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Abstract

This thesis work reports an experimental analysis of TiOyx nanostructures and
ultrathin films on the Au(111) surface by means of Scanning Tunneling Microscopy
(STM) and Scanning Tunneling Spectroscopy (STS). The TiOx/Au(11l) system is
obtained with the electron-beam evaporation technique at low and high coverage,
namely 0.3 ML and 1.5 ML of titanium, followed by oxidation. The STM analysis
shows the formation of five dilerent TiOx phases, in agreement with previous
observations, whose structural and morphological features are discussed thanks to
atomically resolved STM images and the results of Low Energy Electron Di Lraction
(LEED) measurements. The STS analysis, on the other hand, allows to investigate the
electronic properties of the TiOx phases and it shows their peculiar individual features
around the Fermi energy. The examined system represents a model system for the
study of morphological, structural and electronic properties of nanostructured TiOy
films, which, thanks to their high surface/volume ratio, are highly regarded in the
research on photovoltaic and photocatalytic applications.



Sommario

Il presente elaborato di tesi riporta un’analisi sperimentale della crescita di
nanostrutture e film ultrasottili di TiOx su Au(11l) tramite microscopia a e [efito
tunnel (STM, Scanning Tunneling Microscopy) e spettroscopia a e [efito tunnel (STS,
Scanning Tunneling Spectroscopy). |l sistema TiOx/Au(111) é stato ottenuto con la
tecnica di evaporazione da fascio elettronico a basso ed alto coverage di titanio,
principalmente 0.3 ML e 1.5 ML, seguita da ossidazione. L’analisi STM mostra la
formazione di cinque diverse fasi di TiOy, in accordo con le precedenti osservazioni, le
cui caratteristiche strutturali e morfologiche sono discusse grazie alle immagini STM a
risoluzione atomica e i risultati ottenuti dalla dilrazione elettronica a basse energie
(LEED, Low Energy Electron Dilraction). L’analisi STS, invece, consente di
investigare le proprieta elettroniche delle diverse fasi e mostra le peculiari
caratteristiche di ciascuna di esse nell’intorno dell’energia di Fermi. |l sistema
esaminato rappresenta un sistema modello per lo studio delle proprieta morfologiche,
strutturali ed elettroniche dei film nanostrutturati di TiOy, i quali, grazie al loro
elevato rapporto superficie/volume, sono considerati di grande interesse nell’ambito
della ricerca su dispositivi per applicazioni fotovoltaiche e di fotocatalisi.



Contents

Abstract

Sommario

Contents

List of Figures

List of Tables

List of Symbols and Acronyms

Introduction

1

2

Scanning tunneling microscopy and spectroscopy

1.1 Scanning tunneling microscopy . . . . . . . . . oo e
1.1.1 Operating principles . . . . . . . . . ... ... .. .. .. ...
1.1.2 Elementary theory of scanning tunneling microscopy . . . . . ..
1.1.3 Bardeentheory . . . .. .. .. .. . .. ...
1.1.4 Theoretical models for STM imaging: the Terso [=Hamann model
1.1.5 Theoretical models for STM imaging: the Chen model . . . . ..

1.2 Scanning tunneling spectroscopy . . . . . . . .. ...
1.2.1 Theory of STS: the WKB approximation. . . .. .. .. ... ..
1.2.2 Normalization methods . . . .. ... ... ... .........

Thin films of metal oxides on metallic surfaces

2.1 Thesurface of Au(111) . . . . . . . . . .
2.1.1 Morphology and structure . . . . ... ... ... .. .......
2.1.2 Electronic structure . . . . ... ... ...

2.2 Monocrystalline titanium dioxide . . . . . .. ... ... ... ...,
2.2.1 Morphology and structure . . . . . . ... ... ...
2.2.2 Electronic structure . . . . ... ... o

2.3 Fundamentals of nucleation and growth of thinfilms . . ... ... ...

2.4 Metal oxide ultrathin films on (111) metal surfaces . . . .. .. ... ..

\'



2.5
2.6

2.4.1 TIO/Pt(111) . . . . . e
242 VOL/PA(111) . . . . . . e
Growth of TIOx/AuU(11l) . . . . . . . .
Thesis objectives . . . . . . . . . .. e

3 Experimental results

3.1
3.2

3.3

3.4

Experimental procedure . . . . . . .. ... ... . e
Morphology and structure . . . . . . ... .. ... ... . ...
3.21 LEEDanalysis .. ... ... ... .. .. ...
3.2.2 Atomic structure of TiOyx phases . . . . . ... ... .. .....
3.23 Adsorbates . . ... ...
3.2.4 Defects on the Au(111) surface . . . ... .. .. ... .. ....
Electronic properties of the TiOx/Au(111) system. . . . . . .. ... ..
3.3.1 Data collection and analysis procedures . . . .. ... ......
3.3.2 AU(111) . . .
3.3.3 Honeycomb . .. ... .. ... ...
3.34 Pinwheel. . . ...
335 Triangular . . . . . . ..
3.3.6 ROW . . . . e
3.3.7 Finalcomparisons . ... ... ... .. ... ... .. ...
Discussion . . . . . . ... e e e

4 Conclusions and perspectives

Appendix A Experimental details

Al
A2

A3
A4
A5
A.6

Vacuum system . . . . ...
STM-STS apparatus . . . . . . . . . . e e e e
A.21 STM measurements . . .. .. .. ... .. ...
A.2.2 STS measurements and lock-in amplifier . . . . .. ... ... ..
Tip preparation method . . . . ... ... ... ... .. ... .. ...,
Surface and sample preparation facilities . . . . . . ... ... ... ...
Low energy electron diCraction (LEED) . .. ... ... .........
Auger electron spectroscopy (AES) . . . . .. . ... L.

Bibliography

Ringraziamenti

Vi

75

77
77
79
79
81
82
83
85
87

88

91



1.1
1.2
1.3

1.4
1.5

1.6
1.7

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.13
2.14
2.15
2.16
2.17
2.18
2.19
2.20
2.21

List of Figures

Nanostructured TiO, thinfilms . . . . ... ... .. ... ... ..... 2
Schematic diagram of a scanning tunneling microscope . . . . . . . . .. 5
Operating modes of a scanning tunneling microscope . . . . .. ... .. 6
Schematic model of the tunnel e [edt with monodimensional rectangular

potential barrier . . . .. ... ... e 7

Scheme of the energy levels involved in tunneling for a metallic sample . 10
Scheme of the energy levels involved in tunneling for a semiconductor

sample . .. 10
Schematic picture of tunneling geometry . . . . . . .. ... .. ... .. 11
Schematic picture of the tunneling junction in the WKB approximation 14
Model of (22 p§) reconstruction . . ... ... ... ... .. ..., 18
STM images of Au(111) from Ref. [39] . . . . . . . ... ... ... ... 19
dl=dV curves and map of Au(11l) from Ref. [42] . . . . .. .. .. ... 20
LDOS of Au(111) calculated with the extended KP potential from Ref. [44] 21
Bulk structures of rutile and anatase . . . . .. ... ... ........ 21
STM image of anatase (101) . . . . . . . . . . . . . . .. ... ... 22
Rutile (110) crystal structure (STM image and model) . . . .. ... .. 22
Absorption and emission spectra of TiO, (110) surfaces . . ... .. .. 23
STS measurements on the TiO, (110) surface . . . . ... ... .. ... 24
Atomic processes involved in filmgrowth . . . . . ... ... ... .... 25
Schematic illustration of the basic growth modes . . . . . ... ... .. 26
Schematic representation of homoepitaxial and heteroepitaxial structures 26
STM images of k-TiOx phase and structural model . . . . ... ... .. 28
STM images and structural model of the z-TiOx/Pt(111) phase . . . . . 29
STM images of w-TiOx/Pt(111) phase . . . . . . . . . . ... ... ... 29
Moiré pattern of w-TiOx/Pt(111l) phase . . . ... ... .. ... .... 30
STM image of low coverage VO, /Pd(111) . . . . .. .. ... ... ... 31
STM images of TiOx/Au(111) from Ref. [11] . .. ... ... ... ... 32
STM images of TiOx/Au(111) from Ref. [10] . . .. . ... ... .. .. 33
STM image and structural models of TiOx/Au(111) from Ref. [12] ... 34
TiOx/Au(111) - coverage evolution from Ref. [13] . . . . .. .. ... .. 37

Vii



2.22
2.23
2.24
2.25

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14
3.15
3.16
3.17
3.18
3.19
3.20

3.21
3.22
3.23
3.24
3.25

Al
A2
A3
A4
A5
A.6
A7
A.8
A9

Atomic resolution and structural model of pinwheel phase from Ref. [13]
Atomic resolution STM image of the honeycomb phase from Ref. [13] . .
STM image of a triangular island from Ref. [13] . . . . . ... . ... ..
High resolution STM image of the row phase from Ref. [13] . .. .. ..

LEED patterns of the TiOx/Au(111) system at increasing coverage . . .
Simulated LEED for the honeycomb phase . . . . . . ... ... .....
Simulated LEED of the pinwheel phase . . . . . ... ... ........
STM images of TiOx/Au(111) at low and high coverage . ... ... ..
Atomic structure of the honeycomb phase . . . .. ... ... ......
Atomic structure of the pinwheel phase . . . . . .. ... ... ......
STM images of the triangular phase . . . .. ... ... ... ......
STM images of therowphase . . . . . .. .. .. ... ... .......
STM images of the needle phase . . . . .. ... ... ... ... ....
STM images of the adsorbates on the pinwheel and honeycomb phases .
STM images of Pd on SiO, on Mo(112) from Ref. [74] . . . . .. .. ..
STM images of defects on the Au(111) surface at low coverage . . . . . .
Example of the data collection and analysis procedures . . . . . ... ..
STSof Au(1ll) atlowcoverage . . . . . . . . . . v v i v i it e
STS of Au(111) at highcoverage . . . . . ... ... ... ... .....
STS of the honeycomb phase . . ... ... .. ... ... ........
STS of the honeycomb phase with W tipat 1.1 MLE . . . . . .. .. ..
STS of the pinwheel phase at low coverage . . . . . ... ... ......
STS of the pinwheel at highcoverage . . . . . .. .. .. .. .......
STS of the pinwheel phase at high coverage — comparison between Cr
and W Lips . . . . . . e
STS of the triangular phase at low coverage . . . . ... ... ......
STS of the triangular phase at high coverage . . . . . .. ... ... ...
STSoftherowphase. . . . . . . . . . ... ... . . . ...
STS of the row phase with Wtipat1.3MLE ... ... .........
STS spectra of the dilerent TiOx phases . . . . . . . . ... ... ....

