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Abstract

The climate crisis that we are facing has galvanized the scientific and engineering commu-
nities and has led to the rapid development of new, efficient, environmentally-friendly devices.
One of the most promising classes of materials for such applications are transition metal oxides.
This is due to the fact that by controlling the oxygen content in these crystals by means of
reduction and oxidation, the material properties can be tuned in a wide range of values. Thus,
the transition metal oxides, such as the model crystals, titanium dioxide (TiO2) and strontium
titanate (SrTiO3), find use in so many different fields, from photocatalysis, to energy storage
(solid oxide fuel cells), information technology (memristors) and even healthcare (antibacterial
films).
This PhD thesis is an investigation into the effect of reduction and oxidation on the

electronic properties of transition metal oxides. These processes were studied at nanoscale
using a multitude of techniques to provide a thorough characterization of the changes that
occur in the studied systems, i.e. TiO2 and SrTiO3. Moreover, the experiments were performed
in both ultra high vacuum (UHV) conditions, as well as in oxygen, and even in atmospheric
air, in order to comprehensively describe the changes in properties and to bring the results
closer to applications. The goal of the dissertation was to study the evolution of the electronic
properties, i.e. the work function and conductivity, due to redox processes, and to add to the
general understanding of these processes.
The experiments revealed that the electronic properties may be tuned. In case of using

reduction by means of annealing in UHV, ion sputtering, and repeated ion sputtering and
annealing, and for oxidation by exposure to oxygen or air at room temperature, and annealing
in oxygen. Using this range of methods, the conductivity of TiO2 can be changed from
semiconductive-like to metallic-like. Furthermore, the work function of the transition metal
oxides can be tuned in a wide range, from 3.4 eV to 5.0 eV for TiO2, and from 2.9 eV to
4.5 eV for SrTiO3. This is associated with changes in surface and subsurface composition,
crystallography, morphology and even with the growth of new oxide phases.
The key findings in the field of surface science were the description of the changes in

electronic properties due to repeated sputtering and annealing, and the presence of oxygen
getter substances. These results are important, because they touch upon the very basis of
every experiment in the field, i.e. the preparation of crystals. This work can be used to foster
greater reproducibility of experiments, as well to provide new means of designing experiments.
Another object of the study was the technologically interesting system of conductive

nanowires on semiconductive SrTiO3 substrate. It was shown that the nanostructures are
composed of a TiO core covered with a layer of Ti3O5. The evolution of the system, starting
from atomically flat strontium titanate, through nanowire-covered substrate to a crystal with
a layer of porous titanium suboxides was described. The effect of annealing in oxygen on
wire-covered surface was been investigated.
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Streszczenie

Panujący kryzys klimatyczny pobudził środowisko naukowe do szybkiego opracowywania
nowych, sprawnych oraz przyjaznych dla środowiska urządzeń. Jedną z najbardziej obiecujących
klas materiałów w kontekście takich zastosowań są tlenki metali przejściowych. Jest tak
dlatego, że wykorzystując procesy redukcji i utleniania można kontrolować zawartość tlenu w
takich kryształach, a w konsekwencji ich właściwości fizyczne. W związku z tym tlenki metali
przejściowych, takie jak modelowe kryształy, ditlenek tytanu (TiO2) i tytanian strontu (SrTiO3),
znajdują zastosowanie w wielu dziedzinach, od fotokatalizy, przez technologie magazynowania
energii (ogniwa paliwowe ze stałym tlenkiem) i informacji (memrystory), po nawet służbę
zdrowia (warstwy antybakteryjne).
Przedmiotem tej pracy doktorskiej jest badanie wpływu redukcji i utleniania na właściwości

elektronowe tlenków metali przejściowych. Procesy te badano w nanoskali wykorzystując szereg
technik pozwalających na kompleksowy opis zmian zachodzących w badanych układach – TiO2
i SrTiO3. Co więcej, eksperymenty były przeprowadzane w ultra wysokiej próżni, tlenie, a
nawet powietrzu, w celu wszechstronnego opisu zachodzących zmian i przybliżenia wyników do
zastosowań. Celem tej pracy było zbadanie zmian elektronowych właściwości, pracy wyjścia i
przewodnictwa, pod wpływem procesów redoks.
W pracy pokazano, że właściwości elektronowe można zmieniać, w przypadku redukcji

poprzez wygrzewanie w próżni, bombardowanie jonowe, naprzemienne bombardowanie jonowe
oraz wygrzewanie, a w przypadku utleniania poprzez ekspozycję na tlen lub powietrze w
temperaturze pokojowej oraz wygrzewanie w tlenie. Wykorzystując ten wachlarz metod,
przewodnictwo TiO2 można zmienić z przewodnictwa półprzewodnikowego do metalicznego.
Co więcej, pracę wyjścia tlenków metali przejściowych można dostosowywać w szerokim
zakresie, od 3.4 eV do 5.0 eV w przypadku TiO2 oraz od 2.9 eV do 4.5 eV w przypadku
SrTiO3. Wymienione zmiany są związane ze zmianą powierzchni i obszaru pod powierzchnią,
krystalografii i morfologii, a nawet ze wzrostem nowych faz tlenkowych.
Głównymi osiągnięciami w zakresie fizyki powierzchni są opisy zmian właściwości elek-

tronowych w wyniku naprzemiennego bombardowania i wygrzewania oraz wygrzewania w
obecności, lub w braku substancji obniżających ciśnienie parcjalne tlenu. Te odkrycia są istotne,
ponieważ dotyczą podstaw każdego eksperymentu z tej dziedziny, czyli przygotowania krysz-
tałów. Wyniki tej pracy mogą być wykorzystane w celu osiągnięcia większej powtarzalności
eksperymentów oraz w projektowaniu nowych eksperymentów.
W pracy opisane są eksperymenty przeprowadzone na układzie składającym się z prze-

wodzących nanodrutów na półprzewodnikowej powierzchni SrTiO3. Wykazano, że badane
nanostruktury składają się ze rdzenia TiO pokrytego powłoką Ti3O5. Została opisana ewolucja
układu od atomowo płaskiego tytanianu strontu, poprzez pokrytego nanodrutami substratu
SrTiO3 aż do kryształu pokrytego porowatą warstwą podtlenków tytanu. Dodatkowo zbadano
wpływ wygrzewania w tlenie.
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Acronyms

AES Auger electron spectroscopy

AFM Atomic force microscopy

CC Cleaning cycle

CPD Contact potential difference

EBSD Electron backscattered diffraction

EDX Energy-dispersive X-ray spectroscopy
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FFT Fast Fourier transform

HAADF STEM High-angle annular dark field imaging scanning transmission electron mi-
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LEED Low-energy electron diffraction

ML Monolayer

RMS Root mean square
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SEM Scanning electron microscopy
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SPM Scanning probe microscopy
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TEM Transmission electron microscope
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XPS X-ray photoelectron spectroscopy
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Chapter 1

Introduction

1.1 Thesis structure

This dissertation is an investigation into the electronic properties of transition metal
oxides at nanoscale and how they change as a result of reduction and oxidation. The research
was performed on two systems, titanium dioxide (TiO2) and strontium titanate (SrTiO3).
Each of the crystals was described in two chapters.

• Chapter 1 – Introduction
This chapter contains a description of the investigation, the motivations, crystals which
were studied and defects which occur in them, the processes of reduction and oxidation,
as well as one of the applications (photocatalysis).

• Chapter 2 – Analytical methods
The chapter outlines the techniques used to characterize the changes in the crystals.

