)

OHb + HO2 −→ Ob + Oa + H2O(g) (xvi)

OHb + OHt −→ Ob + H2O(g) (xvii)

For a partially hydroxylated TiO2(110) surface, a proposed mechanism suggests H2O

acts as a catalyst in the reactions (xv) and (xvii). Step (xiv) is the initial step in the

reaction and thus elimination of OHb is much slower for partial hydroxylation. The

overall reaction can be simplified to:

O2 + 4OHb −→ 4Ob + 2H2O(g) (xviii)

The intermediate species, HO2 and OHt have been observed with STM [58]. The

reaction with O2 and OHb is direct and spontaneous, and there is a charge transfer

from the surface to the molecule largely coupled to the transfer of a proton (H+)

from OHb [59].

5.1.5 Objectives

Here, ultrathin films of TiO2(110) will be synthesised on a W(100) substrate to

use as a model system to investigate the reaction with H2O. The reactivity of the

hydroxylated TiO2(110) surface with O2 will also be examined. Whilst a method for

growth of ultrathin TiO2(110) films on Ni(110) has previously been established and

used with STM by the Thornton group [21], Ni is a ferromagnet and so cannot be
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used with electron paramagnetic resonance (EPR). W(100) however, is a paramagnet

and thus could provide a suitable system for future study using EPR. Films of

ultrathin thickness (<20 Å) - comparable to the thinnest films previously reported

in [25] - will be studied as this avoids charging when using charged probes [60]. XPS

and LEED will be utilised to check order and structure of the films and changes in

electronic structure on exposure to water.

5.2 Experimental

Experiments were conducted in an ultra high vacuum (UHV) chamber with a base

pressure of 3×10−10 mbar. The system was equipped with the necessary instruments

for sample preparation (Ar+ ion gun for sputtering and sample heating system) and

characterisation (LEED and XPS). Data was recorded at room temperature, using

an unpolarised Mg Kα radiation source (hν = 1253.6 eV) and a VSW/Omicron

EA125 hemispherical analyser. Measurements were made with the sample at normal

emission to the analyser (θem = 0◦); the angle of incidence of X-ray photons was

φinc = 45◦. A pass energy of 40 eV was used giving an energy resolution of 0.3 eV,

and the angular acceptance was ∆θ = ±6◦. The experimental chamber is described

in further detail in chapter 3. Binding energies were measured relative to the Fermi

level which was measured at each stage, to within 0.1 eV.

The W(100) crystal (SPL) was cleaned by Ar+ sputtering, followed by repeated

cycles of annealing in 1×10−7 mbar of high purity O2 (SIP Analytical) at 1100 K

and flash annealing in UHV to 2000 K to remove principal contaminants O and

C [61]. The clean surface was characterised by a sharp (1 × 1) LEED pattern and

the absence of O 1s and C 1s peaks in XPS spectra, within the detection limits

of the technique. The temperature of the sample was monitored using an optical

pyrometer (Cyclops 100, Land Instruments International).
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Figure 5.3: Calibration of the Ti doser was achieved by monitoring the intensity
ratio, I(Ti2p)/I(W ) in XPS (using Mg Kα, hν = 1253.6 eV). Breakpoints in the
ratios, indicated by arrows correspond to a coverage of 1 ML Ti.

Ti was deposited using a home-built e-beam evaporator as described in section 3.

The doser was calibrated using the intensity ratios of the Ti 2p, W 4p and W

4d XPS peaks as shown in figure 5.3. Breakpoints in the ratios indicate monolayer

coverage [62] and can be used to approximate the amount of Ti deposited. Oxidation

of deposited Ti was achieved by annealing in 1× 10−7 mbar O2 at 800 K for 2 hrs.

Films were characterised by a (1×1) LEED pattern with additional spots along the

axes [25] and the stoichiometry estimated from Ti 2p XPS spectra. Film thicknesses

were estimated from the areas of the Ti 2p and W 4d XPS peaks, using the method

described in appendix A.

De-ionised H2O was prepared for dosage by degassing using freeze-pump-thaw (FPT)

cycles (as described in section 3.2.1). Degassed H2O was dosed into the vacuum

chamber using a high precision leak valve. Exposures were measured in Langmuir

units, L, where 1 L = 1.32× 10−6 mbar · s.
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5.3 Results

5.3.1 TiO2(110) thin film growth

Growth approaches

Three approaches to ultrathin film growth were used (based on [25]): Ti was de-

posited onto a clean W(100) surface in UHV (two-stage growth) onto a pre-oxidised

W(100) surface in UHV (pre-oxidised growth) and in a partial pressure of O2 (reac-

tive growth). After annealing in O2, samples were allowed to cool to room temper-

ature in vacuum before measurements were made.

Two-stage growth Ti deposited on the clean W(100) surface is metallic in nature.

This was evident from XPS of the Ti 2p region, showing asymmetric Doniach-Šunjić

[63] type peaks at EB=454.7 eV (2p3/2) and 460.7 eV (2p1/2) (bottom spectrum,

figure 5.4(a)), indicative of metallic Ti in its ground state [64]. The presence of

a small amount of Ti2+ and Ti3+ states cannot be ruled out. After annealing in

1× 10−7 mbar O2 at 800 K for 2 hrs, oxidation causes the Ti 2p XPS peaks to shift

to 459.0 eV (2p3/2) and 464.7 eV (2p1/2), typical of Ti 4+ [66,67](top spectrum, figure

5.4(a)).

Pre-oxidised deposition In the case of Ti deposition on the W(100) surface

which has been pre-oxidised by annealing in 1× 10−7 mbar O2 at 800 K for 3 min,

the Ti 2p XPS peaks bear some resemblance to those of Ti on the clean W(100)

surface with some broadening (figure 5.4(b)). Again, these peaks shift to positions

associated with Ti4+ states after the 2 hr O2 anneal.
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Figure 5.4: XPS spectra showing (a) the shift in EB of the Ti2p peaks after oxidation
in 1× 10−7 mbar O2 for 2 hr at 800 K for a 1.6 MLE TiO2 film, (b) the broadened
Ti 2p peaks of Ti deposited on an oxidised W(100) surface (bottom) and the shift
to fully oxidised peaks after oxidation in 1× 10−7 mbar O2 for 2 hr at 800 K (top)
for a 1.2 MLE TiO2 film and (c) the mixed valence Ti states on depositing Ti in
1×10−7 mbar O2 (bottom), and the removal of these states on oxidation in 1×10−7

mbar O2 for 2 hr at 800 K (top) for a 1.2 MLE TiO2 film. Spectra normalised to
same maximum intensity and Shirley backgrounds subtracted, hν = 1253.6 eV.
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Reactive deposition Depositing Ti in 1× 10−7 mbar O2 initially results a Ti 2p

spectrum showing contributions from Ti4+ states as well as reduced Ti3+ and Ti2+

states (figure 5.4(b)) [66] indicating incomplete oxidation. After the 2 hr O2 anneal

the Ti 2p XPS peaks sharpen as Ti2+ states (at EB=455.4 eV and 460.8 eV) were

removed completely and Ti3+ states were largely removed.

LEED

Films of between 0.2-5.7 MLE TiO2(110) were synthesised. One monolayer equiva-

lent in this instance is defined as the number of close packed TiO2 surface unit cells

that will uniformly cover the surface of the W(100) substrate. On deposition of Ti,

the observed LEED pattern consists of a very high background with the faint (1×1)

spots of the W(100) substrate, indicating no long range order in the deposited Ti.

Fully oxidised films produced LEED patterns (figure 5.5, (c)) that were a compos-

ite (1 × 1) spots of the W(100) substrate (figure 5.5, (a)) and the (1 × 1) spots of

the LEED pattern from an ordered TiO2(110) surface (figure 5.5, (b))∗. Additional

spots appear along both axes, indicating that TiO2(110) films grow in two domains.

In films of thickness < 1 MLE, LEED patterns were faint, likely due to incomplete

coverage of the W(100) substrate and oxidation of regions of bare W(100). In films

of thickness > 1 MLE patterns were clearer for the films.