STMapparatus . . . . . . . . .
STMsamplestage . .. ... .. .. . . . . . ... ...
Schemeof tippath . . . . . . . .. . ... . ...
Scheme of a W tip production . . . . . .. ... ... ...........
Productionofabulk Crtip . ... ... ... ... ... ... ......
External view of the ion gun and thermal evaporator . . . . ... .. ..
Thermal evaporator . . . .. .. .. .. .. . .. ...
Mean free path of electrons in solids as a function of their energy . . . .
Inner view of the LEED apparatus . . . .. ... ... ..........

A.10 Scheme of the Auger process. . . . . . . . . . . v i i

viii



2.1 Summary of the TiOx phases on Pt(111)

List of Tables

3.1 Summary of the structural analysis on the TiOx/Au(111) phases
3.2 Summary of the STS data on the TiOx/Au(111) phases . ... .. ...



List of Symbols and Acronyms

AFM atomic force microscopy
ALD atomic layer deposition
AES Auger electron spectroscopy
CvD chemical vapor deposition

energy amplitude between the two main peaks around the Fermi energy
DFT density functional theory
DOS density of states

E. bottom of the conduction band
Er Fermi energy

Eq energy gap

FCC face-centered cubic

HCP hexagonal close-packed

HAS helium atom scattering

LEED low-energy electron di [raction
LDOS local density of states

MFM magnetic force microscopy

MBE molecular beam epitaxy



Ox

PVD
PLD

RLAD
RT

SEM
SNOM
SPM
STM
STS
SP-STM
SP-STS

UHV

Ux

WKB

XPD
XPS

number of single spectra by which a STS curve is made up

peak in the occupied states for the phase x

Oh peak in the occupied states for the honeycomb phase
Or peak in the occupied states for the row phase

Op peak in the occupied states for the pinwheel phase
Ot peak in the occupied states for the triangular phase

physical vapor deposition

pulsed laser deposition

reactive-layer-assisted deposition

room temperature

scanning electron microscope

scanning near-field optical microscopy
scanning probe microscopy

scanning tunneling microscopy

scanning tunneling spectroscopy
spin-polarized scanning tunneling microscopy

spin-polarized scanning tunneling spectroscopy

ultra-high vacuum

peak in the unoccupied states for the phase x

Unh peak in the unoccupied states for the honeycomb phase
Up peak in the unoccupied states for the pinwheel phase
Ur peak in the unoccupied states for the row phase

Ut peak in the unoccupied states for the triangular phase

Wentzel-Kramers-Brillouin

X-ray photoelectron di[raction

X-ray photoelectron spectroscopy

Xi



Introduction

The main topic of the thesis work presented here deals with the study of titanium oxide
nanostructures and ultrathin films, grown on the Au(111) surface, by means of scanning
tunneling microscopy (STM) and scanning tunneling spectroscopy (STS). The titanium
deposition on the gold substrate is performed by electron-beam evaporation, followed
by oxidation in order to obtain titanium oxide. The analysis is aimed to extend the
basic knowledge of titanium oxide surfaces and nanostructures, mainly focusing on their
structural and electronic properties at the nanoscale.

Titanium dioxide (titania) is one of the most relevant strategic materials in many
technological —applications;  some examples are heterogeneous catalysis!Y,
photo-assisted oxidation!?, opticall® and photovoltaicl*! devices, self-cleaning surfaces
and water splitting!®. Nanostructured TiO,, in addition, such as in the form of
ultrathin supported films®!, nanoparticles! and hierarchical nanostructures!’,
exhibits surface-mediated structural, chemical and electronic properties di [erent from
their bulk counterparts. As an example, Figure 1 shows two examples of scanning
electron microscope (SEM) images of nanostructured TiO3 films, which can be applied
as photoanodes in the so-called dye-sensitized solar cells (DSSC). Their high
surface/volume ratio, indeed, provides an outstanding surface area available for the
adhesion with photosensible molecules (dye), producing an e [ciehcy increase of the
device.

On the other hand, a growing interest is recenlty developing in oxide ultrathin films
on metals, since their properties are determined by the combination of the ones of both
the substrate and the overlayer; for example, they may find application as templates
for cluster growth, molecular sieves, promoters of the activation of supported particles
on specific defects and for the formation of charged clusters on their surfacel®l.

These examples illustrate the importance of a deep knowledge of structural and
electronic properties, with high spatial resolution, of nanostructured TiO, films. This
purpose can be achieved by realizing and characterizing the so-called model systems,
in which titanium oxide clusters or thin films are deposited onto a suitable surface.
Indeed, although monocrystalline TiO» is one of the most studied systems in the whole
surface sciencel®), only few research works concerns the study of titanium oxide 2D
nanostructures, which, generally speaking, exhibit dilerknt properties from the same
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Figure 1: (a) SEM image of a mesoporous TiO, film“l. (b) SEM image of hierarchical
TiO, nanostructures obtained with pulsed laser deposition (PLD)[1.

bulk material, due to the confinement in size and the interaction with the substrate.

As a model substrate surface for this kind of study, the Au(111) one represents a
suitable choice, since it is well-known in surface science, it is chemically inert towards
oxygen and it shows a peculiar surface reconstruction, known as herringbone
reconstruction, which can provide preferential sites for the nucleation of clusters!:
and, thus, can act as a template. These features demonstrate the Au(111) significance
as a substrate for the growth of metal oxide nanostructures.

In order to study the physical properties of the aforementioned titanium oxide
nanostructures, the STM and STS techniques appear as suitable choices thanks to
their remarkable spatial resolution, which is mandatory for a study at the nanoscale of
surfaces.  Indeed, the invention of scanning tunneling microscope represents a
milestone in the experimental study of metallic and semiconductive surfaces and it is
presently employed in several studies in the extended field of nanotechnology.

For all the aforementioned reasons, this thesis work aims to realize and characterize
titanium oxide nanostructures on the Au(11l) surface by means of STM and STS
techniques, studying their evolution with an increasing coverage. This kind of analysis
is reported in few papers'®12 and, indeed, it has been undertaken in a previous thesis
work(*3] which concerned mainly the morphological characterization of TiOx/Au(111)
phases; in addition, it also discussed the morphological and electronic properties of the
Ti/Au(111) system. For this reason, the present work is focused on the electronic
properties of the TiOx phases, which had not been investigated previously. This thesis
is divided into four chapters and an appendix:

Chapter 1 — Scanning tunneling microscopy and spectroscopy: the
STM and STS techniques are introduced. First, the basic principles of STM are
described, followed by theoretical models on the tunneling phenomenon;
afterwards, the STS technique is described and, also in this case, the most
relevant theoretical models are higlighted, as well as the main normalization
methods.

Chapter 2 — Thin films of metal oxides on metallic surfaces: some relevant
examples of metal oxides thin films on metallic surfaces are highlighted. The
chapter opens with a description of the Au(111) surface, followed by a highlight
on the properties of monocrystalline titanium dioxide; thereafter, the growth of
metal oxide ultrathin films on metallic surfaces is considered; afterwards, the state




of the art of the study on TiOx/Au(111) system is reviewed in more detail and,
eventually, the thesis objectives are more specifically clarified.

Chapter 3 — Experimental results: the results obtained in this work are
illustrated and discussed. In the first section, the morphological and structural
properties are considered, whereas in the second one the electronic properties are
described.

Chapter 4 — Conclusion and perspectives: the main results are resumed, in
regard to the preset goals; in addition, future perspectives of this thesis work are
outlined.

Appendix A — Experimental details: the experimental techniques and
facilities employed in this thesis activity are explained in detail.

The STM and STS measurements on the TiOx/Au(111) have been performed and
analyzed in the Micro and Nanostructured Materials Laboratory (Nanolab) of
Politecnico di Milano. | personally worked on all these activities, with the exception of
the analysis of STS data at low coverage, which | partially contributed to. Low-energy
electron dilraction (LEED) measurements have also been performed in the same
laboratory and they are presented in this document, although | did not personally
worked on them; the reason of that will be conveniently clarified.




Scanning tunneling microscopy and
spectroscopy

Surface science takes advantage of several instruments in order to unveil the physical
and chemical properties of surfaces, such as the stylus, optical and electron
microscopes, et cetera. However, the interest in an atomic-scale knowledge on surfaces
led to the invention of the Scanning Tunneling Microscope (STM) in 1982 by Binnig
et al.l' which represents the “progenitor” of the family of scanning probe microscopy
(SPM) techniques. These techniques are generally based on the interaction between a
very sharp tip and the sample surface, where the former scans the latter similarly as
the stylus, but they are able to provide information about its local properties at the
atomic scale. Depending on the kind of interaction between probe and sample,
di Lerknt techniques have developed, apart from STM, such as atomic force microscopy
(AFM), magnetic force microscopy (MFM) and scanning near-field optical microscopy
(SNOM). On the other hand, spectroscopic measurements have also been implemented
to the scanning tunneling microscope, giving rise to the scanning tunneling
spectroscopy (STS) technique, which is able to provide information about the local
density of states (LDOS) of the sample. Today STM and STS techniques are
employed in many research facilities and they can be crucial for the most advanced
studies on the surfaces of materials and nanotechnology, mainly thanks to their
outstanding spatial resolution.