• Chapter 3 – Experimental
This part of the dissertation describes the annealing methods which were used in the
experiments, as well as the preparation methods of the monocrystals, and the calibration
procedure used with KPFM.

• Chapter 4 – Goals of the thesis
In this chapter the research objectives of the dissertation are presented.

• Chapter 5 – The effect of annealing on the electronic properties of TiO2
This chapter contains the description of the effects of annealing on TiO2 electronic
properties as well as composition. The changes due to subsequent oxidation at room
temperature on the properties are also presented.

• Chapter 6 - The effect of repeated sputtering and annealing on the electronic
properties of TiO2
This chapter is dedicated to describing the changes in electronic properties of TiO2
during reduction by sputtering, and by repeated sputtering and annealing. The effects of
subsequent oxidation are also presented.

• Chapter 7 – The effect of thermal annealing on SrTiO3 crystals
The chapter is dedicated to describing the changes which occur at the surface of SrTiO3
as a result of thermal annealing at the stage where reduction is the dominant process
and at the stage where incongruent effusion and growth of nanostructures also occurs.
The effect of partial oxygen pressure on electronic properties is studied. The growth and
properties of nanostructures is also described. Moreover, in all cases, the investigation
also includes the changes due to oxidation at RT.

• Chapter 8 - The changes induced by annealing in oxygen on the nanowire-
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1.2. Motivations

covered SrTiO3 surface
The changes in morphology and properties of nanowire-covered strontium titanate due
to annealing in oxygen are investigated. The evolution of the chemical composition as
the result of this process is described.

• Chapter 9 - Conclusions
This chapter contains the conclusions.

• Appendix - Academic achievements
The publications and conferences at which the results were presented are listed here.

1.2 Motivations

The climate crisis that humanity is facing right now seems to be the challenge of our times,
with potential far-reaching consequences for both the current and future generations. A united
global response is needed to tackle this challenge. The required changes are extensive and will
not only impact global industries, but also every household. New, more efficient, sustainable
technologies and solutions are needed urgently, and this is where science comes to the rescue.
The rapid development of such new technologies relies on many different, promising classes

of materials, one of which are transition metal oxides. These materials are the basis of, or a
major component of photocatalysts (for hydrogen production from water splitting [1], [2], and
the removal of pollutants from air [3], [4], [5], water [6] and soil [7], [8]), solar cells [9], [10],
carbon-capture technologies [11], solid oxide fuel cells [12], supercapacitors [13], energy-efficient
memristor storage and neuromorphic computing devices [14], [15]. They are also used in fields
not directly related to climate change, such as to global health, owing to their antibacterial
[16],[17] and antiviral [18] properties. Metal oxides are also a subject of basic research, as
they exhibit properties such as superconductivity [19], the magnetocaloric effect [20], the
piezoresistive effect [21] and thermoelectric properties [22].
The wide application and versatile characteristics of transition metal oxides result from

the fact that their properties can be tuned or even changed completely by the control of the
oxygen content in the crystal, i.e. by redox processes. Changes in the oxygen content of the
crystal lead to changes in the valence state of the transition metal, which depending on the
intensity of reduction and oxidation processes, might slightly change the electronic properties
of the crystal or lead to its complete rearrangement, in the form of a phase transition (e.g.
as Magnéli phase formation in TiO2). These changes may occur in the total volume of the
crystal or just in some parts of it. Even gradients of nonstoichiometry can be introduced by
using the appropriate methods [23]. As a general rule, the redox processes are most effective
on the surface and where the symmetry of the crystal is broken, i.e. on extended defects, and
this is why the surface science perspective is crucial here. The knowledge obtained from basic
research allows for the targeted design of applications, while accelerating the development of
such applications over a trial-and-error approach. Results of basic research experiments in
surface science have already shed light on the processes occurring on photocatalysists [24] and
even oxide biomaterials for dentistry applications [25].
This dissertation presents the results of a series of experiments aimed at providing a better
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understanding of the reduction and oxidation processes of two model transition metal oxides -
titanium dioxide and strontium titanate. While the research was primarily aimed at studying
the changes of electronic properties due to the redox processes, a parallel investigation of the
changes in compositions and structure of the crystals and its surface was unavoidable.

1.3 Transition metal oxides

Transition metal oxides are a wide category of materials – and this is of no surprise,
as oxygen is highly reactive and forms compounds with most elements, transition metals
included. These diverse materials can be separated into groups by common denominators, such
as the number of elements present in these crystals. The model binary oxide studied in this
dissertation, composed of a transition metal and oxygen, is titanium dioxide in the form of
rutile. Strontium titanate was selected as a model ternary oxide (composed of a transition
metal, another element and oxygen). SrTiO3 is also a model perovskite crystal.

1.3.1 Titanium dioxide (TiO2)

Titanium dioxide is a ubiquitous compound whose annual production is estimated at
5 and 10 million tonnes [26]. It is mostly used as a pigment for paints, coatings, paper etc.
[26], due to its exceptionally high refractive index (2.73 for rutile [27]). Nanoparticles of TiO2
are used in other fields, such as catalysis and electroceramics, and even in sunscreens [26].
Moreover, the exceptional properties and its easy manipulation makes titanium dioxide an
attractive compound for high-tech applications from photocatalysts [1] [5], self-cleaning paints
[28], to memristors [14]. It is no wonder that this compound is so intensively studied, to the
point that, only in the field of photocatalysis, the number of papers on TiO2 is close to 14
thousand [29] (till 2020).

Titanium dioxide exists in at least 11 crystalline phases [26], however only two - rutile and
anatase - are of significant interest for applications [30]. Rutile is the most thermodynamically
stable phase of TiO2 (as determined by lattice energy calculations [32]), which makes it
attractive for research in the field of thermal reduction, as the other viable meta-stable phase
- anatase - transforms into rutile at approximately 600 °C in vacuum conditions [33], which
is even below the temperature of desorption of organic adsorbates from the crystal surface
[34]. A rutile unit cell (Fig. 1.1a) is tetragonal with two atoms per unit cell and the lattice
parameters a = 0.4594 nm and c = 0.2959 nm [35]. It has a band gap of approximately 3.1 eV
[36], which means that the onset of absorption in a perfectly stoichiometric rutile is in the
range of UV light, and the polished, stoichiometric crystal is transparent (Fig. 1.1b). The slight
yellowish coloration seen in as-received rutile monocrystals is most likely due to the scattering
of light on the unpolished side of the crystal, and not due to the absorption of light, as similar
coloration is seen on SrTiO3 one-side polished crystals (see Fig. 1.2), and in both cases, the
coloration disappears when the crystals are polished on both sides. In the case of TiO2, there
is some absorption in the violet end of the visible spectrum [37], but it is not intense enough
to change the color of polished crystals drastically.
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Figure 1.1: a) The tetragonal rutile unit cell [30], b) as-received rutile monocrystal, c) a stick and ball
model of rutile (110) surface [31].