XPS

Surface Stoichiometry Examination of Ti 2p XPS spectra shows that synthe-

sised films were not completely stoichiometric and that contributions from Ti3+ and

Ti4+ states were present (figure 5.6). Reduced states can arise from surface defects

or charge transfer from the W substrate to interfacial Ti [28]. Deconvoluting the Ti

∗LEED pattern of TiO2(110) recorded by Chi-Ming Yim at University College London as part
of his PhD research, used with permission.
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Figure 5.5: LEED patterns for (a) the clean W(100) surface (beam energy, Ebeam =
55 eV), with red circles indicating the (1×1) spots (first order W(100) spots labelled),
(b) a reference TiO2(110) crystal (Ebeam = 66 eV), with the green circles indicating
the (1×1) spots (first order TiO2(110) spots labelled) and (c) the composite pattern
displayed from a 5.8 MLE TiO2(110) film grown by the pre-oxidised method on
W(100) (Ebeam = 55 eV), with red and green circles showing the composite nature
of the pattern (first order W(100) spots labelled). The figures are reproduced (d-f)
without the symbols for clarity.

2p spectrum gives a quantifiable estimation of these states and non-stoichiometry

can be expressed as %Ti3+ states present. Fitting parameters are given in table

5.1. It was found that there was a greater degree of non-stoichiometry in thinner

films, and that %Ti3+ states in the films decreases with increasing thickness (figure

5.7). In very thin films, there is a larger influence on the signal from interfacial

states where there is a greater substrate charge transfer. However, the resolution

of Ti 2p peaks for thinner films is poor due to low intensity above the noise level,

introducing a greater deal of uncertainty over the %Ti3+ value. This correlation

has been previously observed [25] and is due to reduced strain in the thicker films.
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Figure 5.6: Ti 2p XPS spectrum showing contributions from Ti 3+ and Ti 4+ ions in
a 2.4 MLE thick TiO2(110) film grown using the pre-oxidised W(100) method, as
estimated by fitting with two Voigt doublets. Ti 3+ ions make up 8.57% of all Ti
sites in the film. A Shirley background has been subtracted, hν = 1253.6 eV.

Figure 5.7: Change in %Ti 3+ concentration as a function of film thickness.
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Position FWHM (G) FWHM (L) FWHM (V)
/eV /eV /eV /eV

Ti 4+
2p3/2 459.0 1.84 0.60 2.16
2p1/2 464.8 2.65 0.60 2.97

Ti 3+
2p3/2 457.1 1.88 0.60 2.20
2p1/2 462.5 2.68 0.60 2.99

Ti 2+
2p3/2 455.4 1.90 0.60 2.22
2p1/2 460.8 2.70 0.60 3.02

Table 5.1: Parameters used in Ti 2p fitting procedure, showing peak position, and
Gaussian (G), Lorentzian (L) and Voigt (V) full-width at half-maximum (FWHM)
values.

Indeed, thicker films (> 5 MLE TiO2(110)) were almost stoichiometric with only

∼ 1% Ti3+ states present.

O 1s XPS Spectra Deconvolution of the O 1s XPS spectra reveals two contribu-

tions (figure 5.8), one centred around a binding energy of 530.4 eV which corresponds

to oxygen in the bulk below the surface layer, and a satellite peak, denoted S1 shifted

+1.4 eV from the main peak (fitting parameters shown in table 5.2). The S1 con-

tribution, expressed as a percentage of the total O 1s XPS peak area, was greater

in films < 1 MLE TiO2 thick, and for films > 1 MLE TiO2 thick the contribution

accounts for roughly 26.6% of the O 1s XPS peak area (figure 5.9). This suggests

that the species responsible for S1 is found in the surface layer (since in thicker films,

the signal from the main O 1s XPS peak was stronger). There is ambiguity in the

literature surrounding the assignment of S1, and further discussion is made below

in section 5.4.2 with reference to the reactivity of TiO2 with H2O.

The Substrate-Film Interface The nature of the substrate-film interface can

be investigated by comparison of the W 4d XPS spectra for different stages of the

growth process [25]. Upon adsorption of oxygen, a slight broadening of the W 4d

XPS peaks at higher binding energy occurs compared with the clean surface (figure
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Figure 5.8: XPS Spectrum of the O 1s region for a 1.8 MLE thick TiO2 film grown
using the pre-oxidised W(100) method, showing contributions from the main O 1s
XPS peak and the satellite, S1. S1 accounts for 26.66% of the total O 1s XPS peak
area. A Shirley background has been subtracted, hν = 1253.6 eV.

Figure 5.9: Change in the percentage contribution of the S1 O 1s satellite peak with
film thickness.
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Figure 5.10: Comparison of the W 4d XPS spectra for (a) W(100) and W(100)-
(2×1)-O surfaces, (b) W(100) and Ti-deposited (3.9 MLE Ti) W(100) surfaces, and
(c) W(100)-(2 × 1)-O surface and a fully oxidised TiO2(110) thin film on W(100)
(grown using the two-stage method). Shirley backgrounds subtracted and spectra
normalised to the same maximum intensity, hν = 1253.6 eV.



Chapter 5. XPS of W(100)/TiO2 thin films and reactivity with H2O 121

Position FWHM (G) FWHM (L) FWHM (V)
/eV /eV /eV /eV

Main O 1s XPS peak 530.4 1.27 0.70 1.66
S1 531.8 1.36 0.70 1.75

Table 5.2: Parameters used in O 1s fitting procedure, showing peak position, and
Gaussian (G), Lorentzian (L) and Voigt (V) full-width at half-maximum (FWHM)
values.

5.10(a)). Streaking along the (1× 1) axes was also observed in the LEED pattern,

with sufficient exposure to oxygen this sharpens to a (2 × 1) pattern [65]. There

was no apparent change in the W 4d XPS spectra of the clean W(100) surface and

a Ti-deposited W(100) surface (figure 5.10(b)). The W 4d spectrum for a fully

oxidised TiO2(110) film on W(100) shows peaks with similar widths to those for

the oxidised W(100) surface (figure 5.10(c)). The difference in appearance of W

4d spectra, particularly in the satellite at low EB is caused by attenuation due to

overlayers in (b) and (c).

5.3.2 Interaction with H2O

TiO2 thin films prepared by the pre-oxidised W(100) method were exposed to ≤

200 L H2O in stages at 293 K. After each stage, the Ti 2p and O 1s regions were

examined. No change was observed in the LEED pattern, aside from attenuation of

spots indicating adsorption without long range order.

Stoichiometry changes

Changes in the stoichiometry of films upon H2O exposure were monitored by the

Ti 2p XPS spectra. Changes in the Ti 2p states are shown for three of the films,

with thicknesses of 0.9 MLE TiO2 (figure 5.11(a-c)), 1.4 MLE TiO2 (figure 5.12(a-

c)) and 5.3 MLE TiO2 (figure 5.13(a-c)). In each case, there was an increase in
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Figure 5.11: 0.9 MLE TiO2 thin film (pre-oxidised growth) exposed to 187 L H2O:
(a) Ti 2p XPS spectra (Shirley backgrounds subtracted) at each exposure, nor-
malised to the same maximum intensity, (b) difference spectra showing changes
compared with the film prior to H2O exposure, (c) change in %Ti3+ versus H2O
exposure, (d) O 1s XPS spectra (Shirley backgrounds subtracted) at each exposure,
normalised to the same maximum intensity, (e) difference spectra showing changes
compared with the film prior to H2O exposure, (f) change in %S1 O 1s signal versus
H2O exposure. hν = 1253.6 eV.
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Figure 5.12: 1.4 MLE TiO2 thin film (pre-oxidised growth) exposed to 186 L H2O:(a)
Ti 2p XPS spectra (Shirley backgrounds subtracted) at each exposure, normalised
to the same maximum intensity, (b) difference spectra showing changes compared
with the film prior to H2O exposure, (c) change in %Ti3+ versus H2O exposure, (d)
O 1s XPS spectra (Shirley backgrounds subtracted) at each exposure, normalised to
the same maximum intensity, (e) difference spectra showing changes compared with
the film prior to H2O exposure, (f) change in %S1 O 1s signal versus H2O exposure.
hν = 1253.6 eV.
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Figure 5.13: 5.3 MLE TiO2 thin film (pre-oxidised growth) exposed to 100 L H2O:(a)
Ti 2p XPS spectra (Shirley backgrounds subtracted) at each exposure, normalised
to the same maximum intensity, (b) difference spectra showing changes compared
with the film prior to H2O exposure, (c) change in %Ti3+ versus H2O exposure, (d)
O 1s XPS spectra (Shirley backgrounds subtracted) at each exposure, normalised to
the same maximum intensity, (e) difference spectra showing changes compared with
the film prior to H2O exposure, (f) change in %S1 O 1s signal versus H2O exposure.
hν = 1253.6 eV.
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Figure 5.14: Ti 2p XPS spectrum showing contributions from Ti 2+, Ti 3+ and Ti 4+

ions in a 0.9 MLE TiO2 film (pre-oxidised growth) exposed to 187 L H2O, as es-
timated by fitting with three Voigt doublets. Ion concentrations were 20.3% Ti 2+

and 36.5% Ti 3+. A Shirley background has been subtracted, hν=1253.6 eV
.

non-stoichiometry.