In this chapter the fundamentals of STM and STS techniques will be discussed. First,
the STM technique is described (Section 1.1), starting with its operating principles (Sub-
section 1.1.1) and considering di Lerknt theoretical models for the tunneling phenomenon
(Sub-sections 1.1.2 to 1.1.5); second, the STS technique is highlighted (Section 1.2),
considering the so-called WKB approximation (Sub-section 1.2.1) and the normalization
methods (Sub-section 1.2.2).
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1.1 Scanning tunneling microscopy

1.1.1 Operating principles

The basic principle and operation of an STM is conceptually rather simple, as illustrated
in Figure 1.1: a sharp metal tip, typically made of W or Pt-Ir, is brought in close
proximity (5-7 A) to the sample surface. At this separation length, an overlap occurs
between tip and sample wave functions, decaying exponentially into the junction gap.
The most widely used convention of the polarity of bias voltage is that the tip is virtually
grounded, so that V, is the sample voltage. Thanks to the quantum mechanical e [edt
of tunneling, a small current within the nanoampere range, called tunneling current
(ly), arises; if Vi, > 0, the electrons tunnel from the occupied states of the tip into the
empty states of the sample, while if V, < 0 electrons flow from the occupied states of
the sample into the unoccupied states of the tip. In the simplest design of the STM, a
tip is raster-scanned across the surface, for example using three orthogonal piezoelectric
transducers, as shown in Fig. 1.1. Since the tunneling current Iy depends exponentially
on the distance z between the tip and the surface, current variations are detected as
the tip is scanned across the corrugated surface. In particular, the tunneling current
tends to increase (decrease) as the separation between the tip and the sample decreases
(increases).

Control voltages for piezotube

Tunneling Distance control
current amplifier and scanning unit

Piezoelectric tube
with electrodes

Tunneling
voltage

Data processing
and display

Figure 1.1: Schematic diagram of a scanning tunneling microscopel*°l.

Normally, the STM is operated in the constant-current mode (Fig. 1.2(a)), in which
the measured I is compared with a preset constant value lg, typically 0.1-10 nA, in a
feedback circuit. The feedback signal, proportional to the di[erence between I and I,
provides a correction to the z transducer and thus causes the distance z between the
tip and the surface to change when an atom or, in more general terms, a protrusion is
traversed. Recording the feedback signal or z displacement as a function of the lateral
tip position during raster scanning yields a xy map of the surface topography. On the
contrary, in constant height mode (Fig. 1.2(b)) the feedback circuit is turned o[—and
the tip-sample distance z is kept constant; in this case, the tunneling current signal as
a function of the (x;y) position of the tip is acquired and imaged. The constant height
STM image, thus, represents the trend of the I:(X;y) function on the analyzed surface
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for a given bias Vy,. In this way, a faster acquisition is achievable, but the images are
less suitable to a quantitative analysis of the sample’s morphological features.

(@) ©)

Figure 1.2: Operating modes of a scanning tunneling microscope. (a) Constant current
mode. (b) Constant height mode.

Since the tunneling current behaves exponentially with z (see Section 1.1.2,
Eqg. (1.8)), the interaction area of the tip is limited to a few atoms of the tip apex,
thus providing a nano-sized probe by which atomically resolved images of a surface
can be obtained. The mechanical design of an STM has the inherent complication
that the tip-to-sample distance has to be stabilized on a sub-Angstrom scale by
construction elements with dimensions in the centimeter rangel*6l. This mismatch over
nine orders of magnitude is a major di Lculity since construction elements such as tip,
scan unit, sample, sample holder and interconnecting base systems are aledted by
vibrations and thermal drift. In particular, to achieve atomic resolution, vibration
isolation is essential. This can be achieved by making the STM unit as rigid as
possible and by reducing the influence of environmental vibrations by decoupling the
STM units from the other parts of the instrument.

As a final remark, during STM measurements the condition of ultra-high vacuum
(UHV) is usually preferred, since it prevents the contamination of the sample surface
by gases or other impurities (for a deeper explanation, see Appendix A.l); however,
STM measurements can also be performed in air, water and various other liquid or gas
ambients(*7].

1.1.2 Elementary theory of scanning tunneling microscopy

From the theoretical point of view, the problem of quantum tunneling can be approached
in di Cerent ways. Some of them are based on single-particle models, where the potential
barrier is described by a function U(r). The tunneling current, then, is calculated by
applying the current density operator to the solutions of the Schrddinger equation for
the stationary states of the system in consideration. In this framework, one of the
simplest models is the monodimensional rectangular potential barrier, as illustrated in
Figure 1.3.

The potential barrier is described as

U(z) = Up ifz2(0;2zp) (11)
0 elsewhere

On the other hand, the electron, with wave function (z), must obey the Schrédinger
equation. If one is interested in a complete description of the tunneling phenomenon,

6
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Figure 1.3: Schematic model of the tunnel eledt with monodimensional rectangular
potential barrier. The depicted oscillating function represents the real part of the wave
function of an electron with energy E, which passes through the barrier (having width zq
and height Up).

a time-dependent treatment should be performed, since tunneling is a non-stationary
guantum phenomenon; however, this kind of dissertation is not needed in order to find
the transmission and reflection probabilities, so that the Schrddinger equation for the
stationary states can be considered:

2 42

smaz TV@ @=E @) (1.2)

where E is the total energy of the electron. Henceforth we consider the case E < Uy, that
is to say, the electron has a lower energy than the potential barrier (which means that
it would be anyhow classically reflected); in this case, the solution of the Schrédinger
equation can be written as

8 . .
EAle'klZ + Bqe kiz  jfz <0

@)= _Ace kez + Byeka?  if z 2 (0; zp) (1.3)
" AzeikiZ + Bge 1z jf 7 > 74

where:
r2
mE
ki = — (1.4)
—
K, = 2m(Ug E) (1.5)

~2

Considering the example depicted in Fig. 1.3, where the electron reaches the barrier
from the left, the transmitted wave in the region z > zy propagates along the positive
z direction, so that B3 can be set equal to zero (B3 = 0). The boundary conditions of
the problem under consideration are the continuity of the wave function (z) and of
its first derivative in the z = 0 and z = zy points. By applying them, one can express
the constants in Equation (1.3) by means of the incident wave amplitude A1; finally,
by applying the current density operator to the wave function (z), the current density
can be calculated with the following expression:

_i~e
J—%( r r ) (1.6)
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Therefore, the transmission coe [cieht T can be obtained, which is the ratio between
the incident current and the transmitted one; in the approximation k»zg 1, which
means that the barrier is relatively “large” (i.e. several nanometers), the transmission
coe [cieht can be written as

k:%k% 2kyz
T 16— L2 ¢ 22 (1.7)
(Z + K3)2

and this equation can be rewritten using (1.4) and (1.5), obtaining

EWUo  E). 2koro

T
Ug

(1.8)

As evident, the transmission coe Lcieht is proportional to e 2k2zo \which contains the
electron energy (E) and the height of the potential barrier (Ug), both through the
constant k», and the width of the potential barrier (zp). As already mentioned, the
exponential dependence on zq is the main reason of the extreme vertical resolution of
STM measurements.

As illustrated by this simple example, tunneling phenomenon is described in terms
of the eigenstates of the system; this represents one of the limits of the single particle
stationary models, since they do not allow to describe the tunnel eledt in terms of
transitions between the tip electron states and sample electron states. Consequently,
employing this kind of formalism, it is not possible to show the tunneling current
dependence on the sample electronic features, which in turn is one of the main
purposes of a theoretical model to interpret STM/STS measurements.

1.1.3 Bardeen theory

Bardeen theory!!8] allows to describe the tunnel e[edt in terms of transitions between
the electron states of the two electrodes, using the so-called transfer Hamiltonian
(TH) formalism, based on time dependent perturbation theory. In this model, the
tunneling interaction between the two sub-systems (tip and sample) is represented as
a perturbation of the unperturbed system, which is made of the two isolated
sub-systems. In mathematical terms, the Hamiltonian operator of the unperturbed
system can be written as the sum between the two Hamiltonians corresponding to the
isolated sub-systems:

o = As + Ay (1.9)

where Hs is the sample Hamiltonian operator and HF; the tip one. Approaching the tip
to the sample, tunnel e[edt arises and the Hamiltonian operator of the overall system

IS:
A = Ay + A’ (1.10)

where K¢ is the perturbed Hamiltonian operator (also called perturbation operator)
which represents the interaction between the two sub-systems. In the approximation of
“small” perturbation, the first order time dependent perturbation theory can be applied.
In this framework, the transition probability per unit time between the eigenstates of
the unperturbed system is given by the Fermi golden rule:

2 . .
By = — jMapi® (Ea  Eb) (1.11)
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where E; and E, are respectively the energies of the tip and sample states involved in
the transition, while Mgy, is the matrix element of the perturbation operator, defined
as

Map = hbjRYjai (1.12)

Even though the Bardeen model can be treated in a more general way, using
many-particle states, in this dissertation, for the sake of simplicity, the transfer
Hamiltonian formalism will be applied to single-particle states. This approximation
has been employed in several important literature papersi’®22. The fundamental
hypothesis which allows to describe the problem in terms of single-particle states is
that electrons can be considered as independent particles. Hereinafter, not only the
electron-electron interactions will be neglected, but also the spin coordinate; however,
it should be noted that this approximation is not permitted if this model must be
applied to spin-polarized scanning tunneling microscopy (SP-STM) or spin-polarized
scanning tunneling spectroscopy (SP-STS), where the electron spin plays a
fundamental role. In addition, in order to obtain an explicit expression of the matrix
element in Eqg. (1.12), the so-called exact separability hypothesis is applied: if one
supposes to split the system into two regions ¢ and g, including respectively the tip
and the sample, we assume that the eigenstates of the overall system correspond to
the single-particle eigenstates of the isolated tip into  and the ones of the isolated
sample into 5. This hypothesis allows to find an expression for the matrix element of
the perturbation operator without defining it explicitly. The result which is obtained,
in the case of transitions from the sample to the tip, is given by
, Z
M;—% ( r r ) nd (1.13)

where is a state of the sample, isastate of the tipand is an arbitrary surface into
the barrier separating the two regions sand . Considering tip-to-sample transitions,
the matrix element M . can be obtained exchanging ~ with  in (1.13). Substituting
the expression (1.13) in Eqg. (1.11), the tunneling current can be calculated by summing
over all the possible electron states transitions from the tip to the sample, accounting
for their occupancy probability, given by the Fermi-Dirac distribution. In addition, if
a voltage bias V is applied between the tip and the sample (conventionally, V > 0 if
the sample is positively biased with respect to the tip), the net tunneling current, if
ksT eV, is given by the following expression:

4 el <

I iM.j2 (E E) (E +eVv E)dE (1.14)

0

In this approximation the Fermi-Dirac distribution functions can be approximated with
Heaviside functions. It should be noted that the tunneling current depends, through
the matrix element M . , on the involved electron states and that, thanks to the Pauli
exclusion principle, these states are included into the energy interval from 0 to eV,
where 0 is chosen as sample Fermi level. This situation is schematically illustated in
Figure 1.4: the sample is positively biased with respect to the tip and electrons make a
transition from the tip occupied states to the sample empty states, within the energy
interval (0;eV). On the other hand, if the applied bias is negative, electrons move from
the sample occupied states to the tip empty states.