The rutile surface studied in this dissertation is its most stable phase [30] the (110). Its
stability is due to the fact that the dipole moment perpendicular to the surface is zero, because
of the symmetric stacking of differently charged planes [38]. The (110) surface, depicted in
Fig. 1.1c), is composed of alternating rows of atoms in the direction [110]. Two types of
titanium atom rows can be distinguished - sixfold and fivefold coordinated Ti atoms. The
fivefold Ti atoms have one dangling bond perpendicular to the surface, while sixfold Ti atoms
have chemical bonding, as in the bulk crystal. Two different types of oxygen atoms are present
on the (110) surface - one is three-fold coordinated, as in the bulk crystal, while the other is
twofold coordinated and forms sticking-out, bridging oxygen rows with one dangling bond.
The unit cell associated with such surface reconstruction, i.e. (1x1), and the one which will be
most often observed in this dissertation, has the lattice parameters equal to a = 0.649 nm and
b = 0.296 nm [39]. Real-life monocrystals, due to the unavoidable small miscut angle, exhibit
vicinal, or terraced, morphology. The terrace sizes depend on the method of preparation, but
the terrace step height is due to the crystal morphology and is equal to 0.235 nm [39], which is
approximately equal to half a unit cell.

1.3.2 Strontium titanate (SrTiO3)

Strontium titanate first entered the application stage as a diamond substitute in 1951 [40],
however its usage has shifted from jewelry applications to sophisticated technologies. This
compound can be used as a highly stable electron transport layer in solar cells [41], as a model
memristor [42], a high-energy storage device [43], a photocatalyst [44], or in RF circuits [45].
Moreover, SrTiO3 is widely used as a growth substrate of thin films of perovskite materials,
including materials exhibiting superconductivity [46], [47]. It is an extensively studied material
considered a model perovskite crystal [48], [49], as well as a model ternary oxide [50]. Thousands
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of publications have been devoted to its properties [51].

Figure 1.2: a) The unit cell of SrTiO3 in its cubic phase [52], b) as-received SrTiO3 monocrystal, c) its
(100) surface with the two possible terminations of strontium titanate marked [53] .

Perovskite materials, a model compound of which is SrTiO3, have a general formula ABO3,
where A is a group I or II element and B is a transition metal. These types of crystals are
of enormous interest, as they exhibit properties typical of semiconductors, such as tunable
band gaps or light absorption, but can also be tuned structurally, optically and electronically
by replacing the A cation with small organic cations, which opens up a promising venue of
investigation into organic-inorganic materials [54], [55].

The unit cell of cubic strontium titanate (Fig. 1.2a) has a length 0.3905 nm. It can be
considered as a series of TiO6 octahedrons placed in a strontium lattice. SrTiO3 can also exist
in a tetragonal structure, with phase transition occurring at 105K [56], and orthorhombic below
65K [57]. In its cubic form, it has a band gap of 3.1 eV [58]. Like TiO2, it is transparent when
polished on both sides, but in the case of one-side polished crystals it has a slight yellowish
coloration (Fig. 1.2b) due to scattering of light.

The surface studied in this dissertation is the (100) surface (Fig. 1.2c). The SrTiO3 crystal
can be considered as repeating layers of TiO2 and SrO when looked at <001> directions, both
of these layers can form a thermodynamically stable termination of the (100) surface [53]. TiO2
and SrO terminations, shown schematically in Fig. 1.2c, can coexist on the crystal surface
[53]. Properties of these terminations differ, e.g. in work function [59], and some phenomena
can only be observed on one of them, e.g. high-mobility electron gas on the LaAlO3/SrTiO3
interface is present only for the TiO2 termination [60], and epitaxial growth depends on the
termination and even the ratio of the termination area on the surface [61]. It is not surprising
that there exist multiple methods of obtaining the TiO2 [62], [63] or SrO terminations [64],
[65].
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1.3.3 Titanium suboxides (TinO2n-1)

Figure 1.3: The formation of a Magnéli phase Ti4O7 by the creation of a shear plane [66].

Transition metal oxides are a fascinating topic for research and applications, because of
their ease of modification - one can use redox reactions to change their chemical composition,
structure, and therefore their physical and chemical properties. Using redox reactions makes
it possible to produce a multitude of titanium suboxides, with a general chemical formula
TinO2n-1, and their chemical formula and properties can be tuned to reach the desired results.
These suboxides find applications in many fields, from metal-insulator-metal diodes [67] to
coatings that increase tribological performance [68]. Titanium suboxides studies are tightly
connected with research into TiO2 and titanates, such as SrTiO3, as redox reactions on these
crystals unavoidably lead to the formation of these suboxides.

The easy change in the titanium oxides and titanates offers multitude of possible suboxides
that can be formed during the reduction and oxidation of these crystals. The titanium
suboxide chemical formula TinO2n-1 their properties seamlessly change, for example electrical
conductivity can change from semiconducting to metallic [69], and even to superconductive [19].
The evolution of crystallographic and electronic structures is governed by the value of n. The
driving force of the changes in the electronic properties is the increasing number of reduced
titanium ions Ti3+ and even Ti2+ in the crystal, which introduces states near the conduction
band, which houses easily excitable electrons [30], [70]. The great number of possible suboxides
can be seen on the phase diagram of titanium and oxygen [71] and since the upper value
of n has been proposed to be 28 [72] or even 99 [73], the property tuning possibilities are
significant. Magnéli phases, a subgroup of titanium suboxides of the n value 4 ¬ n ¬ 9, have
been studied widely. They are formed from rutile by means of crystalographic shearing, and in
their structure every n-th layer of octahedra shares not the corner, but the whole face (which
is depicted in Fig. 1.3).

Redox processes generally do not occur uniformly in the whole oxide crystal volume - they
are most effective on the surface and near extended defects. This non uniformity of reduction
and oxidation gives rise to some of the properties of transition metal oxides. In the cases of
SrTiO3 [42] and TiO2 [74], resistive switching occurs on dislocations, due to the fact that the
changes in stoichiometry, and therefore electric properties, occur readily on the defects, in
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contrast to the bulk crystal. Furthermore, even pure annealing in vacuum leads to hierarchical
changes in the crystal stoichiometry, with most reduced parts (and for heavy reduction phases)
occurring at the surface, and increasingly less reduced parts further in to the bulk, where the
composition is closest to stoichiometric crystal [74]. Accordingly, the changes in transition
metal oxide crystals stoichiometry and structure presented in this dissertation will follow a
gradient from the surface where the crystal will be reduced most, to the bulk which will be
reduced least.

1.4 Defects in oxides

Crystals are highly ordered objects – enormous numbers of atoms of different elements
follow the same pattern, and maintain the same distances between one another, which results
in symmetrical macroscopic crystals displaying unusual shapes. Yet most research focuses
more on imperfections or defects in the crystal, not their amazing ordered patterns. These
imperfections might seem unwelcome for applications and research, but in reality, the defects
are crucial for the development of technologies based on transition metal oxides. The ability to
easily change the type and density of defects using redox processes is an advantage of transition
metal oxides. This section will survey the typical defects, which can be characterized in many
ways; the discussion below will define them by their dimensionality, or size.

1.4.1 0-dimensional

Crystal structure is composed of atoms in clearly defined points of the crystallographic
lattice. The simplest defects are point defects, i.e. imperfections in this inner order. Such
0-dimensional defects can take many forms. They may constitute a missing atom in a node (i.e.
a vacancy), or the presence of an additional atom between nodes (i.e. an interstitial atom or
the Frenkel defect), or an atom of a different element, whose presence is not indicated in the
general chemical formula (a dopant). Such defects are thermodynamically unavoidable, as they
decrease the Gibbs free energy of the crystal. Additionally, their equilibrium concentration
is a function of temperature and gas pressures. In general, point defects are responsible for
conductivity, color and the diffusional properties of crystals [75]. In the case of transition
metal oxides, the key point defects are oxygen vacancies and transition metal interstitials (see
Section 1.5). Point defects in transition metal oxides can be considered to be non interacting
and randomly distributed in the bulk crystal matrix only up to a point - for TiO2-x only up
to x = 1 × 10−4 [76] and for SrTiO3-x x = 1 × 10−3 [77] - and then they interact with one
another, forming extended defects. The ordering of oxygen vacancies leads to the formation of
shear planes, which is considered the first step in the formation of Magnéli phases [78].