In figure 5.11(a), increases on the lower EB side of both peaks of the thinnest film

are apparent. Figure 5.11(b) shows the difference of each stage minus the scan for 0

L exposure. Up to 7 L H2O exposure a doublet with peaks at 458.1 eV and 463.5 eV

appears, corresponding to Ti3+ states. Above this exposure, the difference doublet

peak gains some asymmetry to lower EB. This can be fitted with another doublet

with peaks at 455.4 eV and 460.8 eV and suggests the presence of Ti2+ states [66]

(a fit is shown in figure 5.14). By peak fitting and comparing peak areas, the %Ti3+

and %Ti2+ states can be calculated. Plotting these values against exposure (figure

5.11(c)) shows a sigmoidal increase in %Ti3+, nearing a maximum at 37.2% Ti3+

after 100 L exposure. A shallower sigmoidal increase to a maximum of 20.3% Ti2+

was observed, with Ti2+ states not present below 7 L exposure.

In thicker films (figures 5.12 and 5.13), no Ti2+ states were observed, although it is
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possible that in the case of the 1.4 MLE TiO2(110) film the Ti2+ signal is lost behind

noise. An increase was still observed on the lower EB side of the Ti 2p XPS peaks,

more obviously on the 2p3/2 peak (figures 5.12(a) and 5.13(a)). The doublet peak

appearing in difference spectra is more symmetric and can be fitted with a single

doublet with peaks at 458.1 eV and 463.5 eV appears corresponding to Ti3+ states

(figures 5.12(b) and 5.13(b)). The increase in %Ti3+ states was again sigmoidal,

with maxima of 14.6% Ti3+ at 30 L for the 1.4 MLE TiO2 thick film, and 17.5% at

60 L for the 5.3 MLE TiO2 thick film.

Changes in O 1s XPS peak

Changes in the O 1s XPS spectra were also monitored and are shown for the same

3 films: 0.9 MLE TiO2 (figure 5.11(d-f)), 1.4 MLE TiO2 (figure 5.12(d-f)) and 5.3

MLE (figure 5.13(d-f)).

For the 0.9 MLE TiO2 film, an increase at higher EB was observed on increasing

H2O exposure (figure 5.11(d)). This increase is more apparent in the difference

spectra of each scan minus the scan for 0 L H2O exposure (figure 5.11(e)). Peak

fitting of the XPS spectra indicates the presence of a second satellite, denoted S2 at

+2.6 eV above the main O 1s XPS peak for exposures of over 7 L H2O exposure. An

increase to a maximum was observed in S1 peak area as a percentage of the whole

O 1s area, to a maximum value of 35.0%. Above 7 L, the S2 signal also increases to

a maximum value of 8.6%.

An increase at higher EB to the main O 1s XPS peak was also observed for the 1.4

MLE TiO2 (figure 5.12(d)) and 5.3 MLE TiO2 (figure 5.13(d)) films. However, on

peak fitting there was no evidence for the presence of S2. The increase shown in

difference spectra (figure 5.12(e) and figure 5.13(e)) is an increase in the S1 satellite.

Values increased until maxima were reached at 31.7% at 30 L for the 1.4 MLE film

and 31.4% at 40 L.



Chapter 5. XPS of W(100)/TiO2 thin films and reactivity with H2O 127

TiO2 thickness Initial Initial Saturation Saturation
/MLE %Ti3+ %S1 %Ti3+ %S1

0.9 5.0 26.3 37.2 35.0
1.4 0.7 30.1 14.7 31.7
1.6 6.6 27.0 15.3 29.4
4.2 4.5 29.7 15.3 32.6
5.3 0.0 24.0 17.5 31.1

Table 5.3: Summary of initial and saturation values for %Ti3+ and %S1 for TiO2

ultrathin films of varying thickness.

Initial and saturation values of %Ti3+ and %S1 for the films are tabulated in table

5.3.

Interaction between hydroxylated TiO2(110) and O2

Following exposure to H2O, films were again annealed at 800 K in 1 ×10−7 mbar O2.

Figure 5.15(a) shows the change in Ti 2p states after 5 and 10 min anneals. After

5 min all Ti3+ states have been removed and the Ti 2p spectrum resembles that of

the spectrum prior to H2O exposure. Similarly, figure 5.15(b) shows the change in

O 1s XPS spectra after annealing. The %S1 area was 25.0% after 10 min anneal,

close to the %S1 for the film prior to H2O exposure.

Interaction between W(100) and H2O

H2O was exposed up to 100 L on a clean, bare W(100) surface to examine any inter-

action. Although studies are few, it has been reported that H2O acts as an oxidising

agent on W(100) at room temperature - H2O molecules adsorb dissociatively, with O

atoms diffusing into the W(100) to form an oxide and H escaping as an element [82]:

W + 2H2O −→WO2 + 2H2(g) (xix)
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Figure 5.15: XPS spectra of (a) the Ti 2p region and (b) the O 1s region showing
the change on annealing in O2 after exposure to 100 L H2O to a 5.3 MLE TiO2 thin
film. Shirley backgrounds have been subtracted, hν = 1253.6 eV.
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Figure 5.16: (a) XPS spectra of the O 1s region for W(100) exposed to H2O (Shirley
backgrounds have been subtracted, hν = 1253.6 eV), (b) changes in O 1s components
on exposure to H2O.
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W + 3H2O −→WO3 + 3H2(g) (xx)

WO3 + xH2O −→WO3 · xH2O (xxi)

Figure 5.16(a) shows the changes in O 1s XPS spectra as exposure increases. Even

with very thorough cleaning procedures, a trace amount of O was present on the

clean surface (peak at 530.5 eV). The intensity of this peak increases to a maximum

on exposure to H2O. The O 1s XPS peak can be fitted with two Voigt singlet peaks

at 530.5 eV and 532.9 eV. Using the area of these peaks and the area under the

W 4d XPS spectra, the change in atomic concentration of both species was seen to

increase (figure 5.16(b)) to a saturation limit of 0.15 for the peak at 532.9 eV and

0.06 for the peak at 530.5 eV.

The C 1s line was monitored at all stages throughout film growth and H2O exposure,

and at all stages its intensity was below the level of detection.

5.4 Discussion

5.4.1 Ultrathin films

The similarity in final Ti 2p and O 1s XPS spectra for each of the growth mechanisms

used suggests that films produced by each mechanism were equivalent. At the

temperature at which the films were annealed (800 K), oxygen can diffuse through

TiO2 [76] and films can be completely oxidised regardless of initial conditions at the

substrate interface. LEED data indicate that there was no order in Ti deposited on

W(100) surfaces, but that ordered films result post-oxidation. LEED patterns were
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clearer for thicker films since there is less substrate influence and less strain in the

films.

The slight non-stoichiometry exhibited, which decreases with increasing film thick-

ness is likely due to charge transfer from the substrate to interfacial Ti or the presence

of Ti interstitials. Non-stoichiometry can also result from surface defects such as

Ovac. The W 4d spectrum of the W(100)/TiO2(110) interface resembles the same

spectrum for oxidised W(100), indicating that the substrate-film interface is made

by O atoms rather than Ti.