It should be noted that the schematic drawing in Fig. 1.12 illustrates the particular
case in which the sample is a metal. However, STM technique allows to study also the

9
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Figure 1.4: Scheme of the energy levels involved in tunneling between the tip and the
sample. The sample is positively biased with respect to the tip and electrons perform a
transition from the tip occupied states to the sample empty states within the energy interval
0;eVv).

semiconductor surfaces, such as silicon or some metal oxides. In this case, a schematic
picture of the energy levels involved in the tunneling phenomenon must take into account
the energy gap exhibited by the semiconductor material between the valence band and
the conduction band. This is illustrated in Figure 1.13; since a forbidden energy region
is present, in which no available states for tunneling are present, one can more easily
understand the importance of the applied voltage in order to arise the tunneling current.
Moreover, this suggests the bias dependence of the STM imaging, which, indeed, is
one of the major factor to be taken into account in the interpretation of the STM
measurements.

Figure 1.5: Scheme of the energy levels involved in tunneling for a semiconductor sample.
The positive applied bias is high enough to let electrons pass from the tip occupied states
to the empty states in the conduction band of the sample.

10
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1.1.4 Theoretical models for STM imaging: the Terso[zHamann
model

The first interpretative model for STM measurements was developed by Terso[—dnd
Hamann[%2% and it makes use of the transfer Hamiltonian perturbative approach.
Referring to Figure 1.6, the Terso[=Hamann model assumes that the tip apex has a
local spherical shape and that, as a consequence, only s-symmetrical tip wave functions
are considered to take part into the tunneling process. The matrix element in Eq. (1.13),
thus, is calculated for a generic sample state making use, as a tip state, of a wave

function of the form o
g kdr roj

V4 (1.15)

kdr  roj
where rg is the center of curvature of the tip and 1=k; is the decay length of the wave
function. In the limit of low temperature and low applied bias, the expression for the
tunneling current in Eq. (1.14) can be approximated as
4 e2v X<
M, ? (E Egr) (E Ep) (1.16)

where Eg is the sample Fermi energy, which can be set as equal to the tip’s in this
approximation. Substituting in Eqg. (1.16) the matrix element calculated for s wave
functions, the following result is obtained!!:

I 7V «(EF) s(EF;ro) (1.17)

P
where (Ef) = (E Er) is the tip density of states at the Fermi energy. The

quantity >
s(Eriro)= j (ro)i® (E Eg) (1.18)

is the local density of states (LDOS) of the sample at the Fermi energy and in
correspondance of the center of curvature. Hence, according to the Terso [=Hamann
model, STM images acquired at low bias and constant current represent the surface
level of the sample LDOS at the Fermi energy.

Figure 1.6: Schematic picture of tunneling geometry. Probe tip has an arbitrary shape but
it is assumed locally spherical with radius of curvature R, where it approaches nearest the
surface (shaded). Distance of nearest approach is d. The tip center of curvature is labeled
as roltol.

Nevertheless, the Terso =Hamann model is unable to explain the atomic resolution
(2.5-3 A) obtained in STM observations of highly packed metallic surfaces. Indeed,
approximating the tip with a s spherical symmetry waveform, the spatial resolution
expected on metallic surfaces is greater than 6 A%

11
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1.1.5 Theoretical models for STM imaging: the Chen model

Typical STM tips are realized using transition metals, such as tungsten (W). Ohnishi
and Tsukadal?®>24! showed that a real W-tip, ending with a single W-atom, will have a
d,2-like electron state at its apex atom, located energetically just below the Fermi level
of the tip. The level is expected to have a band-width in the order of 1 eV[2®l., Doyen
et al.l?®l showed that such a d-type state can also exist at the Fermi level, rather just
below it. This means that for W tips with a single atom at the apex, the tip LDOS
near the Fermi level is dominated by a d-like state protruding from the apex. If the
energy band associated with the tip state crosses the Fermi level of the tip, the d-like
state is important for both empty and filled states imaging.

In order to take into account these e [edts, Chen[?1?2] proposed a model of tunneling
that consider also tip wave function with angular moment | & 0. Developing the tip
wave functions in spherical harmonics, it is possible to write the matrix element M of
Eq. (1.13) for the case of wave functions with the axial symmetry of the tip (s, p; and
dzz)Z

Kt
10
1 @2 1
M, /E a2 §k§ (ro) (1.21)

where ks and k¢ are the sample and tip inverse decay lengths respectively.

This formulation provides the so-called derivative rule: M is proportional to the
first derivative of the sample wave function for a p, tip state, and to the second derivative
for a d,2 state, both calculated in the center of curvature of the tip. In general, if the tip-
state is predominantly p- or d-like, the tunnel matrix element is no longer proportional
toj (ro)jz. Rather, it becomes proportional to one of the spatial derivatives of  (rg)
for px, py or p, states, or to second derivatives of  (ro) for d-like states(!”]. This can
have several e [edts on atomically resolved images, including an enhancement of atomic
corrugation or an inversion of contrast!!’l. Therfore, compared to the Terso ZHamann
theory, the Chen model is instead capable to correctly explain the origin of atomic
resolution in closed packed metals?l], thus revealing as a more adequate scheme for
interpreting STM constant current imaging experiments.

1.2 Scanning tunneling spectroscopy

With an STM it is also possible to perform a surface electron spectroscopy by analyzing
the behavior of the tunneling current with respect to the applied voltage. More precisely,
the signal that carries the most direct information connected to the sample LDOS is the
di Lerkntial conductivity, dl=dV . With the aim of acquiring such signal, two possible
modes are available, namely point spectroscopy and dl=dV maps. In the former, the
feedback loop is interrupted on a specific surface location to keep the tunneling gap
constant and a voltage ramp to the tunneling junction is applied as a function of bias
(usually the voltage ramp is symmetrical with respect to zero). In this way, the tunneling
current | is acquired as a function of V. Its derivative with respect to V can be

12
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numerically calculated or acquired my means of a lock-in amplifier. In the latter, the
dl=dV signal is acquired (again with a lock-in amplifier) while the tip is scanning onto
the surface in constant current mode. In this way, dilerential conductance xy maps
(dl=dV maps) at the imposed bias V, are obtained. The theoretical details of these
two methods will be described in this section; on the other hand, more information
regarding the working function of the lock-in amplifier is reported in Appendix A.2.2.

1.2.1 Theory of STS: the WKB approximation

In Section 1.1, two theories have been presented for the interpretation of the constant
current images.  However, both those theories are valid within the low bias
approximation and are, therefore, inadequate to describe the tunneling spectroscopy,
where a finite bias is applied instead. Analyzing the Terso [=Hamann theory, we notice
that the applied bias voltage enters in Eq. (1.16) through the summation of states
which can contribute to the tunneling current. Additionally, a finite bias can lead to a
distortion of the tip and the sample surface wave functions, as well as to a
modification of the energy eigenvalues. The derivation of the perturbed wave functions
and eigenvalues is, however, a quite problematic issue.  Therefore, as a first
approximation, undistorted zero-voltage wave functions are usually taken. Instead, the
e [edts of the applied bias V can be easily taken into account considering the shifting
of the Fermi level of the tip and the sample of a quantity eV and by the distortion of
the potential barrier inside the vacuum gap. The simplest description of the tunneling
at finite bias is obtained considering Eq. (1.16) in the continuum limit, so that:

4 el v < x
1= (E E+eV) |jM.j2(E E)E (1.22)
- 0

where the convention of assuming EF = 0 is made. The simplest possibility to treat
Eq. (1.22) is to consider the problem of tunneling in a one dimensional geometry. In
such way, no distinctions hold between the concept of density of states (DOS) and local
density of states (LDOS). Nevertheless, a treatment for the matrix element M . is
necessary. One of the most successful approach is obtained through the application
of the Wentzel-Kramers-Brillouin (WKB) approximation, in which the electrons are
considered as semi-classical particles. The probability of tunneling is therefore described

by: Z,
T(E;V;20) = exp

2m[U(z) EJdz (1.23)

where the interval (0,zp) delimits the barrier region (tip-sample distance) and T (E; V; zo)
is the transmission coe [cieht of the vacuum gap that depends on the shape of the
potential battier U(z) inside the gap. To evaluate the integral in Equation (1.23), in
the scheme of the Figure 1.7, the linear trend of the potential barrier is substitued by
a constant value equal to +eV=2, where is an average of the sample and tip work
functions (e [edtive work function). We therefore obtain:

(1] (= #

2 v
T(E;V;z0) = exp ? 2m +e7 E (1.24)
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Figure 1.7: Schematic picture of the tunneling junction in the WKB approximation:
the potential barrier is approximated as an e [edtive rectangular one, with constant height
+ eV=2, where is the average work function between the tip and the sample.

In this way, a direct relation between the tunneling current and the LDOSs of the
tip () and the sample ( ) is obtained!?”-28l:

z eV
I=A T(E;V;20) s(E) «(E eV)dE (1.25)
0
where A is a proportionality dimensional coe Lcieht which includes the numerical
constants and the tip-sample interaction area.

From Equation (1.25) it is possible to obtain an expression for the dilerkntial
conductivity dl=dV, which is, together with 1(V), the other quantity measured in
STS experiments:

z
di ev d[T(E;V;20) (E eV)]
=A T(eV;V, eV) ¢(0) + E dE
(1.26)

We see that two dilerent terms contribute to the dilerential conductivity. The
guantity of interest, namely the sample LDOS at the energy selected by the applied bias,
s(eV), is contained in the first term of the right-hand side in Eq. (1.26). The second
one is a background term that arises from the voltage dependence of the transmission
coe Lcieht as well as from a non-constant tip LDOS. Since the second term has usually
a smooth behavior, it is common to neglect it, identifying the dI=dV with the sample
LDOS. However, this is usually possible as far as a narrow interval around the Fermi
energy is considered (i.e. between 1V and +1 V). For wider voltage ranges, the role of
the second term together with the exponential energy behavior introduced by T in the
first term cannot be neglected anymore. Therefore, in many experimental situations,
the general problem of an STS experiment is to properly extract the sample LDOS
contained in a non trivial way in the di[Lerential conductivity, as evident in Eq. (1.26);

this procedure is called normalization.