1.4.2 1-dimensional

Crystals also exhibit one-dimensional defects, with dislocations being the type most
important in the context of oxide crystals. These line defects can be classified into edge and
screw dislocations. Edge dislocations can be thought of as an additional half-plane inserted
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Figure 1.4: Schematic representation of the formation of a-b) edge and c-d) screw dislocations [26].

into the perfect crystal matrix (Fig. 1.4a-b). Screw dislocations, on the other hand, can be
described as structures formed when one part of the crystal is sheared with respect to the
other one (Fig. 1.4c-d). Such dislocations are described by the Burgers vector, which is a
measure of the direction and magnitude of these line defects. These defects in TiO2 and SrTiO3
form bundles [79], [50], which exhibit a hierarchical structure, with the greatest concentration
near the surface and the lowest concentration in the bulk. Dislocations are present in great
quantities on TiO2 and SrTiO3 monocrystal surfaces with approximately 1 × 107 cm−2 for
Verneuil-grown crystals [80].

Dislocations are of extreme importance when considering phenomena like memristive
switching [42], but they are also of consequence in the context of mechanical deformations. It
is due to the movement of dislocations that some crystals break easily while others deform
plastically. If the dislocations can move easily, strains do not accumulate and the crystal
bends. However, if the dislocations tend to be pinned and to accumulate, the strains will
shatter the crystal. The reason behind the problematic cracking in SrTiO3 is the manner in
which dislocations behave throughout annealing. Even though the melting temperature of
SrTiO3 is very high - 2080 °C, and even though it is considered to be a good material for
high-temperature applications [51], the existence of the ductile-to-brittle-to-ductile transition
[81] makes it difficult to work with monocrystals at high temperatures. Typically, brittle-to-
ductile behavior is observed in ceramics, which are brittle in lower temperatures and ductile
at higher temperatures. However, strontium titanate is different. SrTiO3 is ductile at low
temperatures, becomes brittle at approximately 1000K, and subsequently becomes ductile
again [57]. The origin of this unusual behavior is not due to any structural changes (as they
occur at much lower temperatures), but due to the behavior of dislocations in the crystal [81].
At low temperatures dislocations move by gliding, i.e. the Burgers vector and the dislocation
line lie on the same plane [82]. At high temperatures dislocations move by climb planes, i.e.

8



1.4. Defects in oxides

with the Burgers vector and the dislocation line not on the same plane. In between, there is a
transition region, as the change between glide-associated and climb-associated configurations
of dislocation has an energy barrier [82]. At these temperatures, the pinning of dislocation
occurs, which slows down the movement of dislocations and causes the crystal to become
brittle [82], as the dislocations continue to form at the same regions, while their low mobility
causes them to concentrate in one location, which significantly increases the internal stress
and causes the crystal to shatter at approximately 1050K in the so-called brittle failure [57].
Hirel et al. (2016) proposed that extremely slow strain rates SrTiO3 could avoid the brittle
failure as the dislocations would only move by climb mechanism [82]. The atomistic reason is
that strontium vacancies diffuse much slower than oxygen vacancies to dislocations, causing
the dislocations to become electrically charged and pinned.

1.4.3 2-dimensional

Defects of higher dimensions can also be found in crystals. The most interesting two-
dimensional defect for surface science is, of course, the surface itself. Ideal crystals are infinite,
and surfaces are a clear break in this rule. This break in symmetry - loss of neighbors on
one side – leads to such exceptional properties of crystal surfaces. The increases in energy of
the system associated with the lower coordination number may lead to reconstruction of the
surface, i.e. the atoms on the top layer may move into other, more energetically beneficial
positions than the ones that they would have if they followed the immediate symmetry of the
bulk. Another process that follows is relaxation, or the changing of inter planar distances in
the last two layers from the surface. If the surface is defined as just the exterior layer of the
material, then it is appropriate to designate this as a two-dimensional defect. if the definition
of the defect takes into account the subsequent relaxed layers, then such a surface would
constitute a three-dimensional defect.

An important two-dimensional defect in the study of reduction is a shear plane, also
named the Wadsley defect [76]. These types of defects form when there is a sufficiently high
concentration of oxygen vacancies, which organize themselves along crystallographic directions,
and are then annihilated by shearing. Other typically encountered two-dimensional defects are
grain boundaries, shear planes and stacking faults.

1.4.4 3-dimensional

Three-dimensional defects one may include new phases in the bulk crystal matrix and
voids. New phases in transition metal oxides are common, especially when the crystals are
heavily reduced. A gradual, hierarchical transition from stoichiometric crystal to a heavily
reduced phase occurs, with many less-reduced phases occurring in between. Voids, as the name
implies, are spaces inside of the crystal, where there is no crystallographic ordering, but rather
gas or vacuum. Such voids are formed during the growth of crystals using the Verneuil method,
and can even be observed by optical inspection [80]. Smaller voids, ranging from micrometers
to nanometers, can still be present in crystals, as has been demonstrated for SrTiO3 [83].
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1.5 Reduction of transition metal oxides

Figure 1.5: The phase diagram of a titanium-oxygen system, showing the multiple possible phases that
can be produced and which remain thermodynamically stable [71].

Reduction is the loss of oxygen from a material and with this, one would think simple
loss of a component, the transition metal oxide crystal changes dramatically. When an oxygen
atom leaves the crystal lattice an oxygen vacancy is formed, and two electrons are left behind.
These two electrons change the oxidation states of titanium ions in the crystal from the IV
oxidation state to III or even II. Thus with the loss of a single oxygen atom, the crystal gains
a positively charged oxygen vacancy, as well as two electrons near the conduction band gap.
Using Kroeger-Vink notation, the change in the crystal lattice can be described as follows:

OO −−→ V••O + 2e′ +
1
2
O2, (1.1)

where V is a vacancy and e is an electron. In this notation, the charge relative to the lattice is
written in superscript, and the position in the lattice is represented in subscript (if the atom is
in the interstitial position, the letter i is used).
The oxygen vacancies formed during reduction exist independently and do not interact

with one another in a small concentration window (for TiO2-x up to x = 1 × 10−4 [76] and
for SrTiO3-x x = 1 × 10−3 [77]). If the reduction proceeds further, extended defects are
formed. Initially oxygen vacancies organize each other into lines, or Magyari-Köpe defects
[84]. At sufficiently high concentrations of oxygen vacancies, the vacancies organize along
crystallographic directions, and are then annihilated by shearing, thus forming shearing planes
(referred to as Wadsley defects) [76]. These shearing planes are at first distributed randomly
in the crystal. However, with increasing reduction of the crystal, they group themselves into
bands, creating structures of different crystallographic structure: at first, Magnéli phases [78],
and subsequently other suboxides [80]. This evolution of defect chemistry has been described
for TiO2 [80], but the defects investigated, or their equivalents, also occur for other transition
metal oxides, and parallels can be drawn for them. As demonstrated by the phase diagram of
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titanium and oxygen (Fig. 1.5), such evolution can lead to the formation of a great range of
different oxides, and controlling the thermodynamic parameters allows for an explorations of
such phase diagrams and reaching the desired compound.

Crystals can be reduced using many means: by annealing in vacuum conditions [85], by
sputtering [86], using direct current [23], electron irradiation [87] or chemical methods [88].
The investigation represented in this dissertation will employ reduction by thermal annealing,
sputtering, and the combination of the two approaches.