5.4.2 Interaction with H2O

The increase in Ti3+ states on exposure to H2O suggests dissociation on the TiO2

surface. As previously outlined, H2O molecules adsorbed at Ovac dissociate leaving

an adsorbed OHb and an additional H atom, which combines with another Ob and

forms a second OHb (illustrated in reaction (xi)). Thus for every Ob converted

to a OHb, an additional Ti3+ state is created [36]. The precise nature of charge

distribution, transport and origin throughout this reaction is a complex issue not

fully resolved in the literature [77]. Ovac sites repel each other by redistribution along

Ob rows likely due to excess charge, although low temperature STM scans of filled

states suggest that charge is not located on Ovac but rather on the next two Ti5c sites

adjacent to the Ti5c site neighbouring Ovac [78]. Resonant photoemission diffraction

experiments corroborate this conclusion [79]. Moreover, it has been observed that

∼90% of all H migrations along Ob rows are from OHb groups next to the original

Ovac, suggesting that the environment around geminate OHb groups is different

[49]. Further investigation using techniques capable of determining local electronic

structure (such as low temperature STM) is required.

Ti2+ states were only present in the exposure of H2O to the 0.9 MLE TiO2 thick film.

Since the film was < 1 MLE thick, it is likely that with the surface not completely
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saturated with TiO2, there is space for mobility of adsorbates and thus the formation

of lower ordered oxides such as TiO.

An additional consideration is that for thin film metal oxides the substrate essen-

tially acts as an infinitely large electron reservoir and below a critical film thickness

can donate electrons to electropositive adsorbates or accept electrons from elec-

tronegative adsorbates. Additionally, the substrate can enhance the van der Waals

forces felt by adsorbates on thin film surfaces [80,81]. This is the likely cause of the

largest change occurring in the thinnest films, where screening from the film is less.

From table 5.3, it appears that the saturation values of %Ti3+ increase for films

over 1 MLE TiO2 thick. However, this value never exceeds the percentage of all Ti

ions in the top layer of the film. Thus, it is concluded that reaction with H2O only

affects the surface (top layer) of films.

There is ambiguity in the literature regarding the assignment of the contributions

S1 and S2 in the O 1s XPS spectra. A peak at +2.40 eV from the main peak

has been previously assigned as either OHb [33, 69] or molecularly adsorbed water,

H2O(a) [71,72,74,75]. The experiment with bare W(100) and H2O sheds light on the

S2 peak, only observed for the 0.9 MLE TiO2(110) thick film. At room temperature,

H2O has been shown to oxidise the W(100) surface but also to hydrate WO3 [82].

S2 appears at a binding energy of 533.0 eV, similar to the second O 1s XPS peak

observed on exposing a clean W(100) surface to H2O. It can be concluded that this

peak represents molecular H2O adsorbed to regions of oxidised tungsten. Thus S2 is

only significant at low film coverages, where there is more chance of H2O interaction

with the substrate.

S1 has previously been assigned to two-fold bridging oxygen atoms (Ob) on the

TiO2(110) surface [33, 68–70]. However, recent studies have questioned this assign-

ment and instead suggest that this peak was due to OHb arising from reaction with

residual water in the background vacuum [71–73]. In experiments presented here,
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%S1 increases to a maximum saturation value. As such it is suggested that S1 must

arise due to the presence of adsorbed hydroxyls, OH(a). The presence of S1 prior to

H2O exposure is likely due to H2O in the residual vacuum [72].

This assignment of S1 and S2 tallies with the present model of the H2O adsorp-

tion/dissociation mechanism, as outlined in section 5.1.3. The absence of S2 in

thicker films corresponds with the accepted view that molecular H2O does not ad-

sorb to TiO2(110) surfaces without dissociation at room temperature [42–44].

5.4.3 Interaction between hydroxylated TiO2(110) and O2

The electronegativity of TiO2(110) surfaces is variable according to the degree of

reduction, within the range 4.4-5.8 eV [83]. In the case of an adsorbate with lower

electronegativity than the TiO2(110) surface, such as H2O there is negligible differ-

ence between adsorption on clean or defected surfaces. However, in the case where

adsorbates have a higher electronegativity, such as O2 the effect of an excess of

electrons on the surface (when the surface is reduced) reduces the energy of adsorp-

tion compared with the perfect (defect-free) surface. Both density functional theory

(DFT) calculations [84] and experimental evidence [85] have shown the equivalence

of Ovac and 2OHb on the TiO2(110) surface in interactions with O2 - one Ovac and

two OHb groups both donate 2 electrons to an O2 adsorbate molecule [77]. The

implication is that the same redox chemistry is possible regardless of the source of

excess electrons. Therefore O2 reacts with hydroxylated surfaces in much the same

way as with reduced surfaces.

As outlined in section 5.1.4, O2 reacts with OHb and ultimately replaces OHb with

Ob via reaction intermediates HO2, OHt and Ot. The removal of excess electrons

(from the OHb group) results in the conversion of Ti3+ to Ti4+ as observed by the

Ti 2p XPS spectra after annealing in O2.
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Reaction (xviii) shows that H2O is a product of the reaction between the hydroxy-

lated TiO2(110) surface and O2. No signal for H2O was observed in the O 1s XPS

spectrum as might be expected, however this was because the temperature of the

anneal (800 K) is well in excess of the desorption temperature for molecular H2O.

The S1 peak remains evident in the spectrum after reaction with oxygen. However,

since a depopulation of Ti3+ states was observed in the Ti 2p XPS spectrum, no

OHb were expected to remain. Instead this S1 contribution can be attributed to the

presence of oxygen ad-atoms, Oa which appear in XPS spectra at almost the same

EB as OHb [73].

5.5 Conclusions

Three methods of synthesising ultra-thin films of TiO2(110) on a W(100) substrate

have been investigated using XPS and LEED. These methods have been found to be

equivalent and films of between 0.2-5.7 MLE have been synthesised. The reactivity

of the TiO2(110) surface has been examined by exposure to H2O. XPS spectra of

the Ti 2p and O 1s peaks show an increase in Ti3+ states and S1 peaks, respectively,

consistent with an increase in excess charge on the TiO2(110) surface. Further

evidence for the assignment of this S1 peak - an O 1s satellite peak - as OHb has

been provided. Molecular H2O was not observed spectroscopically except for films

of < 1 MLE TiO2 thickness, where regions of exposed WOx were present and can

be hydrated. A control experiment demonstrates that exposure of a clean W(100)

surface to H2O results in molecular adsorption. This is observed spectroscopically

by a second satellite in the O 1s XPS spectrum, termed S2 which is +2.6 eV from the

principal O 1s peak. O2 reacts with hydroxylated TiO2(110) surfaces - specifically

OHb (sources of excess charge) - replacing OHb with Ob and causing a conversion of

Ti3+ states to Ti4+. This is observed in XPS spectra by the Ti 2p and O 1s spectra

of O2 reacted films resembling those of the same films before water exposure. The
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exact nature, distribution and transport of excess charge on the TiO2(110) surface

remains undefined and further research using techniques to examine local electronic

structure (such as low temperature STM of filled states) is required.

Although numerous studies of H2O and O2 adsorption on TiO2(110) have been re-

ported, only one other study has used thin films of TiO2 (on Ni(110)) [72]. The

findings of the present study compare favourably with experiments reported in the

literature using bulk TiO2(110) crystal, and demonstrate the validity of using thin

films on W(100) as analogues of bulk TiO2. Using thin films opens up the possibility

of using other electron based surface science techniques. For instance, STM exper-

iments could provide further information about the nature of H2O adsorption and

dissociation. Additionally, given the suitability of W(100) as a substrate for ultra-

thin TiO2(110) films it could be used in EPR experiments owing to its paramagnetic

nature.
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mitted for publication, 2010

[74] Henderson, M.A.; Surf. Sci. Rep., 2002, 46, 1

[75] Allegretti, F., O’Brien, S., Polcik, M., Sayago, D.I., Woodruff, D.P.; Phys. Rev.

Lett., 2005, 95, 226104

[76] Mayer, J.T., Diebold, U., Madey, T.E., Garfunkel, E.; J. Elect. Spect. Rel.

Phenom., 1995, 73, 1
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Chapter 6

Imaging TiO2 ultra-thin films on

W(100): an STM study of growth

and thickness effects

6.1 Introduction

In the previous chapter, the growth and reactivity of ultrathin TiO2(110) films

grown on W(100) were studied using XPS. This revealed information about the

spatially averaged chemical and electronic changes that take place in terms of surface

stoichiometry and presence of different adsorbate species. In this chapter, STM is

used to investigate the growth and structure of films as a function of film thickness.