14
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1.2.2 Normalization methods

A number of methods have been proposed to face the crucial issue of normalization[2%-31,
Historically, the first one is due to Stroscio et al.[?®], who argued about the possibility of
removing the e [edts of the voltage dependence of the tunneling coe [cieht normalizing
the di Lerkntial conductivity to the total conductivity 1=V . Interpreting this procedure
with the present 1D-WKB description leads to the expression:

Lo 4IT(E;Vize) ((E V)]

T(eV;V; o) s(eV7) @+ () d(eVv) €

di=dv
I=v 1 ~ eV
eV o

From Equation (1.27) it is clear that such normalized dilerkntial conductivity is not
simply related to the sample LDOS. However, in many experimental situations,
especially in the case of semiconducting surfaces, this method leads to results that are
qualitatively in agreement with surface LDOS simulated or measured with other
spectroscopy techniques. For this reason, even if this treatment lacks of strong
theoretical foundation, it has become a very common tool for presentation and
interpretation of STS data.

(1.27)
T(E;V;z0) s(E) «(E eV)dE

A first refinement has been provided in the work of Ukraintsevi®®l. Starting from
Equation (1.26) he showed the possibility to write a symmetric expression of the
dl=dV with respect to the tip and sample LDOSs. From the resulting expression, an
approximate form of the dilerential conductivity can be obtained, neglecting the
e [edts coming from the background term:

dl

qv  ATEVIViZo) s(€V) (0) +T(0:Vizo) s(0) «( V)] (1.28)
From this expression an estimate of the sample and tip DOS can be performed dividing
dl=dV by the transmission coe Lcieht Tsym = A[T (eV;V 20)+T (0; V; zo)] and exploiting
the peculiar dependence of Tsym on V. The resulting estimates for the sample and tip
LDOS are:

dl=dv W >0): « eV)/dI:dV

Tsym Tsym

s(eV)/ (Vv <0) (1.29)
This method then provides an approximate treatment for the analysis of unoccupied
states, for both the sample and the tip. From Equation (1.24) and (1.28) it follows
that Tsym is symmetrical in the applied voltage, while dI=dV curve should not, since
this feature is also governed by the LDOS of the tip and sample at the Fermi level, as
it can be observed in Eq. (1.28). So, another possibility is to normalize the di [erkntial
conductivity using an asymmetric expression for the transmission coe [cieht
Tas = A1T(eV;V;20) + AT(0;V;20). Both Tsym and Ty are strongly influenced by
the tip-sample distance zp, so it is necessary to make an appropriate choice for this
parameter.

In Ref. [31], Koslowski et al. further elaborated Equation (1.26), in order to provide
a more quantitative treatment of the background term and produce an expression more
explicitly related to the sample LDOS. Using the 1D-WKB expression of T and the
mean value theorem for integrals, it follows that:

Z ev d[T(E:V;z0)]

A S(B) (B V)T i RdE = FzoiV)I(Y) (1.30)
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where the function f(zp;V) is given by
Zp~
8m +ev=2 E(V)

f(zo;V) =4 (1.31)

and it can be evaluated for the particular considered system through E(V); also, it
generally depends on the e [edtive work function, as well as on zo and V. The extraction
of the sample LDOS, then, follows from Equations (1.26) and (1.30), leading to the
following relation:

1 dl

SCV) = AT @viviz) () dev)

+ %f(zo;V)I ) (1.32)

The main limitation of this method lies in the hypothesis that the tip LDOS is constant.
Generally, the tip LDOS is not known a priori and it is not possible to exclude any e [edts
on the STS measurement resulting from a non-constant tip LDOS. In this regard, in
literature other normalization methods were presented being more advanced than those
described above and including the problem related to a non-constant tip LDOS; for
example, Passoni et al.l3?! discussed all the aforementioned methods and proposed an
extension of them, focusing on two main issues: on the one hand, the improvement of the
physical model and estimate of WKB parameters;on the other hand, the investigation
of the e [edts of the tip electronic structure.
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Thin films of metal oxides on metallic
surfaces

The growth of thin films on solid substrates holds an essential role in the modern
technology, notably in nanotechnology. Some fields which make use of thin film
deposition are, for example, microelectronics, magnetoelectronics, optoelectronics and
catalysis. The term thin film generally refers to a layer with thickness going from less
than one nanometer to some microns; the more specific expression ultrathin film, in
addition, is related to a film with a very low thickness (e.g. a few nanometers).

The aforementioned thin films and, notably, ultrathin films represent a sort of low-
dimensional systems, therefore systematic dilerences in the structural, electronic and
chemical properties arise with respect to the bulk counterpart(®3. In this framework,
as mentioned in Chapter 1, STM is a very powerful technique to inspect this kind
of films and understand both their morphological/structural properties and electronic
ones. A suitable substrate for the deposition of ultrathin films, as an example, is the
(111) surface of gold, since its surface reconstruction is able to provide some preferential
nucleation sites for some metals and metal oxides (e.g. CoO[34).

2.1 The surface of Au(111)

2.1.1 Morphology and structure

Gold, as many other metals, shows the phenomenon of reconstruction at single-crystal
surface; however, it is the only face-centered cubic (FCC) one whose (111) surface
exhibits this phenomenon(®l. This was observed with dilerent techniques, such as
helium atom scattering (HAS)[®8, and a model of tlbl unit cell was proposed; this is
depicted in Figure 2.1. The unit cell shows a (22 §breconstruction, which means
that the dimensions of this cell are respectively 22 and ~ 3 times larger than the ones
of the substrate unit cell (i.e. the bulk unit cell). In addition, this cell is characterized
by dilerknt stacking regions: in the middle it has a hexagonal close-packed (HCP)
stacking, whereas in the lateral regions a FCC one. These areas are separated by two
transition regions, called discommensuration lines, whose direction is h112i. Also, the
topographic profile is not planar but shows a corrugation of about 0.2 A. Both the
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corrugation and the FCC/HCP alternation come from uniaxial compression along the
h110i directigg, which allows to allocate 23 atoms on 22 bulk atomic sites, giving rise
to the (22 3) reconstruction. Moreover, some atoms are displaced along the h112i
direction, occupying HCP sites instead of FCC ones, so that atoms in transition areas
are forced to take up bridge positions, which are higher than the superficial plane.

[170] (x)

Figure 2.1: Model of the (22 p§) reconstructed cell. Above, the topographic profile
along the [110] direction. Below, the schematic representation of the atomic sites within
the cell: the crosses denote the positions of atoms in the second layer, whereas open circles
denote the positions of atoms in the reconstructed top layer.[%

Thereafter, the Au(111)(22 p§) surface reconstruction was confirmed with
STMI3:37] As an example, Figure 2.2(a) shows a high-resolution STM image in which
the reconstructed surface unit cell has been highlighted. The discommensuration lines
here appear as light parallel stripes. In the large-scale image in Figure 2.2(b), instead,
they follow a “zig-zag” path. This is called herringbone reconstruction and it is a
peculiar superstructure due to symmetry reasons; indeed, three equivalent directions
to the [110] exist, so that the surface can relax the uniaxial stress producing a regular
pattern of di Lerknt domains, which form angles of 120 between them. Two kinds of
“ridges” exist, according to the way they undergo this rotation: the so-called X ridges
bulge out towards the convex side of the bend, whereas the Y ridges follow a smoother
curve. The point where a ridge bends is called elbow and, speaking of X ridges, one
elbow can be said bulged if the prominence heads towards the FCC region; conversely,
it can be said pinched. The already mentioned lattice compression, moreover, is not
the same for all the dilerent sites on the reconstructed surface (discommensuration
lines, elbows, HCP and FCC regions), hence they show dilerknt values of lattice
constants (2.86 A for the FCC and HCP regions, 2.72-2.75 A for the ridges and
2.65-2.68 A for the elbows)*® and they consist in non-equivalent sites from the
energetic point of view.

Furthermore, on a freshly prepared Au(111) surface many and various defects can
be observed, as reported by Barth et al.[’’]. Such defects are mainly represented by U-
shaped connections between adjacent ridges, which usually enclose HCP domains and
occasionally FCC ones, or distorted elbows, which can be found near some terrace steps
or where di Lerently oriented domains meet.

18



Chapter 2. Thin films of metal oxides on metallic surfaces

AL (UG S
[170) 0 N X ridge " \
) /)

Y) ) ),

W

(b)

Figure 2.2: STM images of the clean Au(llil\.)fsurface. (a) Atomically resolved STM image
(V = 0:4V, 1 =0:6nA) showing the (22 3) unit cell (indicated by a dashed rectangle).
The bright ridges (corrugation 0.2 A) running along the h112i direction represent the
discommensuration lines composed by atoms in between two dilerknt stacking positions.
(b) Large scale STM image (V = 1V, 1 = 1 nA) of the typical herringbone surface
reconstruction of Au(111).39

2.1.2 Electronic structure

Generally speaking, if one wants to study the electronic states of a crystalline solid at
its surface, the so-called surface states must be considered: they are a sort of localized
eigenstates due to the simple presence of the surface itself. This fact causes two
additional di Cculties, with respect to the bulk problem: 1) translational symmetry
only exists in directions within the plane of the surface; 2) due to the changed
chemical bonds at the surface, surface relaxations and reconstructions frequently
occur. From the theoretical point of view, surface states can be described with the
nearly-2D-free-electron model and, for historical reasons, they are called Shockley
states; on the other hand, they can be described in terms of the tight-binding
approximation, called Tamm states; the dilerknce between them is just the
mathematical approach!*?l.

The Au(111) surface notably exhibits remarkable electronic properties that are
dominated by its sp-derived Shockley surface state. This is a typical feature of other
(111) surfaces, such as Cu(111) and Ag(111)[*1. The Au(111) surface state consists of
delocalized electrons which are confined to the top atomic layers of the surface and, as
previously mentioned, they can be described in terms of the nearly-2D-electron model.

From the experimental side, the Au(11l) surface state can be investigated with
various techniques, such as STS; with this technique not only is it possible to determine
the energetic position of this state, but also to unveil dilerknces between HCP and
FCC regions!*2l. Figure 2.3(a) shows the dl=dV curves taken in di[erent regions of the
Au(111) surface (HCP, FCC and ridges); generally, the Shockley surface state is similar
to a step function arising at 0:46 eV; in addition, the HCP regions show a higher
peak at lower energy with respect to FCC ones. The diLerential conductivity map in
Figure 2.3(b), instead, can be used to understand the spatial modulation of the LDOS,
due to the scattering phenomena of electrons with impurities, steps or other defects on
the surface.