1.5.1 Thermal reduction

Figure 1.6: a) The colors of TiO2 crystals annealed for an hour at different temperatures in UHV
conditions; b) The mass change of TiO2 crystals during such processes [89].

Thermal annealing in vacuum conditions is a time-tested method of reducing transition
metal oxides. The increase in temperature, coupled with an oxygen-poor atmosphere, leads
to oxygen loss in the crystal, which can be measured using simple mass spectrometer [89].
As temperature increases, more and more oxygen leaves the crystal, resulting in dramatic
macroscopic changes as increasing number of transition metal ions change their oxidation
states. In the case of TiO2, coloring evolves from pure transparency, through shades of brown
and blue to even black (see. Fig. 1.6a). This stoichiometry change is associated with an increase
in conductivity of several orders of magnitude [90], [91] and even significant changes in the
whole mass of the crystal [89], as depicted in Fig. 1.6b).

The following processes occur during thermal reduction: oxygen atoms leave the crystal,
and the excess titanium atoms move into interstitial positions and diffuse into the bulk [91],
which leads to the reduction of the crystal. The greatest reduction of the surface, however,
occurs not at high temperatures during annealing, but during the cooling process [92]. This
surprising process is caused by differences in the defect formation energy between the bulk
at high temperatures and the bulk at low temperatures. At elevated temperatures, oxygen
effuses from the crystal’s surface, but oxygen also flows from the bulk to the surface, driven by
the lower vacancy formation on the surface. But the energy of oxygen vacancy formation is a
function of temperature [92], and during cooling, a diffusion of vacancies to the surface occurs,
leading to changes from the ratio of vacancies on the surface to the ones in the bulk, equal to
1.2 at 1100 °C to 6.7 during cooling [92].
Even annealing at 800 °C can lead to significant changes in the crystal. This annealing
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process in TiO2 is associated with a mass loss of 0.05% [89], which is in the regime of changes
in stoichiometry which lead to the formation of Megnéli phases [74]. Furthermore, surface
changes are also prevalent, with reduction leading to different reconstructions, with (1x3)
attested in the research [93] (but not always easy to reproduce [94]), (1x2) and cross-linked
(1x2) [91], [95]. Various temperatures associated with these reconstructions are fund in the
literature, with temperatures of 827 °C [94], 878 °C [39], 927 °C [91], [96] for (1x2), and 1030 °C
for (1x3) [94]. The cross-linked (1x2) reconstruction was observed at the same temperatures as
(1x2), but with longer reduction times [91].

1.5.2 Extremely low oxygen partial pressure (ELOP)

The annealing of transition metal oxides in vacuum conditions leads to their reduction
and to a decrease in the partial pressure of oxygen in the vicinity by means of getter material,
such as silicon or titanium, accelerates such process. In case of ternary metal oxides, such as
SrTiO3, BaTiO3, or CaTiO3, other process occurs in addition to reduction. When the oxygen
partial pressure reaches extremely low values, such crystals decompose by means of incongruent
sublimation [97]. During incongruent sublimation, the components of the crystal sublime at
significantly different rates, which leads to modifications of the crystal structure, with serious
changes in stoichiometry and therefore formation of new phases.

In the case of strontium titanate this process has been observed and considered, but at
extremely high temperatures, above 1300 °C [98]. However, if a substance which lowers the
oxygen partial pressure is placed in the vicinity of the titanate, incongruent sublimation takes
place even at the temperature of 1000 °C [97], [99]. The final effect is then a surface layer
of reduced titanium suboxides on a bulk perovskite crystal, as the cation from the group
2 sublimates at a much higher rate than titanium. Depending on the conditions, such as
temperature and the duration of annealing, the resulting surface may be porous and rough
[97], or covered with highly crystalline nanostructures [99].

This effect can be used to obtain exotic, difficult-to-synthesize compounds in a crystalline
form on a crystalline substrate in a bottom up process, as is the case for obtaining titanium
monoxide nanowires on SrTiO3 substrate [99]. Moreover, getter substances can be used to
enhance reduction in binary compounds like TiO2. In different experiments, the presence of a
getter or the absence there of it may account for, for example, differences in temperatures for
which the same reconstructions or values of electronic properties will be obtained in different
publications. This is because, not only the temperature, but also the oxygen partial pressure
affects the reduction of oxide crystals [100].

1.5.3 Sputtering

Sputtering of crystals using ion beams is a time-tested technique used in surface science
laboratories in many different ways: as part of a cleaning procedure [101], as a means of
creating nanostructures [102], or implanting dopants [103]. It is quite intrusive and changing,
as it leads to scattering of components and roughening of the surface, and, in the case of oxides,
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Figure 1.7: Schematic representation of preferential sputtering of oxygen on TiO2.

it also reduces the crystals. In the case of TiO2 it has been used to create a highly conductive
sub-oxide layer on the surface of the crystal [104], or even to form a layer of TiO under its
surface [105].

Irradiation with an energetic ion beam of a system composed of different elements may
lead to changes in its composition due to preferential sputtering, i.e. one projectile from the ion
beam has a higher probability of removing one of the components than the other. This ballistic
process is observed experimentally in oxides [86] and in the case of TiO2, the sputtering ratio
is 1.3 [106], with more oxygen being sputtered per one ion than titanium atoms. This topic
has been studied not only experimentally, but also using modeling, to find out the impact of
parameters such as energy of the ions on the changes in the crystal [107]. Therefore, sputtering
does not only change the morphology of the oxide sample, but it also reduces it, by introducing
nonstoichiometry to the crystal’s surface and subsurface.

1.5.4 Sputtering and annealing

Surface science requires a well-defined, clean surface as a good starting point for experiments.
Experiments can only begin when such substrate is obtained. The method most commonly
used for preparing such surfaces in the case of TiO2 is repeated sputtering and annealing
of crystals, or the so-called cleaning cycles. There are other methods which do not require
sputtering, such as etching in HF acids and annealing in vacuum [108], however they are not as
commonly used, as they require dangerous, corrosive chemicals and may introduce unwanted
impurities to the crystal (such as fluorine). Cleaning cycles can be found in most experimental
sections of publications concerning this area of research, but this does not mean that the
procedure is the same in all laboratories. An analysis of related publications shows that the
energies of ions differ (0.6 keV [91], 1 keV [109], [110], 2 keV [111], [112]), and that types of
ions (Ar+ [91], Ne+ [113]) and the temperatures also vary (527 °C [114], [111], 727 °C [115],
1027 °C [91]). This method is so common place that some publications do not even specify the
experimental details, such as the energy of ions [116], [117], [118]. The number of cycles used is
not a typically specified parameter, as the procedure continues until a sharp LEED diffraction
pattern is seen and/or no contaminations on the surface are found using X-ray photoelectron
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spectroscopy (XPS) [119] or Auger spectroscopy (AES) [120].
Both of the components of the cleaning cycle, i.e. sputtering and annealing in UHV, are

reducing in nature, as described in the sections above. The changes occurring during such
preparation are not insignificant, as the whole crystal changes its color from transparency
to a bluish hue [91]. Furthermore, the properties of the crystals change, e.g. the electrical
conductivity is increased by orders of magnitude [90]. Even still, following multiple changes
and cycles, the surface has the (1x1) reconstruction, and when investigated using XPS or AES,
it is found to be stoichiometric. Throughout the preparation, oxygen is removed, and yet the
resulting surface is essentially stoichiometric, while the crystal’s properties and composition
change. This discrepancy was the motivation for a series of experiments, whose results are
described in Chapter 6.