6.1.1 Imaging the TiO2(110) surface

The structure of the TiO2(110) surface is described in chapter 5. Early STM studies

largely ignored metal oxides in favour of more easily probed metals and semiconduc-
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tors. The first attempts at imaging TiO2 using STM were complicated by ambiguity

over the contrast of images [1–3]. Initially, heavily reduced bulk crystal samples were

used to allow sufficient conductivity for tunnelling, however the resulting high defect

concentration gave rise to a number of different surface structures [2, 3]. Images of

less reduced TiO2(110) surfaces that had produced sharp (1 × 1) LEED patterns

showed a structure consistent with the expected (1× 1) surface structure, with ter-

races separated by 3.2 Å along the [111] and [100] directions, and rows separated

by 6.5 Å in the [001] direction [4]. Fischer et al assigned light rows to Ob and the

dark rows to Ti5c, corresponding to the true surface topography [5]. However, pseu-

dopotential calculations of the electronic states in the surface showed the reverse -

that in fact the dark rows correspond to Ob and the light rows to Ti5c [6]. This is

now the accepted interpretation and thus STM images the local density of states

(LDOS) rather than the morphology of TiO2 [7].

6.1.2 STM of thin metal oxide films

Since bulk metal oxide crystal surfaces require treatment to induce sufficient con-

ductivity for study using charged particle probes (such as STM), the use of thin,

electron transparent films grown on metallic substrates presents a suitable alter-

native [8]. STM is possible even on films of thickness up to 100 Å, although the

tunnelling characteristic follows different rules to those for metallic samples [1]. In

particular, the contribution from spatially varying electronic properties may appear

larger. At low bias, the apparent morphology of thin metal oxide films may be

completely governed by the substrate-film interface. Similarly, at a bias close to the

onset of the conduction or valence bands in the metal oxide, a new contrast may

develop in images which may have no topographic origin [8].

STM images of TiO2 thin films grown on Mo(100) [9], Mo(112) [10], Ni(110) [11–13],

Ru(0001) [14], Pt(111) [15], Cu(001) [16] and W(100) [17] have been reported. The
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Figure 6.1: Ex situ STM images of a 4 MLE TiO2(110) film grown on W(100). The
film is quite flat and islands are aligned in the same direction. [17]

thickness of these films range from the submonolayer regime, through single mono-

layer thickness to multilayer thickness. The unit cell of very thin films is observed

to contract, with relaxation increasing with thickness [11]. Atomic resolution is

possible and defect states can be imaged.

Here, W(100) is used as a substrate to grow TiO2(110) thin films based on an

established procedure [17–19]. Annealing W(100) in O2 leads to a reconstructed

W(100)-(2× 1)-O surface with a unit cell of 6.49 × 2.96 Å. This is a close epitaxial

match with TiO2(110) which has a unit cell of 6.32 × 3.16 Å, a 2.7% × −6%

mismatch. The only previously published STM images of this system were recorded

ex situ, and show the growth of elongated structures [17] (figure 6.1). However, the

resolution of these images was only sufficient to discern the rough morphology of

the surface.
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6.1.3 The W(100)-(2× 1)-O surface

Chemisorption on the W(100) surface has been extensively studied since the 1970s,

although these studies have been mainly concerned with low coverage (∼0.5 ML)

[20]. Exposure of a clean W(100) face to O2 at 1050 K causes several transitions

in the LEED pattern, the first of which results in a p(2 × 1) pattern [21]. STM

of W(100) with atomic resolution is facile. The W(100)-(2 × 1)-O reconstructed

surface has been imaged previously, with light and dark rows that correspond to

topographic structure [22].

6.1.4 Objectives

Building on the findings of chapter 5, ultrathin films of TiO2(110) will be grown

on W(100) and characterised using STM, AES and LEED. The very high annealing

temperatures required to remove O from W(100) are not possible with the STM in-

strument used, so films grown on pre-oxidised W(100) (as reported in chapter 5) will

be investigated. STM will be used to gather information regarding Ti adsorption,

the W(100) substrate surface and the growth and final morphology of TiO2(110)

films.

6.2 Experimental

Experiments were conducted using the VT-STM (as described in chapter 3) at UCL.

This system is dual-chambered with a fast entry load lock. The base pressure in

both chambers is ≤ 1 × 10−10 mbar. The system is equipped with the necessary

instruments for sample preparation - ion sources and LEED/AES optics, and ma-

nipulator arms capable of sample heating. A commercial VT-STM manufactured by

Omicron Vakuumphysik, GmbH is fitted to the system, capable of scanning samples
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at temperatures of 50-1100 K. All measurements presented here were recorded at

ambient temperature (∼ 293 K).

A W(100) crystal (SPL) was prepared first by Ar+ sputtering and then by annealing

in 1 × 10−7 mbar O2 (SIP Analytical) to remove C [23]. The presence of C was

monitored by AES, and the surface was considered clean when no C AES signal was

detected above the noise level. Due to the technical limitations of the manipulator

arm, the upper temperature limit did not allow for the complete removal of O from

the W(100) surface by high temperature annealing. However, as shown previously

in chapter 5, TiO2(110) films can be grown on a W(100)-O surface. The W(100)

crystal was flashed to 1500 K and then annealed in 5 × 10−9 mbar O2 at 1050 K,

resulting in a (2× 1) LEED pattern.

Ti was deposited on the W(100)-(2×1)-O reconstructed surface using a homebuilt e-

beam Ti doser. This was calibrated by comparing the intensity ratios of the strongest

AES peaks in the 100-600 eV region - W N5O3O3 and Ti L3M2,3M2,3 AES peaks at

169 and 387 eV, [24] respectively (figure 6.2). The breakpoint (as indicated by an

arrow) indicates monolayer coverage. Full oxidation of the deposited Ti is achieved

by annealing at 800 K in 1× 10−7 mbar O2 for 2 hrs.

Films were characterised by a composite of the W(100)(1× 1) and TiO2(110)(1× 1)

LEED patterns (as in chapter 5). Film thicknesses are estimated from the change in

intensity of the W N5O3O3 AES signal before and after film deposition, as described

in appendix A.

All STM images were recorded at ambient temperature. Images were prepared using

the WSxM software [25].



Chapter 6. STM of W(100)/TiO2 thin films: growth and thickness effects 148

Figure 6.2: Calibration of the Ti doser was achieved by monitoring the intensity
ratio, I(Ti L3M2,3M2,3)/I(W N5O3O3) in AES. The breakpoint is indicated by an
arrow, corresponding to 1 ML Ti.

6.3 Results

6.3.1 Preparation of the W(100)-(2× 1)-O surface

Following the cleaning cycles of annealing in O2 and UHV and a final short O2

anneal, the substrate surface appears to consist of small bumps on large, fairly flat,

terraces in STM with a faint (2×1) LEED pattern (figure 6.3(a)). An AES spectrum

of this surface shows no other elements present than W or O, within detection limits.

A further 10 min UHV anneal to 1275 K appears to remove bumps, leaving flat

terraces and a much sharper (2× 1) LEED pattern (figure 6.3(b)).

A closer inspection of the surface (figure 6.4) shows alternate bright and dark rows,

separated by 6.3 Å (red line profile). This is in line with reported STM of this

surface [22], and the contrast of images corresponds to the true topography of the

surface. Two domains exist, orientated 90◦ from each other, in approximately equal

proportions.

The difference in height between terraces is ∼1 Å (figure 6.5(a) and (b)). Terraces

are terminated in a ragged manner, and there is no clear preferences for terraces to
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Figure 6.3: STM images of the preparation of a smooth W(100)-(2× 1)-O surface.
(a) STM image of a surface prepared by annealing in O2 (image size 1000 × 1000
Å2, Vsample = 2 V, IF = 200 pA), inset LEED image showing a faint (2×1) pattern,
Ebeam=55 eV; (b) STM image of the same surface following a 10 min UHV anneal
to 1275 K (image size 1000 × 1000 Å2, Vsample = 2 V, IF = 200 pA), inset LEED
image showing a sharp (2×1) pattern, Ebeam=55 eV.

Figure 6.4: STM image showing row structure on the W(100)-(2 × 1)-O surface,
with inset line profiles showing row separation and step height (image size 165 ×
360 Å2, Vsample = 2 V, IF = 200 pA).