19



Chapter 2. Thin films of metal oxides on metallic surfaces

T u T L T ¥ T J T
= HCP region
- = =« FCC region
..... Herringbone
ridge

dirdv (V)

-0.8 -04 0.0 04 0.8

Sample Voltage (V) |
@ (b)

Figure 2.3: (a) dlI=dV curves of Au(11l) reveal a steplike onset around 460 meV,
the signature of the surface state. The HCP region contains a higher density of lower-
energy electrons, while the FCC region contains more high-energy electrons (T = 4:5 K).
(b) 35:3  35:3 nm? LDOS map at 30 meV of an Au(111) terrace (T = 78 K).1*Z

From a theoretical point of view, in order to model the Au(111) Shockley state, the
potential seen by a 2D surface-state electron can be approximated as an extended
square-well Kronig-Penney (KP) potential®®l having the same periodicity as the
reconstruction, as in the work of Chen et al.l*l. This potential is periodic along the
[110] surface direction (“Xx direction”, perpendicular to the ridges) and constant along
the [112] direction (*y direction”, parallel to the ridges); in this simple model, indeed,
domain rotation is ignored. With a suitable calculation, the following expression of
the local density of states (LDOS) can be found**:

asp am fw a1
LEXY)=—F — dkxj  keiky XY P=—7—= (2.1)
0 E "(kq)

where a = 25 A represents the width of the HCP region (width of the square potential
well), b = 38 A represents the width of the FCC region (“cifpst" of the periodic potential)
" (kx) is the 1D KP dispersion relation along [110], k= 2m E=~2and m = 0:26m;
the latter is the e[edtive mass of a surface-state electron (me is the electron mass).
Figure 2.4 shows this quantity calculated at the centers of both the HCP and FCC
regions of the extended KP potential. At low energy (just before 0:4 eV) a large peak
in the HCP LDOS dominates over a much reduced FCC peak; this behavior is due to
the “bound state” nature of eigenstates, whose energy lie below the top of the square-
well potential. At slightly higher energy, instead, electrons are no more localized inside
the square-wells but are in the “continuum” regime and the FCC (barrier region) state
density rises above the HCP curve. This behavior is very similar to the experimental
data (Fig. 2.3(a)).

2.2 Monocrystalline titanium dioxide

2.2.1 Morphology and structure

Titanium oxide is one of the most studied monocrystalline systems in the whole
surface science of metal oxides; also, it can be applied in several technological fields.
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Figure 2.4: (a) Theoretical LDOS calculated at the centers of the HCP and FCC
regions of the extended Kronig-Penney potential; the inset shows a sketch of the potential.
(b) Dilerence of theoretical LDOS curves shown in (a).[*4!

The naturally occurring oxide of titanium is TiO;, and it is often referred to as titania.
It crystallizes in three major dilerent structures: rutile (tetragonal), anatase
(tetragonal) and brookite (rhombohedrical); however, the latter is by far less
important in the applications of TiO,. Figure 2.5 shows the bulk structures of rutile
and anatase: in both phases the basic building block consists of a titanium atom
surrounded by six oxygen atoms in a more or less distorted octahedral configuration[®.
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Figure 2.5: Bulk structures of rutile and anatase. The tetragonal bulk unit cell of rutile
has the dimensions a = b = 4:587 A, ¢ = 2:953 A, and the one of anatase a =b = 3:782 A
and ¢ = 9:502 A.[°]

Rutile surfaces have been extensively studied with microscopic and spectroscopic
techniques, especially the (110) surface, which is the stablest one from a
thermodynamical point of view. On the other hand, scientific research on anatase has
developed more recently and studies about (101) and (001) stable surfaces have been
carried outl®l. For example, Figures 2.6 and 2.7(c) show two STM images of anatase
(101) and rutile (110) surfaces, respectively. Figure 2.7(a)-2.7(b), instead, shows a
scheme of the rutile crystal structure and of the (110) surface, neglecting the
relaxation e [edts.

The interpretation of STM images of oxides, generally speaking, is not manifest
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Chapter 2. Thin films of metal oxides on metallic surfaces

Figure 2.6: STM image of anatase (101) surface (13 6 nm?,V =1:22 V, | = 1:23 nA).
The labeled circles highlight four types of point defectst®].

because of strong variations in the electronic structure and because tips can easily
catch a surface oxygen atom. The same occurs for titanium dioxide surfaces and it is
not always clear if the bright surface features are related to topographic protrusions
or to electronic e[edts. Considering Figure 2.7(c), one may suppose that the so-called
bridging oxygen atoms (missing one bond to one Ti atom) generate a topographic
contrast since they emerge above the main surface plane. However, normally this is not
the case: instead, Ti sites are imaged bright in this and similar images. To understand
this, the electronic structure of TiO, should be considered. A TiO, crystal can be
reduced, which means that oxygen vacancies are present, so that the O:Ti stoichiometric
ratio is slightly lower than 2. This e [edt can be obtained with an annealing treatment in
UHV. From an electronic point of view, this material becomes a n-type semiconductor,
since Ti®* ions are present and they act as donor atoms (Ti®* ¥ Ti** +e ). This
material has a band gap of about 3 eV with the Eg near to the bottom of the conduction
band (E.); applying a positive bias between the tip and the sample, consequently,
electrons can flow from the former to the latter’s conduction band. If this positive
bias is lower than 2 V, the conduction states of the sample, which contribute to the
tunneling, are near to E; and they mainly come from 3d states of titanium cations, so
Ti atoms are expected to appear bright in STM images in constant current mode (as
in Fig. 2.7(c)). On the contrary, the valence band has a 2p-like character due to 2p
atomic orbitals of oxygen atoms. Even if a topographic-electronic controversy exists,
presently the contribution of empty localized states of titanium atoms is considered
predominant (at positive and moderate voltages), thanks to both experimental and
theoretical evidences!®l.
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Figure 2.7: (a) Ball-and-stick model of the rutile crystal structure. (b) The crystal is
“cut” along line A and the resulting surface is the (110)-(1 1) one. (c) STM image of the
same surface (14 14 nm?,V = 1:6 V, | = 0:38 nA). The inset shows the model of the same
unrelaxed surface.®!

22



Chapter 2. Thin films of metal oxides on metallic surfaces

2.2.2 Electronic structure

There is a widespread agreement in the scientific community that the electronic structure
of stoichiometric TiO, surfaces is not so di [erknt from that of the bulk, since no surface
states are observed; on the other hand, non-stoichiometric surfaces exhibit this kind of
surface states!®l.

Considering stoichiometric TiO, surfaces, the occupied states are mostly
Oop-derived, even if a certain degree of covalency is present; indeed, this eledt is
stronger on the (110) surface, where the covalency of bonds between bridging O atoms
and the underlying sixfold coordinated Ti atoms is magnified. On the other hand, the
conduction band is mostly Tisg-derived, where the crystal field removes the
degeneracy of the d orbitals, splitting them into two sub-bands. An experimental
measurement of X-ray absorption which shows this e [edt is represented in Fig. 2.8(a).
Finally, due to the electronic structure analogy between the bulk TiO, and its
stoichiometric surface, the band gap value Eq = 3:1 eV still holds in this casel?l.

On the other hand, a reduced TiO, (110) surface can be obtained after annealing at
high temperature or electron bombardment, so that some bridging oxygen atoms will
be missing. Figure 2.8(b) shows two typical photoemission spectra, from the valence
band region, which highlight this e [edt: the solid line comes from a reduced TiO, (110)
surface, obtained after sputtering and annealing in ultra-high vacuum (UHV), and a
defect state within the band gap is evident; after adsorption of molecular O, at room
temperature, then, this state disappears and the spectrum is shifted to higher binding
energy (dashed line)[).
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Figure 2.8: (a) X-ray absorption spectra of the Ti2p edge of a stoichiometric, well-ordered
rutile TiO, (110) surface. (b) Photoemission spectra (h = 35 eV, normal emission) from
the valence band region of a sputtered and UHV-annealed, clean TiO, (110) surface.l®l

Despite the great interest on the TiO, (110) surface, STS measurements on it are
quite uncommon. An example is the work of Batzill et al.[*®!, which is focused on the
electronic properties of a reduced surface with the presence of defects, such as (1 2)
strands, which are characterized by a Ti,O3 stoichiometry, and step edges. Figure 2.9(a)
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shows the results (dI/dV curves) for dilerknt regions of the surface; the spectra were
recorded at 1:6 V. The dilerent electronic properties of these regions, however, is
beyond the goal of this section. An earlier work of Sakai et al.l*®l, instead, was aimed
to a more general STS study of the TiO, (110)(1 1) surface. Figure 2.9(b) shows
the dl=dV spectra acquired on “bright rows” and “dark rows” of the TiO, (110)(1 1)
surface; the former are mainly attributed to fivefold coordinated Ti ions, the latter
simply to the space between the previous ones. The curve recorded on the bright rows
shows a broad peak, on the contrary of the curve acquired between the rows. In all these
STS experiments, finally, the Fermi level (corresponding to a zero applied voltage) is
close to the bottom of the conduction band (E.), which is a typical feature of a n-type
semiconductor.
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Figure 2.9: STS measurements on the TiO, (110) surface. (a) Dilerkential conductivity
curves on di [erknt areas of the surface. (1 1), (1 2), the termination of the (1 2) strands
and [001] step edges are discriminated(>!, (b) Dilerential conductivity measured on the
rows (solid curve) and in the spaces between rows (dotted curve)!“®l

2.3 Fundamentals of nucleation and growth of thin films

Many techniques of thin films deposition have been developed and widely used not only
in research laboratories, but also in industries. In this section few basic concepts of this
topic are briefly explained, since they are mandatory for a whole understanding of the
subject of this thesis work.