1.6 Oxidation of transition metal oxides

Oxidation is the process of introducing oxygen back into the reduced crystal, and as such, it
is the reverse process to reduction. The reversibility of the changes induced by reduction makes
transition metal oxides even more tunable and attractive for applications. Oxidation is highly
dependent on parameters such as the partial pressure of oxygen or, of course, temperature.
The results of oxidation are as dramatic, as the crystal changes its color after high-temperature
oxidation from black to white and e.g. its electrical conductivity decreases significantly [91].
Reduced crystals can be reoxidaized in UHV systems at elevated temperatures in the

presence of gaseous oxygen. In such cases, the oxidation of the reduced TiO2 occurs by the
diffusion of Ti3+ from the bulk to the surface, where it reacts with atmospheric oxygen [91].
It has been proposed that the process of reoxidation likely begins at shear planes, which
are the nucleation sites for oxidation [121]. The regrowth of the surface occurs with new
layers of TiO2 forming consecutively on the surface of the crystal, until stoichiometry is
reached. This process is highly dependent on temperature, with significant rates of reoxidation
observed experimentally at temperatures from 300 °C to 800 °C. Reoxidation also occurs at
lower temperatures, but at much slower rates [91]. Annealing in oxygen rich conditions does
oxidize the crystal further [122], but the process also brings changes in the surface [123],
[124]. In such conditions, the reaction of interstitial titanium and gaseous oxygen leads to
the formation of rosettes, strands and islands [123], [124]. These structures are respectively
composed of incomplete TiO2 layers, Ti2O3 and small (1x1) islands [124]. Furthermore, the
process of oxidation at elevated temperatures is not limited to the surface as oxygen diffuses
into the crystal’s bulk in the form of oxygen interstitials at high temperatures and annihilates
vacancies present below the surface [125].
Monocrystals can also be oxidized at much lower temperatures. In fact the healing of

surface oxygen vacancies begins at the temperature of 120K [126]. Oxidation is such conditions
heals some surface oxygen vacancies, but even at room temperature, not all vacancies will be
healed [92], [127]. Additionally, such oxidation does not affect the nonstoichiometry below the
surface, as high temperatures are necessary for that to occur [125]. As a method of obtaining
a TiO2 surface which is close to stoichiometric plasma cleaning has been deemed the best
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method [122], [128], as oxygen plasma is more oxidative than molecular oxygen. Moreover, this
method does not require high temperatures, which prevents the segregation of impurities on
the surface (as is e.g. the case with iron in anatase [129] or calcium in rutile [130]).

1.7 Application of TiO2 in photocatalysis

Conversion of the freely available solar energy to energy that can be put into useful work
is the aim of the study of photocatalysis. The seminal work by Fujishima and Honda [131]
opened up the whole field to the area of transition metal oxides when it showed that rutile
can be used in the production of hydrogen from water. From that point onward, multiple
publications demonstrated that titanium dioxide is a promising photocatalytic material which
can be not only be used to obtain hydrogen from water, but also to remove various pollutants
from air [3], water [6] and soil [8]. It has even been used in artificial photosynthesis [132].

In order to obtain the best results for this compound, different phases [133], preparation
methods [88], morphologies [134], compositions, doping [133] [135], have been investigated,
spanning many years of research. Both of the most common phases of TiO2, i.e. rutile and
anatase, are used as photocatalysts, and each of them comes with its own set of advantages
and disadvantages. As Ma et al. (2014) [134] wrote, rutile has better charge mobility, as it
is more crystalline than anatase, however anatase has more active sites for photochemical
reactions. Furthermore, anatase exhibits a higher surface area than rutile, and the charge
separation is more efficient. On the other hand, rutile absorbs more light than anatase, due to
its narrower bandgap. Due to these characteristics, both of the compounds are in common
use, even concurrently, as it has been shown that using mixed-phase TiO2 leads to the highest
hydrogen production [136], [137]. The compounds can be further improved by various processes,
such as narrowing the bandgap (e.g. in the famous black TiO2 [138]) or introducing additional
defects which improve photocatalytic efficiency [139], [140], [141]. Moreover, increasing the
surface area to volume ratio, as is the case when using nanostructures, also boosts the efficiency
of such crystals [142], [134].

Figure 1.8: Schematic diagram showing photocatalytic water splitting in titanium dioxide [26].
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Regardless of the type of preparation method or phase the basic mechanism responsible
for photocatalysis in TiO2 is the same and is schematically depicted in Fig. 1.8. Light of
energy equal or higher than the band gap width is absorbed by the crystal which leads to the
excitation of the electron into the conductive band and the formation of the hole in valence
band:

TiO2 + hν −−→ e−CB + h
+
VB. (1.2)

These species may recombine or they may be used in chemical reactions such as the photo-
catalytic splitting of water. The following reactions take place on the surface of TiO2, the
formation of hydrogen ions from water:

H2O+ 2h
+
VB −−→ 0.5O2 + 2H

+, (1.3)

and the synthesis of molecular hydrogen, which can be used as fuel:

2H+ + 2 e−CB −−→ H2. (1.4)
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Chapter 2

Analytical methods

The redox phenomena in transition metal oxides are complex processes which, as shown
in Chapter 1, change the crystals drastically in their structure, as well as in their properties.
A series of techniques was used in this dissertation in order to describe and understand the
changes that occur during reduction and oxidation. Because the majority of the analytical
methods implemented are well-known and commonly used, they will be overviewed briefly in
this chapter.

2.1 Scanning probe microscopy (SPM)

Scanning probe microscopy is a versatile group of techniques which allow for measurements
of surfaces in extremely high resolutions with often simultaneous measurements of their physical
and chemical properties. Even though this group encompasses a multitude of specific modes
and setups, the general principle behind all the techniques is the same, i.e. a sharp tip scans
the surface at a very small distance, and the interactions between this probe and the sample
are measured, to subsequently become and are the basis of the microscopy images. Thus all of
such microscopes are composed of a sharp tip mounted on a scanner and an electronic system
which controls the feedback loop and computer. Due to the high dependence of the signal on
the tip-sample distance, as well as the fragility of the tips, such microscopes are placed in
frequency-dampening systems.
All the SPM measurements presented in this dissertation were performed in UHV using

the AFM/STM Omicron RT/UHV microscope. Chemically-etched tungsten tips were used for
the STM measurements, while PPP-contPt cantilevers (Pt-Ir coated with eigenfrequency of
17 kHz) were used for LC-AFM and KPFM investigations. For KPFM measurements NC-AFM
PT-Ir coated tips were also occasionally used.

2.1.1 Scanning tunneling microscope (STM)

The scanning tunneling microscope was the first SPM microscope, and its invention
revolutionized surface science, as it was the first tool that allowed for relatively quick and easy
investigations, both measurement and manipulation, at the atomic scale. The importance of
this tool was recognized immediately, which is reflected in the fact that the inventors, Gerd
Binnig and Heinrich Rohrer, received the Nobel Prize just four years after publishing their
first STM images.
As the name implies, STM relies on the quantum tunneling effect in its operation [144], [145].