Chapter 6. STM of W(100)/TiO2 thin films: growth and thickness effects 150

Figure 6.5: Terrace structure on the W(100)-(2× 1)-O surface. (a) STM image
showing the step like structure of the surface (image size 700 × 125 Å2, Vsample = 2
V, IF = 200 pA), (b) line profile showing the difference in height from step to step,
which is ∼ 1 Å, (c) and (d) STM images showing in closer detail the step edge
structure; terraces are numbered in order of increasing height (image sizes 175 ×
175 Å2, Vsample = 2 V, IF = 200 pA).
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Figure 6.6: 0.27 MLE Ti deposited on a W(100)-(2× 1)-O surface. (a) STM image
showing Ti clusters on a stepped W(100)-(2 × 1)-O surface (image size 340 × 340
Å2, Vsample = 1.5 V, IF = 200 pA), (b) STM image showing Ti clusters on rows
of W(100)-(2 × 1)-O (image size 50 × 100 Å2, Vsample = 1.5 V, IF = 200 pA), (c)
distribution of cluster widths, (d) distribution of cluster heights (sample size of 128
clusters for both).

be terminated with rows running either parallel or perpendicular to the edge (figure

6.5(c) and (d)).

6.3.2 Deposition of Ti on the W(100)-(2× 1)-O surface

0.27 MLE Ti (measured from AES) was deposited in UHV at room temperature onto

a clean W(100)-(2× 1)-O surface. Although STM offers no chemical specificity,

by comparing images of pre- and post-Ti deposited surfaces it appears that Ti

forms clusters on the W-(100)-(2× 1)-O surface (figure 6.6(a)). Clusters appear

to preferentially form centred over dark (topographically low) rows (figure 6.6(a)).

These clusters have a mean diameter of 10 Å and a mean height of 1.8 Å (figure

6.6(c) and (d)).



Chapter 6. STM of W(100)/TiO2 thin films: growth and thickness effects 152

Figure 6.7: Series of LEED images for (a) a W-(2× 1)-O surface, (Ebeam = 60 eV),
(b) 0.69 (Ebeam = 85 eV), (c) 0.74, (Ebeam = 85 eV), (d) 1.66, (Ebeam = 85 eV), (e)
3.15, (Ebeam = 85 eV), and (f) 4.04 MLE TiO2 (Ebeam = 55 eV).

6.3.3 Variation in TiO2 thin films as a function of film thick-

ness

Deposited Ti of varying thickness was oxidised by annealing in O2 for 2 hr. The

thickness of the TiO2(110) thin films grown was estimated from the attenuation of

the W N5O3O3 peak following Ti deposition and annealing, using an established

technique [26] (see appendix A).

0.69 MLE TiO2 film

The LEED pattern produced from a 0.69 MLE TiO2 film is shown in figure 6.7(b),

with the LEED pattern for the bare W-(2×1)-O surface shown in figure 6.7(a). The
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Figure 6.8: STM images showing a 0.69 MLE TiO2 film on W-(2× 1)-O. Image size
440 × 440 Å2, Vsample = 2 V, IF = 200 pA. Line profiles show row separation (red)
and nanowire dimensions (yellow, green and blue).

(1× 1) spots remain clear while spots along the axes are blurred.

Results from the previous chapter suggest a departure from stoichiometry for low

coverages. As such, the features appearing in STM images will be considered as

TiOx. Due to the low coverage, STM (figure 6.8) shows large regions of uncovered

W-(2 × 1)-O with a row separation of ∼6.3 Å (red line profile), upon which TiOx

“nanowires” appear - structures typically ∼8 Å wide (yellow line profile, inset A) and

up to ∼ 100 Å in length. These nanowires are orientated along the two perpendicular

axes of the W-(2×1)-O surface, and appear to lie along the dark rows of the substrate

(most clearly illustrated by the region in figure 6.8 outlined in red). The dark rows

of W-(2 × 1)-O are known to have a topographic origin [22]. In some places, TiOx

“nanodots” and small islands form (inset B). Islands appear to be composed of two

or more of the nanowire structures joined together. The blue line profile shows ridges

separated by about 6.5 Å, however detailed structure could not be resolved. The

island is ∼ 2 Å high. The distribution of TiOx structures appears to be random,

with no particular preference for step edges.
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Figure 6.9: Comparison of LEED patterns for a (a) 0.74 MLE TiO2 film (Ebeam =
85 eV) and (b) the same film after 15 min UHV anneal at 875 K (Ebeam = 85 eV).

0.74 MLE TiO2 film

A small increase in thickness of the TiO2 film results in a small loss of definition

in the corresponding LEED pattern (figure 6.7(c); cf. (b)). Whilst the pattern is

slightly more blurred, the same features are present: the blurred lines along the axes

of the (2× 1) pattern of the W-(2× 1)-O surface.

Well resolved STM of this surface was not easily attained. The surface consists of

small islands, presumably TiOx of around 12 Å in dimension (figure 6.10(a)). The

surface appears to be quite well covered, although some structure indicative of the

W-(2 × 1)-O substrate is still visible. Following an additional 10 min UHV anneal

at 875 K and 5 min anneal in O2 to 800 K, the LEED pattern appears similar with

slightly less noise (figure 6.9(b)). There was no change in the intensity ratio of the

Ti and W signals in AES, indicating no migration of Ti into the bulk substrate.

STM of the post-annealed surface shows the presence of small islands of TiOx (figure

6.10(b)), of up to around 30 Å in dimension (red line profile). There are very few
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Figure 6.10: STM images showing a 0.74 MLE TiO2 film on W-(2× 1)-O. (a) The
surface after annealing to 800 K in O2 for 2 hr (image size 250 × 250 Å2, Vsample = 2
V, IF = 200 pA), (b) the surface following a 10 min UHV anneal at 875 K, followed
by a 5 min O2 anneal to 800 K (image size 350 × 350 Å2, Vsample = 2 V, IF = 200
pA), (c) an enlarged area of the same surface (image size 70× 70 Å2, Vsample = 2 V,
IF = 200 pA.)

of the “nanowire” structures. The distribution of TiOx again shows no preference

for step edges. Figure 6.10(c) shows an enlarged area. Island boundaries tend to

coincide with the dark rows of the substrate. In this case however, the row separation

of the substrate is around 9 Å (blue line profile), suggesting a further reconstruction

of the surface to a (3× 1) surface. This reconstruction is not observed across all of

the substrate which may explain the faint LEED pattern.

1.66 MLE TiO2 film

The LEED pattern for a 1.66 MLE TiO2 film is shown in figure 6.7(d). The pattern

is much fainter than the previous two thicknesses, although the same streaking along

the axes is present. STM shows a rough surface consisting of small islands (figure

6.11(a)), around 13 Å in dimension, not unlike for the 0.74 MLE film.

A further 10 min UHV anneal to 875 K, followed by a 5 min O2 anneal at 800 K

resulted in the appearance of rectangular islands and very small nanodots (figure
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Figure 6.11: STM images of a 1.66 MLE thick TiO2 film. (a) After a 2 hr anneal in
O2 at 800 K (image size 500 × 500 Å2, Vsample = 1.5 V, IF = 100 pA), (b) following
a 10 min anneal to 875 K in UHV and 5 min O2 anneal to 800 K (image size 600 ×
600 Å2, Vsample = 1.2 V, IF = 100 pA).

6.11(b)). There is no structure visible that is related to the W-(2 × 1)-O surface,

however the islands appear to be orientated along the two perpendicular axes of the

substrate. More detailed structure could not be resolved. AES indicated no change

in the Ti/W peak intensity ratio following the UHV anneal.

3.15 MLE TiO2 film

The LEED pattern for a 3.15 MLE film is shown in figure 6.7(e). The pattern is

slightly more defined than the previous images. There is still streaking along the axes

but a little more clarity around the (2× 1) spots. STM shows a very rough surface

(6.12(a)). As such the resolution of images was severely limited. The orientation of

features along the two axes of the substrate is just visible.