Film growth methods can be generally divided into two groups: vapor-phase
deposition and liquid-based growth. The former includes, for example, evaporation,
molecular beam epitaxy (MBE), sputtering, chemical vapor deposition (CVD) and
atomic layer deposition (ALD) 1. The latter is less important for our purposes, since
this thesis work does not involve any liquid-based growth. The previous examples of
vapor-phase growth methods, moreover, can be summarized in two main families:
chemical vapor deposition (CVD, already mentioned) and physical vapor deposition
(PVD). CVD is the process of chemically reacting a volatile compound of a material
to be deposited, with other gases, to produce a non-volatile solid that deposits
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atomistically on a suitably placed substratel*®]. On the other hand, physical vapor
deposition (PVD) is a process of transferring growth species from a source or a target
and deposit them on a substrate to form a film; the process proceeds atomistically and
mostly involves no chemical reactionsl*’l. The deposition technique employed in the
experimental activity presented in this paper is the electron beam evaporation; this
will be explained in the Appendix A.4.

The individual atomic processes which determine film growth in its initial stages are
illustrated in Figure 2.10. First of all, a particle from the gas phase can condensate
on the surface; then, it might immediately re-evaporate or it may dil[ude along the
surface. This di[udion process can lead to adsorption, especially in defect sites, or to a
re-evaporation (also in this case). Besides adsorption and surface di [udion, nucleation
of more than one adsorbed particle might occur, as well as the growth of an already
formed island thanks to the addition of new particles. During film growth, interdi [udion
is often an important process: substrate and film atoms can exchange places and the
film-substrate interface is smoothened. The occurrence (or nonoccurrence) of these
processes depends on the surface features, surface temperature and particles energy
with respect to the activation energies of the individual processes. Also, it should be
noted that the film growth is a non-equilibrium phenomenon, so a global theory of film
growth requires a description in terms of rate equations (kinetic theory) for each of the
processes depicted in Fig. 2.101401,

Instead of following this kind of theoretical atomistic approach, the film growth
process can be considered under a phenomenological view. Generally speaking, three
di Lerknt modes of film growth can be distinguished (Fig. 2.11):

1. layer-by-layer growth mode (or Frank-van der Merwe, FM);
2. layer-plus-island growth mode (or Stranski-Krastanov, SK);
3. island growth (or Volmer-Weber, VW).

In the first case, the interaction between substrate and film atoms is stronger than
the one between neighboring layer atoms; a new layer starts growing only when the
previous one is completed. The VW growth is the opposite: the interaction between
neighboring film atoms overcomes the overlayer-substrate one, leading to island growth
with tridimensional shape. The Stranski-Krastanov growth is a sort of intermediate
case: after the formation of one, or sometimes several complete monolayers, island
formation occurs(*?l.

condensation re-evaporation further
J I film growth
7

—_0~0 Q.

adsorption surface nucleation L O
at special diffusion inter =
site diffusion

Figure 2.10: Schematic representation of atomic processes involved in film growth on a
solid substrate. Film atoms shown as dark circles, substrate atom as open circlel*°l.

Epitaxy is a very particular process and refers to the formation or growth of single
crystal over a single crystal substrate (or seed). Epitaxial growth can be further
divided in homoepitaxy, which is the growth of a film over a substrate in which both
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Figure 2.11: Schematic illustration of the three main growth modes of a film for di [erent
coverage ( ) regimes (ML means monolayer). (a) Layer-by-layer growth (Frank-van der
Merwe). (b) Layer-plus-island growth (Stranski-Krastanov). (c) Island growth (Volmer-
Weber).140]

are the same material, and heteroepitaxy, in which the growing material is dilerknt
from the substrate. Heteroepitaxial growth if frequently pseudomorphic, which means
that the deposit grows with a lattice constant matched to the substratel*]. In the case
of homoepitaxy there is no lattice mismatch between the two, whereas in the second
case it is given by:

as af
f = 2.2
- 22)

where as is the unstrained lattice constant of the substrate and af is the unstrained
lattice constant of the film. If ¥ > 0, the film is strained in tension, whereas if f <0, itis
strained in compression. Figure 2.12 schematically illustrates the cases of homoepitaxial
and heteroepitaxial (strained and relaxed) structurest*’l.

Film

Substrate

Matched Strained Relaxed

Figure 2.12: Schematic illustrating the lattice matched homoepitaxial film and substrate,
strained and relaxed heteroepitaxial structurest*’].
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2.4 Metal oxide ultrathin films on (111) metal surfaces

Many methods to realize metal oxides ultrathin films exist; two main classes can be
distinguished(®"l:

physical methods, such as controlled oxidation of bulk single-crystal surfaces,
sputter deposition, pulsed laser deposition (PLD), reactive physical vapor
deposition, sputtering or ablation of pure targets in oxidizing atmosphere,
reactive molecular beam epitaxy, post-oxidation of pre-deposited thin metal
films;

chemical methods, such as chemical vapor deposition (metal organic CVD,
ALD...), reactive-layer-assisted deposition (RLAD).

The preparation method strongly influences the morphological properties of the oxide
film, since the growth-related physical mechanisms and Kkinetic factors which
characterize it vary depending on the oxidation method employed. In addition, the
growth and the morphology of the oxide film depend on the experimental variables,
such as substrate temperature, deposition rate, partial pressure of oxidizing agents,
temperature and time of thermal treatments. Furthermore, the substrate itself
influences the final properties of the film. From the structural point of view, a suitable
metal support for film growth is characterized by many parameters®3l:

1. the atomic arrangement in the metal surface should match the symmetry of the
oxide unit cell along the desired growth direction;

2. the formation of high quality interfaces requires a small di Lerence between metal
and oxide lattice constants (less than 5% to have a pseudomorphic growth1);

3. support and ad-layer should be non-miscible at the interface and the support
should have a good thermal and mechanical stability.

In addition, the term coverage is frequently used in ultrathin film deposition, which
refers to the amount of overlayer material deposited on the substrate. For metals it is
expressed in monolayers (ML): one monolayer corresponds to the density of substrate
atoms per unit area; for metal oxides, instead, it is expressed in equivalent monolayers
(MLE): 1 MLE represents the oxide film coverage obtained with the oxidation of 1 ML
of metal film. Speaking of metal oxides, also, another unit of measurement should be
introduced, the Langmuir (L): 1 L is the dosage corresponding to exposure of the surface
for 1 s to a gas (in our case, oxygen) pressure of 10 & Torrl40l,

In the following sections some systems of metal oxides over (111) metal surfaces will
be briefly analyzed; the growth of TiOx nAnostructures on Au(111) will be described
in more detail in Section 2.5.

2.4.1 TiO/Pt(111)

An extensive study of the system TiOx/Pt(111) has been performed by the research
group of Granozzil®?-%%1, In these works, titanium is deposited at a controlled rate in the
presence of oxygen (reactive deposition) and at room temperature; the as-deposited film
is then annealed at a certain temperature and partial oxygen pressure (or in UHV) to get
asingle TiOx/Pt(111) phase. In these papers, diLerent phases have been observed, both
varying the coverage and the experimental parameters; some of them exhibit hexagonal
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symmetry (Fig. 2.13 and 2.15), other rectangular one (Fig. 2.14), as evidenced by low-
energy electron di [raction (LEED)P4. Furthermore, on the basis of STM measurements
of the film thickness with respect to the substrate, X-ray photoelectron spectroscopy
(XPS) and X-ray photoelectron di[raction (XPD) measurements, the authors suppose
that most of the observed phases consist of a O-Ti bilayer with titanium atoms at the
film-substrate interfacel>2-54,

At low coverage (0.4 MLE) and after annealing the sample at the temperature of
673 K in an oxygen pressure of about 10 ° Pa, the kagomé-like®-TiOy is obtained
(Fig. 2.13). The unit cell is shown in Fig. 2.13(b), whereas the structural model is shown
in Fig. 2.13(c) after theoretical simulations®¥: the unit cell contains two titanium atoms
(located in hollow sites of the substrate lattice) forming a honeycomb lattice and three
oxygen atoms (located in bridge sites) forming a kagomé pattern; the stacking is such
that O atoms are the topmost layer and the stoichiometry is Ti,O3. This model is
obtained under the hypothesis that at negative bias the negatively charged oxygen ions
are imaged (current tunneling from valence occupied states). For the sake of simplicity,
the model in Fig. 2.13(c) represents a commensurate (2 2) reconstructed overlayer,
whereas the measured one is incommensurate, with a (2.15 2.15) reconstruction, as
evidenced by LEED measurements[®2:54],

* . & * ¢ & * ¢
'Q’ "i, '?i B
ey el e

s

A,
(o~
s

+

Y (b) ©)

Figure 2.13: STM images and structural model of the k-TiOx/Pt(111) phase (0.4 MLE).
(@30 30nm?,V =1V, 1 =1nA.(b)3 3nm?,V = 0:4V, | =1:06nA. (c) Structural
model: grey = Pt, red = Ti, blue = 0.5

By increasing the coverage (0.8 MLE) at the same oxygen pressure of the previous
case, the so-called zig-zag phase is obtained (z-TiOx, Fig. 2.14). This phase shows
a rectangular unit cell (Fig. 2.14(b)) and the structural model (Fig. 2.14(c)), verified
by theoretical simulations, implies a TiO1.33 stoichiometry®®l. Since the STM image
in Figure 2.14(b) has been taken at positive bias, tunneling is expected to occur from
empty d states of Ti atoms, which will consequently appear as bright spots in the
image. Moreover, the presence of two kinds of Ti atoms can be noticed: some of them
are brighter than others. From the proposed model, this is an electronic e [edt: brighter
Ti atoms are fourfold coordinated (each one is bonded to four oxygen atoms), whereas
the less bright ones are threefold coordinated. Thus, the density of empty states of the
first ones is higher than the second ones’, making them appear brighter.