Quantum tunneling describes a classically impossible situation where an electron overcomes a
potential barrier with energy lower than the barrier. This is due to the fact that electrons, just
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2.1. Scanning probe microscopy (SPM)

Figure 2.1: Schematic diagram of a STM, showing its working principle at both a) macro and b) atomic
scales [143].

as all matter, can be described as both particles and waves, and therefore can display wave
characteristics. The wave function, which describes the electron, decays exponentially when
it encounters a potential barrier. However, at sufficiently low barrier widths and heights, it
does not decay completely. Since the probability is proportional to the amplitude of the wave
function squared, an electron might pass through such a barrier.
In the case of STM, electrons tunnel between, depending on the bias polarity, the metallic

tip and the studied, conductive surface. In order to achieve this, the tip has to be brought close
to the surface and voltage has to be applied to induce current flow (as depicted in Fig. 2.1a).
As the tip is brought progressively closer to the surface, more and more tunneling current
flows, which is depicted in the following equation:

I(d) =
D(V )V
d
· exp

(
−Aφ1/2d

)
, (2.1)

where I is the tunneling current, d is the tip-surface distance, D(V ) is the density of the
electron states, A is a constant, φ is the barrier height. As can be clearly seen, the current’s
dependence on distance is exponential, which allows for extremely high resolutions to be
reached. The change in distance of 1 Å is followed by a change in the current by one order of
magnitude, thus vertical resolutions of 0.1 Å can be obtained [146]. The high dependence on
distance also means that most of the signal comes from the tunneling of the tip atom closest
to the sample’s surface. There is also some contribution to the total signal from the tunneling
of tip atoms that are at a greater distance from the surface, which lowers the lateral resolution
to values of approx. 1 Å.
Due to the fact that the tunneling current depends on both the distance and the density

of electron states, the STM topography may be difficult to interpret. As depicted in Fig. 2.1b),
the signal from a dopant atom might be reflected on the STM map as, for example, a vacancy,
as its different density of states will lead to such change of current, which could have also
indicated a sudden drop in height. Moreover, in oxide surfaces, such as TiO2, distinguishing
between which features are due to geometric and which due to electronic structures is especially
difficult [147], which often means that a supporting technique has to be used to solve such
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problems. Moreover, tip changes during scanning may also affect the image, and can even lead
to the inversion of contrast [148], which further complicates the analysis.

The dependence of the current on the density of states can be used to the advantage of
the researcher, as using STM one might perform a measurement of the local density of states
as a function of energy. In order to perform this scanning tunneling spectroscopy, the tip must
be set in place and the bias voltage has to be changed. The obtained dI/dV vs V graphs must
be compared with simulations to reach conclusions [149].

2.1.2 Atomic force microscopy (AFM)

Atomic force microscopy is a versatile SPM technique which, in contrast to STM, can be
used on multiple types of samples and, depending on the mode used, it can measure various
surface properties [150]. The differences between STM and AFM stem from the fact that AFM
is based on forces which are universal and are always present when the tip approaches a sample.
These forces cause the cantilever on which the tip is mounted to bend, and this deflection
is measured using a laser beam and a photodiode detector, as it can be seen in Fig. 2.2a.
Depending on the degree of tip-sample separation, two AFM modes, contact and non-contact,
can be distinguished, and can be explained using the Lennard-Jones potential (Fig. 2.2b).

Figure 2.2: a) Schematic diagram showing the main components of a typical AFM microscope and
b) the force-distance relationship based on the Lennard-Jones potential, with marked regions for the
contact and non-contact modes [151].

In contact mode, the tip is close to the sample (on the order of a couple of angstroms) and
forces arising from the Pauli and electrostatic repulsion act on it. The tips used in this mode
have to be soft, in order to bend easily and avoid destroying or modifying the investigated
surface. The contact mode might be executed in two regimes: the constant height or the
constant force mode.

The non-contact mode is executed in the attractive region of the Lennard-Jones curve (Fig.
2.2). When the tip approaches the surface and reaches the distance of hundreds of angstroms,
the Van der Waals force, which is attractive by nature, acts on the tip, bending it. In this mode
of measurement, the forces are very small and they are detected by other means than by simple
bending of the cantilever. The cantilever is induced to vibrate at its resonant frequency, while
the forces arising from the tip-surface interactions shift this resonant frequency. Information
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about the forces, and therefore the topography of the sample is hidden in the frequency shift
signal.
One huge advantage of AFM is that changing the type of tip used or introducing a

new element into the AFM system makes it possible to go beyond simple topography, and
to measure surface properties at nano and even atomic scales. For example, magnetostatic
interactions on the surface can be measured by changing the the default tip to a ferromagnetic
probe [152]. Applying voltage to the piezoelectric sample and measuring the induced extension
enables the investigation of the magnitude of the piezoelectric constant [153]. The two modes
that are of special importance to this work are the ones which allow for the measurement of
the contact potential difference and conductance, i.e. Kelvin probe force microscopy and local
conductivity force microscopy, respectively.

Kelvin probe force microscopy (KPFM)

Kelvin probe force microscopy is a mode of non-contact AFM which allows for investigations
into the work function at nano and atomic scales [154]. It is a technique introduced by
Nonnenmacher, M, et al. (1991) [155] and it can be thought of as an extension of Lord Kelvin’s
seminal work on the contact potential difference of metals [156]. Lord Kelvin discovered that
when plates of copper and zinc are in electrical contact, a potential is created between them.
This potential of the capacitor depends on the materials that the conductors are made of. At
its core, the potential due to the work function difference between them. In KPFM, instead of
two metallic plates, a conductive AFM tip is used, while the sample functions as the equivalent
of the other plate in Lord Kelvin’s experiments. This allows for nanoscale measurements of
the contact potential, and makes it possible to create maps of it [157]. The contact potential
difference VCPD in KPFM can be expressed as follows:

VCPD =
φsample
e
− φtip
e
, (2.2)

where φsample, φtip are the work functions of the sample and the tip, while e is the elementary
charge.
KPFM is an extension of the non-contact mode of the AFM microscope where AC

voltage is applied during the measurement. The applied voltage Vsample has both AC and DC
components, and it changes with time t at a frequency ω:

Vsample = VDC + VAC sin (ωt). (2.3)

The electrostatic force Fel which acts between the tip and the sample can be expressed using
the oscillating capacitor model:

Fel =
1
2
(VDC + VAC sin (ωt)− VCPD)2

∂C

∂z
, (2.4)

where ∂C∂z is the capacitance gradient. The electrostatic force can be separated into three
components:

FDC = −
1
2
∂C

∂z
(VDC − VCPD)2, (2.5)
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Fω = −
∂C

∂z
(VDC − VCPD)VAC sin (ωt), (2.6)

F2ω =
1
4
∂C

∂z
V 2AC(cos (2ωt)− 1). (2.7)

The FDC leads to a constant deflection of the tip, Fω is used to determine the contact potential
difference, the F2ω can be used as the basis for capacitance microscopy [158], [159]. The
measurement of CPD is done using a lock-in system, as the output of the lock-in amplifier is
directly proportional to VDC − VCPD, as it can be seen in Equation 2.6. Thus, by sweeping the
voltage in some range, the value of the VDC for which the signal is zero, can be found, since it
is equal to the CPD. A map of CPD can be obtained by performing this procedure at each
point of the AFM map. If a surface with a well-known work function, such as a gold or HOPG
surface, is measured by using the same tip, then the CPD maps can be calibrated to yield the
work function values at each point.
An additional advantage of KPFM is that it can be used to measure the real height of

structures on surfaces [160]. The forces acting on an AFM tip have three components: chemical,
electrostatic and van der Waals. Chemical forces are only relevant below 5 Å [161], so they do
not affect NC-AFM measurements. Van der Waals forces decay exponentially fast with distance,
much faster than electrostatic forces. Thus, electrostatic forces affect the tip the most, and in
the default NC-AFM mode, they are in no way compensated, so the measured force, which is
the basis of the topographical maps, is skewed due to the work function differences between
the tip and the surface. This affects the height and only when this electrostatic component is
negated by the usage of KPFM can true topography be obtained [160].