Following a 10 min UHV anneal at 875 K followed by a 5 min O2 anneal at 800 K,

the surface is markedly different (figure 6.12(b)). Large, smooth islands orientated
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Figure 6.12: STM images showing a 3.15 MLE thick TiO2 film. (a) After a 2 hr
anneal to 800 K in O2 (image size 1000 × 1000 Å2, Vsample = 1.5 V, IF = 200 pA),
(b) following a 10 min UHV anneal to 875 K and 5 min O2 anneal to 800 K (image
size 1000 × 1000 Å2, Vsample = 0.5 V, IF = 100 pA), (c) at closer resolution, showing
row structure and step edges (image size 200 × 200 Å2, Vsample = 0.7 V, IF = 100
pA).
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Figure 6.13: STM image showing the surface of a 4.04 MLE TiO2 film (image size
800 × 800 Å2, Vsample = 1.2 V, IF = 50 pA).

along both the perpendicular axes of the substrate are visible. These islands have

dimensions ranging from 20-150 Å. Figure 6.12(c) shows the row structure present

on the surface in the two perpendicular orientations. The average row separation

in both the top and second layers is comparable (red and blue line profiles), around

6.0 Å. Row separation was estimated by fitting line profiles with Gaussian curves

and measuring the peak-to-peak distance. This similarity indicates none of the W-

(2× 1)-O substrate is visible. The step height is around 3.2 Å (green line profile).

4.04 MLE TiO2 film

The LEED pattern for a 4.04 MLE TiO2 film is shown in figure 6.7(f). The principal

spots are slightly more vivid although the pattern is blurry. Figure 6.13 is an STM

image showing that the surface consists of fairly large islands (up to 200 Å in size).

The step height is around 3.2 Å. Row resolution could not be resolved on this surface.



Chapter 6. STM of W(100)/TiO2 thin films: growth and thickness effects 159

Figure 6.14: STM images of a 8.79 MLE TiO2 film. (a) Surface of the film after
oxidation (image size 1000 × 1000 Å2, Vsample = 0.7 V, IF = 200 pA), (b) a more
detailed image of the same surface showing row structure (image size 120 × 120 Å2,
Vsample = 0.7 V, IF = 200 pA), (c) the film after a 10 min UHV anneal to 875 K,
followed by a 5 min O2 anneal (image size 900 × 900 Å2, Vsample = 1.5 V, IF = 200
pA), (d) row structure of this surface (image size 90 × 80 Å2, Vsample = 1.5 V,
IF = 200 pA).

8.79 MLE TiO2 film

No discernible LEED pattern could be recorded from the surface of a 8.79 MLE

thick TiO2 film, even after an additional 15 min UHV anneal to 875 K followed by

5 min O2 anneal to 800 K.

STM of the surface after the 2 hr O2 anneal shows a very uneven surface consisting

of islands in both perpendicular domains (figure 6.14(a)). Row structure is visible

(figure 6.14(b), red line profile) showing rows separated by ∼6.5 Å. The surface
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Figure 6.15: Models showing (a) the W body-centred cubic (bcc) unit cell with (100)
face and (b) top and side views of the predicted ideal structure for the W(100)-(2×1)-
O reconstruction, O atoms are blue; top level W atoms are shaded light grey, second
level W atoms in grey and deeper W atoms in dark grey.

was annealed in UHV at 875 K for 15 min followed by 5 min O2 anneal to 800 K.

This treatment resulted in a slightly less uneven surface with larger domains (figure

6.14(c)). Again, row structure can be discerned and is shown in figure 6.14(d) (blue

line profile), with an average row separation of 6.57 Å.
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6.4 Discussion

6.4.1 The W(100)-(2× 1)-O reconstructed surface

The W body-centred cubic (bcc) unit cell (a=3.16 Å) is shown in figure 6.15(a), with

the (100) plane marked. The observed contrast of bright and dark rows in STM of

TiO2(110) has been shown to be due to topography rather than electronic effects [22].

Figure 6.15(b) shows the predicted ideal structure from a combination of LEED

and low-energy ion scattering experiments of the W(100)-(2 × 1)-O reconstruction

[20,21,27,28].

STM of the W(100)-(2 × 1)-O reconstruction (figure 6.4) shows domains of rows,

with a periodicity of 6.3 Å, similar to previous results [22]. Based on the predicted

model for the (2×1) reconstruction [20], this separation marks the distance between

missing rows (figure 6.15), and accounts for the (2× 1) spots in LEED. The surface

was observed to be smooth with large, flat terraces consisting of regions of both

perpendicular domains, which accounts for the sharp (2×1) LEED pattern observed

in figure 6.3(b). The resolution of STM images shown here is improved compared

with images of the same surface reported in the literature [22].

6.4.2 W(100)-(2× 1)-O/TiO2(110) films

Ti on W(100)-(2× 1)-O

At a low deposition level of Ti on W(100)-(2 × 1)-O, the Ti appears to cover the

substrate surface fairly evenly. The tallest clusters appear within ∼50 Å of step

edges. XPS results presented in chapter 5 suggest Ti deposited onto an oxidised W

surface is largely metallic, with some broadening to Ti 2p peaks caused by reduced

states. The presence of reduced states suggests some interaction between the Ti and
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O on the substrate surface.

Following oxidation of sub-monolayer levels of Ti on W(100)-(2 × 1)-O, there is a

high TiOx island density, which indicates the mobility of the Ti atoms on the oxygen

reconstructed surface is low.

Development of LEED pattern

The substrate preparation described in section 6.3.1 produced a sharp (2×1) LEED

pattern indicating a (2 × 1) reconstruction of the surface. This demonstrates that

it is possible to not completely remove all O from the W(100) substrate yet achieve

a well-ordered starting substrate surface with close epitaxial match to TiO2(110)

films. As previously reported [18], the LEED pattern of films <5 MLE thickness

is complicated due pinholes in the film, incomplete coverage of the substrate or

competitive oxidation of the W substrate. Certainly in the case of the latter, some

areas of further reconstructed W surfaces were observed in STM. LEED patterns

for films <5 MLE presented here are faint and not particularly sharp indicating a

large number of different domains and little long range order.

Thickness effects

Qualitatively, it can be observed that the morphology of films varies with thickness.

In order to gauge this change quantitatively, the average number of domains per

square nanometre was estimated from a minimum of three different 1000× 1000 Å2

STM images for each film. Here, a domain was considered to be an area on a level

plane with rows in only one direction. The variation between film roughness and

thickness is shown in figure 6.16(a). The trend shows the number of domains per

nanometre square decreases with increasing film thickness. This is likely due to the

reduction in strain, felt more strongly near the substrate/overlayer interface, and
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Figure 6.16: (a) Graph showing the variation in film roughness (as estimated from
the number of domains per nm2) with film thickness. (b) Graph showing the change
in domain density with a 15 min UHV anneal.

the development of more “bulk-like” structure.

The effect of post oxidation UHV annealing of three films for which data was avail-

able is shown in figure 6.16(b). In each case there is a reduction in the domain

density per square nanometre, with bigger reductions for thinner films. This points

to a decreasing mobility of ions with increasing thickness.

6.4.3 TiO2(110) thin film surface features

The TiO2(110) row structure can be discerned by STM for thicker films (figure 6.17).

Whilst resolution of rows is good, it was not possible to clearly discern defect features

such as Ovac sites. Density of these sites decreases with film thickness (chapter 5),

and thus only a low concentration would be expected for the 8.79 MLE film. This

film (the thickest presented) gave the best resolution images, however no defects

were observed between rows. Conversely, resolution is poorer for thinner films where

the expected defect concentration would be higher. Additionally, reduced Ti states

observed by XPS could arise from step edge atoms or interfacial sites.

Comparing row separation in the 3.15 MLE and 8.79 MLE films, there is a contrac-

tion in the thinner film (figure 6.18). Row separation was accurately measured by
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Figure 6.17: STM images showing TiO2(110) row structure of (a) a 3.15 MLE film
(image size 60 × 30 Å2, Vsample = 0.7 V, IF = 100 pA), (b) a 8.79 MLE film (image
size 90 × 45 Å2, Vsample = 0.7 V, IF = 100 pA).

Figure 6.18: Cross section line profiles showing row corrugation and peak fitting to
estimate average row separation for TiO2 films of thickness (a) 3.15 MLE and (b)
8.79 MLE.
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fitting rows with Gaussian curves and measuring the peak-to-peak difference. This

contraction of the surface unit cell has been previously reported for films on Ni(110)

substrates [11], and demonstrates the shift towards more bulk-like TiO2 structure

in thicker films.

6.5 Conclusions

Six TiO2(110) ultrathin films between 0.5-9 MLE have been grown on a recon-

structed surface of W(100)-(2 × 1)-O and characterised by LEED, AES and STM.