#Japanese name for a woven bamboo basket which exhibits the same type of structure on a
“macroscopic” scale.
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Figure 2.14: STM images and structural model of the z-TiOx/Pt(111) phase (0.8 MLE).
(@)35 35nm?,V =09V, 1 =1:4nA. (b)6 6nm?,V =0:1V, | =1:5nA. (c) Structural
model: red = O, blue = Ti.[5¢l

At a coverage of 1.2 MLE, after a post-annealing at 823 K and po, = 10 ° Pa (5
minutes), the so-called pinwheel or Beﬁon-ﬁy@el phase (w-TiOy) is obtained (Figs. 2.15
and 2.16). It is characterized by a (' 43 43)R7:6 commensurate hexagonal unit cell
(Fig. 2.15(b)); the structural model is shown in Fig. 2.15(c): yellow segments link the
fourfold coordinated Ti atoms, whereas blue segments link the threefold coordinated
ones, which are at the border of the central cavity. This model leads to a very good
agreement with the STM images (the contrast is explained in the same way as in the
zig-zag phase) and to a TiO1.» stoichiometry. However, the theoretical Ti coverage
predicted with this model (0.7 MLE) does not match the experimentally derived one
(0:8 < x < 1:2 MLE), which still is an issuel®!. Finally, two other kinds of pinwheel
phases exist for this system (the more reduced w’-TiOx and the intermediate Wint),
which are still commensurate but show di [erent values of unit cell vectors and rotation
anglel®3]. After their observations on this “family” of phases, the authors proposed the
following definition: a wagon-wheel (or pinwheel) structure is a hexagonal commensurate
superstructure with symmetry p6 which grows on a pém substrate, and where the unit
cell vector of the commensurate superstructure is rotated by a angle with respect to the
principal direction of the substrate[33.

@ (b)

Figure 2.15: STM images and structural model of w-TiOx/Pt(111) phase (1.2 MLE).
(@ 3 35 M2, V =1V, 1 =06nA (b) 75 75 nm?, V = 1.3V, 1 = 1.9 nA.
(c) Structural model: grey = Pt, red = Ti, blue = 0.[52:54

Initially, the STM observations have been discussed on the basis of a Moiré-like
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model (Fig. 2.16(b), that is derivating from a modulation of the Ti occupancy of the
di [erknt substrate sites (i.e. hollow, bridge and on-top sites)®2l. However, this Moiré-
like model did not furnish any hypothesis on the nature of the hexagonaly arranged
black features detected by STM (Fig. 2.16(a)), nor on the positions occupied by the
O atoms on the Ti layer. For a comparison between the two models (the previously
described one and the Moiré-based one), the reader may look at Figs. 2.15(c) and
2.16(c), where similar rhombohedral arrangements of Ti atoms are highlighted: in the
first case, as already mentioned, these are fourfold coordinated atoms; in the second
case they are quasi-bridge atoms.
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Figure 2.16: (a) Atomic resolution STM image of the pinwheel phase. (b) Schematic
drawing of the Moiré-like coincidence between the Pt(111) lattice and the w-TiOyx
superlattice (yellow = quasi-bridge, light-blue = quasi-hollow, blue = quasi-top, black = on-
top).[%2! (c) Same model as (b), but the quasi-bridge Ti atoms are highlighted.53!

In Table 2.1, finally, a schematic summary of the dilerknt phases exhibited by the
system TiOx/Pt(111) at low coverages is shown (in this section only some of them have
been described).

2.4.2 VO./Pd(111)

The ultrathin films of vanadium oxide on Pd(111) have been investigated by the
research group of Netzer and Surnevl®’-%. The growth method is, also in this case,
reactive evaporation (V metal in an oxygen atmosphere, po, = 10 ’/ mbar). In the
sub-monolayer regime, dilerent phases can be observed; notably, two of them are
shown in Figure 2.17. The STM image in Fig. 2.17(a) was obtained after annealing
the 0.25 MLE VOx/Pd(111) sample to 673 K and it shows the coexistence of two
phases: the p(2 2) honeycomb one and the pinwheel (or wagon-wheel) one. The
former is more stable before the annealing (as-deposited conditions), whereas the
latter substitutes the former as the post-annealing temperature rises, until the oxide
decomposition occurs. The honeycomb lattice has a 5:5 0:2 A separation, which is
twice the Pd-Pd distance at the (111) surface, accordingly with the observed p(2 2)
pﬁujrn 517LEED; conversely, the pinwheel superstructure can be described by
( 63 63)R19:1 cell, using the Wood notation. Finally, this phase exhibits a
bias-dependent appearancel®],

According to Surnev et al., the observed pinwheel phase for this system can be
explained on the basis of the model proposed by Zhang et al.[®1:62] for Cr overlayers on
Pt(111) annealed at 800 K: the triangles’ borders of the pinwheel hexagonal cell are
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Table 2.1: Summary of the TiOy phases on Pt(111) prepared in di [erent conditions (i.e. O,
pressure, in Pa, and Ti dose, in MLE): k = kagomé; z = zigzag-like; w = wagon-wheel-like;
rect = rectangular. Superstructures in matrix notation are related to the hexagonal mesh
of Pt(111) with d = 2:77 A and = 120 . The corresponding unit cells are also reported.
The actual stoichiometries reported were obtained from the corresponding models derived
by density-functional calculations(®!.
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referred to as dislocation lines of the substrate’s surface induced by the formation of a
surface V-Pd alloy®l. This model, for example, cannot be applied to the aforementioned
TiOx/Pt(111) since in this case there is no evidence for any dislocation line and there
is a rotation between the substrate’s and overlayer’s unit cells®3].

30 nm?, V.= 0:1 V,
2)-surface-V,03/Pd(111)
phase (0.5 MLE); the inset shows the STM simulation for the respective model. (c) Density
functional theory (DFT) model of the phase shown in (b).[5%

Figure 2.17: (a) STM image of 0.25 MLE VO./Pd(111) (30
I = 1:0 nA)B. (b) Atomically resolved STM image of the (2
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2.5 Growth of TiOx/Au(111)

In this section the current STM research studies on TiOx/Au(111) will be highlighted
in order to evidence some analogies or dilerknces with the work presented here.
Particularly, this section is focused on works in which a similar experimental
procedure is carried out, i.e. deposition of Ti by thermal/electron-beam evaporation
and subsequent oxidation; these will be reviewed in chronological order. Those which
employ a dilefent deposition method®3-% instead, will not be discussed in the
following.

The first work we will consider is the one of Biener et al.['¥; the main purpose of this
study was to synthesize and characterize titanium oxide nanostructures on the Au(111)
surface and study their morphology at di [erent coverages and annealing temperatures.
The experimental procedure to obtain titanium oxide nanostructures consisted of two
steps:

1. e-beam evaporation of Ti at room temperature (0.1 ML/min);
2. oxidation (5 10 ° mbar for 200 s, 10000 L of exposure) at room temperature;

consequently, an annealing for 10 minutes at di Cerent temperatures (600 K, 900 K) was
performed.

Figure 2.18 shows STM images of TiOx/Au(111) at 0.1 MLE (a, b), 0.25 MLE
(c) and 0.5 MLE (d). The image in Fig. 2.18(a) has been obtained after annealing
at 600 K; with respect to the as-deposited conditions, the density of titanium oxide
clusters is decreased. Fig. 2.18(b) shows that, after further annealing at 900 K, faceted
three-dimensional TiOx (with an apparent height of 0.6-1.2 nm and a diameter of
several nanometers) decorate both step edges and terraces; the inset, also, shows that
the herringbone reconstruction of the Au(111) surface is disturbed in their proximity.
Fig. 2.18(c) shows the appearance of the TiOx/Au(111) system at 0.25 MLE (again after
an annealing at 900 K): both 2D and 3D islands are present, either with triangular or
hexagonal shape and with a typical feature size of 5 nm. Notably, the apparent height
of 2D ones is bias-dependent. Fig. 2.18(d), instead, shows a STM image obtained at
0.5 MLE after the same annealing treatment; in this case, additional features appear,
such as needle-like TiOy crystallites, which decorate the step edges (inset I); hexagonal-
shaped ones are close to step edges (inset 11) and the apparent height of 3D ones is up
to 2.5 nm (inset I11).

Figure 2.18: STM images of TiOy deposited on Au(111l) surface: (a) 0.1 MLE, after
annealing at 600 K (200 200 nm?); (b) 0.1 MLE, after annealing at 900 K (160 160 nm?);
(c) 0.25 MLE (200 200 nm?); (d) 0.5 MLE (160 160 nm?).[t1

The work of Potapenko et al.l% has the aim to show that the synthesis of TiOy
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nanostructures obtained by oxidizing a Ti-Au alloy brings superior results in terms
of both greater nanoparticle structural homogeneity and narrower size distribution,
compared with other methods, such as the post-annealing (the one of Biener et al.l*,
described above) and the so-called reactive-layer-assisted deposition (RLAD)[3:66]. The
experimental procedure followed in this paper was:

1. thermal evaporation of Ti on Au(111) at room temperature (RT);
2. annealing at 900 K for 5’;
3. oxidation (10°, 500 L) keeping the sample at 900 K.

Figure 2.19(a) shows an STM image of a 0.7 MLE TiOx/Au(111) sample; it shows
that most of the crystallites have either a triangular or hexagonal shape, with flat-top
faces parallel to the surface, and that a reduction of 35% of the covered area is measured
with respect to the same sample before the oxidation process. Measuring the height
distribution in the reported image, the authors found a peak at 0.6 nm followed by
others at the regular interval of 0.23 nm; this means that the lowest apparent height of
the TiOx crystallites is 0.6 nm, i.e. the first layer, then the following layers are 0.23 nm
thick. On the basis of this height distribution and the overall hexagonal symmetry of the
crystallites, the authors argued that stoichiometric TiO, nAnocrystals were obtained,
in the form of rutile with the (100) plane parallel to the surface; this holds for 95% of
the islands. The remaining ones, on the other hand, are interpreted also as rutile TiO»,
but with a sort of 3D structure.

Figure 2.19(b), furthermore, shows the STS spectra collected over a set of
crystallites and the Au(111) surface at 0.7 MLE. The crystallites’ dl=dV curve shows
a band gap in the electronic states very similar to the bulk rutile band gap value
(about 3.0 eV); also, the center of this gap is shifted towards a negative sample bias,
which is typical for an n-type semiconductor. Nevertheless, the Au(111) surface
spectrum is significantly dilerknt from both the typical spectrum of this surface (see
Figure 2.3(a)) and, moreover, to other spectra reported in the authors’ own work; no
explanation of this fact is accounted for.

Figure 2.19: (a) STM image of Ti-Au surface alloy with 0.7 ML of Ti, oxidized in O, at
900 K and cooled to RT (80 80 nm?). (b) Representative STS spectra (dl=dV ) recorded
at various positions on the Au(111) surface and TiO crystallites.[*]

A deeper study of the TiOx/Au(111) system has been performed by Wu and co-
workers[*?l, where various coverages have been investigated. Again the experimental
procedure is slightly diLerknt from the previous cases:
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