Roughness of films, as gauged by the number of different domains per unit area,

can be improved by annealing in UHV and the final roughness decreases with in-

creasing thickness. TiO2(110) row structure has been resolved although no defect

features were observed. STM of low coverage Ti on W(100)-(2 × 1)-O shows Ti

forms as small clusters and on oxidation forms linear, “nanowire” structures. These

structures align with the rows of the underlying substrate.

A low-temperature method for preparing ultrathin TiO2(110) films on W(100) has

been presented, allowing growth using instruments with high temperature restric-

tions. The STM images presented here are the first in situ images of TiO2(110) thin

films on W(100). The ability to clearly resolve rows as shown for thicker films here

is vital for imaging of adsorption of molecules (for example, of water or oxygen),

which could lead to a greater understanding of surface processes on TiO2. Whilst

not perfect mimics of bulk surfaces, ultrathin films represent adequate analogues for

the study of surface properties, particularly of otherwise insulating materials.
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Chapter 7

Conclusions

Ultrathin films of metal oxides have been used as model systems for surface science

studies in the context of catalysis. The chemistry and physical structure of films

have been probed using photoemission spectroscopy (PES) and scanning tunnelling

microscopy (STM). Results show that thin films exhibit comparative behaviour to

bulk counterparts and could provide a better understanding of single crystal surfaces.

The interaction between Pd and ceria was examined by X-ray photoelectron spec-

troscopy (XPS) and resonance photoemission spectroscopy (RESPES) using CeO2-x

thin films grown on Pt(111). Evidence to support theoretical calculations of a model

of charge transfer from Pd to ceria was found using the % Ce3+ (calculated from

both techniques) as a measure of reduction.

Understanding the role of ceria, its oxygen storage capacity (OSC) and interaction

with precious metal additives is crucial to the enhancement of three-way catalysts

(TWCs) used to control automobile emissions. To further the spectroscopic infor-

mation reported in this thesis, the next step is to provide topographic information

regarding the nature of metal additives and defect states in the ceria surface. Atomic
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force microscopy (AFM) and STM would be ideal imaging tools to study these as-

pects. Recently, STM of ceria films grown on Pt(111) and details of defect structure

have been reported∗. The next step is to provide a more comprehensive view of the

nature of metal nanoparticles on ceria surfaces. This could be achieved by using

STM to map electronic distribution around Pd nanoparticles on the ceria surface.

TiO2 ultrathin films were grown on W(100), and the physical structure and reactivity

of them were investigated by low-energy electron diffraction (LEED), XPS and STM.

XPS results show that films are non-stoichiometric. Due to lessening substrate

interactions, thicker films have less non-stoichiometry - films around 1 MLE thick

have around 5% Ti 3+ states whilst films thicker than 5 MLE have 1% Ti 3+. Films

are shown to be reactive with both H2O and O2. The analysis of the O 1s spectrum

showed two satellite peaks additional to the main O 1s peak arising from O in the

bulk. These satellite peaks were identified as arising from bridging hydroxyl groups

and molecular water adsorbed to exposed W(100).

STM was used to examine the physical structure of TiO2(110) films grown on W-

(2×1)-O and how properties are affected by increasing film thickness. Thicker films

were found to be smoother, with larger domains. It was also found that annealing

films could further improve surface smoothness. The STM images presented are the

first detailed in situ images of TiO2(110) grown on W(100). Row structure can be

discerned although no surface defects were observed. However, these results offer a

promising platform from which the adsorption of H2O and O2 on TiO2 can be imaged

using thin films. A suggested experiment would be to use STM on TiO2 films grown

in accordance to the method in chapter 6 to grow films of medium thickness (3-5

MLE), dose incremental amounts of H2O and O2 and monitor each stage with STM.

A particularly interesting experiment, although one requiring sophisticated use of

∗Grinter, D.C., Ithnin, R., Pang, C.L., Thornton, G.; J. Phys. Chem. C, 2010, 114, 17036
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the STM would be to dose adsorbates in situ whilst scanning.

TiO2 is a widely studied material, and particularly the defect structure is of great

interest due to its importance with respect to the surface chemistry. Using thin films

of TiO2 grown on W(100) has been shown to be a suitable system for study using

surface science probes. The STM work described in this thesis could be expanded

to provide a clearer picture of the structure and reactivity of defects. An important

consideration in the selection of W(100) as a substrate is that it is a paramagnet.

Thus W(100)/TiO2(110) thin films - and specifically defect structure - could be

studied using electron paramagnetic resonance (EPR), providing a definitive EPR

signature of defects for subsequent use in the study of powdered samples.



Appendix A

Calculating thin film thicknesses

In this appendix, the methods used to estimate thin film thicknesses from XPS and

AES are discussed.

A.1 Estimating thin-film thickness from XPS

To a first approximation, the intensity of XPS peaks is proportional to the surface

concentration of a specific chemical species and the photoionisation cross-section.

Electrons travelling through a solid are attenuated exponentially, and therefore the

further an electron must travel through a solid, the lower the chance of it being

detected [1–3].

Two-phase systems Two phase systems (figure A.1(a)) arise from an overlayer

material, O adsorbed on a substrate, S. The attenuation of electrons from the

substrate is a function of overlayer thickness, dO, atomic cross-section, σ, and the

inelastic mean free path (IMFP), λ, such that:

172



Chapter A. Appendix 173

Figure A.1: Schematic diagrams of (a) a two-phase system, (b) a three-phase system.

IS = E−xK(S) · σS · λS · exp

(
−dO
λS

)
· exp

(
−dO
λS/O

)
(A.1)

where EK(S) is the kinetic energy of an electron from the substrate detected, λS is

the IMFP of an emitted substrate electron in the substrate material S for a kinetic

energy EK(S), and λS/O the IMFP of a substrate electon in the overlayer material,

O. The kinetic energy terms, EK arise due to the transmission function of the

analyser [4]. The power in this term, x is specific to the energy analyser used.

Similarly, an expression can be written for the intensity of an overlayer, O peak:

IO = E−xk(O) · σO · λO ·
(

1− exp

(
−dO
λO

) )
(A.2)

Dividing equation A.2 by equation A.1 and rearranging gives an expression in terms

of the intensity ratio, IO/IS:

E−xk(S)

E−xk(O)

· IO
IS
· σS
σO
· λS
λO
· exp

(
−dO
λS

)
· exp

(
−dO
λS/O

)
+ exp

(
−dO
λO

)
−1 = 0 (A.3)
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The intensity ratio, IO/IS can be determined experimentally from prominent XPS

peaks, and equation A.3 can be solved for the thickness of the overlayer, dO.

Three-phase systems In a three-phase system (figure A.1(b)), an intermediate

interlayer phase, I, of known thickness dI lies between the substrate, S and the

overlayer, O′. This complicates the procedure as now there is attenuation due to

both the intermediate layer, I and the overlayer, C. This is accounted for by adding

an extra term to equation A.1:

IS = E−xk(S) · σS · λS · exp

(
−dO′+dI

λS

)
· exp

(
−dI
λS/I

)
· exp

(
−dO′
λS/O′

)
(A.4)

where λS/O′ is the IMFP of an emitted substrate electron in the overlayer, O′ with a

kinetic energy Ek(S). The equation for the intensity of overlayer peak, IO′ is similar

to equation A.2:

IO′ = E−xk(O′) · σO′ · λO′ ·
(

1− exp

(
−dO′
λO′

) )
(A.5)

Dividing equation A.5 by equation A.4, and rearranging gives:

E−xk(S)

E−xk(O′)
· IO

′

IS
· σS
σO′
· λS
λO′
·exp

(
−dO′+dI

λS

)
· exp

(
−dI
λS/I

)
· exp

(
−dO′
λO′

)
+ exp

(
−dI
λI

)
−1 = 0 (A.6)

IO′/IS can be determined experimentally from XPS spectra, and equation A.6 can

be solved for dO′ .

A.2 Estimating thin-film thickness from AES

Overlayer thickness can be quantified from AES by monitoring the change in inten-

sity of a substrate peak before, I∞S and after, IS overlayer material has been added.
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These values are related via a form of the Beer-Lambert law [1]:

IS = I∞S exp(
−dO
λO

) (A.7)

where dO is the overlayer thickness and λO is the IMFP of an electron from the

overlayer. When I∞S and IS have been determined experimentally, equation A.7 can

be rearranged in terms of d:

d = λO ln
I∞S
IS

(A.8)
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