Local-conductivity atomic force microscopy (LC-AFM)

Local conductivity AFM (also called conductive AFM) is a type of contact AFM that
allows for the measurement of the local conductance of the surface. There are two differences
between these types of measurements and the standard measurements, namely, the tip is
conductive, and, during image acquisition, bias is applied and the galvanic current is measured.
These simple modifications allow for remarkable results, at even atomic resolution conductance
maps can obtained in this manner [162]. This is because, even though the tips have a radius of
20 nm, the contact area between the tip and the sample, which contributes to the measured
current, is below 10 nm2 [163]. Typically, the applied bias is close to 100mV. However, I-V
curve measurements can also be performed, where the tip stays in place, while the current
response to voltage in some range is studied. Such investigations elucidate the characteristics
of the surface, i.e. whether it behaves like a semiconductor or like a metal.

2.2 Scanning electron microscopy (SEM)

Scanning electron microscopy is a technique which can be used to image the surface of a
material quickly and in high resolution. It is a versatile method that can provide information
not only about the morphology of the sample, but also its composition. It can also be used in
combination with other techniques, in order to provide data on the crystallographic ordering of
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the surface at nanoscale and its composition. This makes it a powerful research tool in surface
science and other areas of study [164], [165].

Figure 2.3: The schematic representation of the interaction of the electron beam with a sample, with
the approximate volumes and depths from which different signals originate [166].

SEM microscopes are based on the interaction of a high-energy electron beam with the
surface of a material. When such a beam impacts the sample, a series of processes may occur,
each with its own characteristics, and each containing different information about the sample
and originating from different depths of the sample, as can be seen in Fig. 2.3. In the setup
used in this dissertation, the sample was imaged using the secondary electrons, backscattered
electrons and X-ray fluorescence.
Secondary electrons (SE) are low-energy electrons (up to 50 eV) emitted from the depth

of several nanometers [149]. The emission of SE is not strongly correlated with the atomic
number of the element, but it displays high angular dependence, with more SE being emitted
from edges than from flat areas. Thus, SE images show the topography of a sample at high
resolution (of 5 nm to 20 nm [149]).
Backscattered electrons (BSE) are high-energy electrons from the source beam which are

elastically scattered on the atoms of the sample. They are emitted from depths of 1 µm to
3 µm [166], and accordingly, generally, the BSE images have worse resolution than SE images.
BSE carry additional information about the sample, which is absent from SE images, as BSE
images display chemical contrast on the surface. This is due to the fact that the probability of
backscattering is highly dependent on atomic number. BSE can be also used to determine the
crystallographic composition of a surface and the structures that cover it, which is described
in Section 2.2.2.
A SEM microscope is schematically shown in Fig. 2.4. The beam is formed in the main

column of the SEM microscope using an electron source (in most cases, a field-emission gun).
The emitted electrons are accelerated, and then the beam is formed using a series of lenses
and apertures, eventually resulting in a beam cross-section of approximately 1 nm. The beam
is then scanned over the surface of the sample and the desired signal is measured using one
of the detectors. A Everhart-Thornley detector positioned at the side of the sample is used
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Figure 2.4: Components of the SEM microscope [167].

for secondary electrons. It is composed of a scintillator in a Faraday cage. A small positive
voltage is applied and the SE are collected. In the case of BSE, the detector used is typically a
semiconductor placed above the sample, around the final aperture of the beam column.

The Quanta 3D FEG microscope was used to perform the SEM measurements (SE/BSE
images, EDX spectra, EBSD images) presented in this work.

2.2.1 Energy-dispersive X-ray spectroscopy (EDX)

In a SEM setup, the chemical elements in a sample can be identified using energy-dispersive
X-ray spectroscopy (EDX). The interaction of the high-energy electron beam and the sample
might lead to the excitation of atoms, and subsequent de-excitation in the form of X-ray
fluorescence. The depth from which such X-rays are emitted is approximately 0.1 µm to 10 µm
[149], which means that the information originates from a relatively great depth. The fact that
the measurements are carried out using a scanning beam means that maps can be created.
Their resolution will be lower than SE and even BSE images, due to the fact that the signal is
collected from a greater depth.

EDX uses a silicon diode detector to measure the X-ray energy. The EDX chemical
composition maps can be further analyzed using machine-learning algorithms, which allows
for concealed patterns to emerge, as individual EDX spectra are assigned to structures present
on the surface [168].

2.2.2 Electron backscattered diffraction (EBSD)

Electron backscattered diffraction is a technique which can be incorporated into a typical
SEM setup in order to obtain information about the crystallographic composition of the
subsurface, its domains and even nanostructures. It is a powerful technique that can be used to
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Figure 2.5: Schematic diagram showing the principle of operation of an EBSD apparatus [169].

study large areas, simultaneously showing orientation of many grains. Its resolution can reach
even 10 nm [170], which makes it an indispensable method for characterization of nanostructures
in an inexpensive and fast manner.

In order to perform EBSD measurement, a flat, crystalline sample must be rotated at
an angle of 70° relative to the electron beam [171], as it is depicted in Fig. 2.5. Some of the
electrons from the beam backscatter, as is the case in typical BSE measurements. These
elastically scattered electrons interfere and, as it is described by Bragg’s law, their interference
pattern is determined by the crystal structure of the sample. In EBSD, the diffracting electrons
form Kossel cones, which intersect with each other forming bright lines, i.e. Kikuchi lines,
on the fluorescent screen. Each Kikuchi line corresponds to a specific plane in the crystal,
and their analysis by fitting simulated patterns to the experimental pattern, allows for the
determination of the phase of the sample.

2.3 Low-energy electron diffraction (LEED)

Figure 2.6: Schematic diagrams showing the LEED apparatus and the famous (7x7) reconstruction of
the Si(111) surface [149].
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Low-energy electron diffraction is a technique that can be used to study the arrangement
of atoms on the surface of crystals. It is a diffraction-based method which relies on the fact that
electrons, just like all matter, display wave like characteristics. Electrons used in this method
are typically in the energy range from 30 eV to 200 eV, which corresponds to wavelengths
of approximately 1 Å to 2 Å. Such waves are well suited to the study of crystallographic
arrangement, as they are equivalent to distances between atoms, making diffraction effective.
Furthermore, low-energy electrons have an extremely short mean free path of a few atomic
layers [149], which means that the elastically scattered, diffracted electrons come from the
surface only. The low mean free path is also the reason why LEED experiments must be
performed in UHV conditions.

A typical LEED setup (Fig. 2.6) is composed of an electron gun, a series of grids and a
fluorescent screen. Electrons are emitted from the electron gun by means of thermal emission
and an electron beam is formed by a series of lenses. The set energy, and therefore the
wavelength, is determined by the potential difference accelerating the electrons. The low-
energy electrons interact with the grounded, conductive crystal. Some of them are scattered
inelastically, some take part in the Auger process, and some are scattered elastically. The
elastically scattered electrons interfere with each other and are the source of information about
the crystal structure of the surface. They are separated from other electrons by the first set
of grids to which opposing potential difference is applied, of a value slightly lower than the
potential difference that accelerated electrons in the first place. The filtered electrons are then
accelerated by the following grids and produce bright spots of the diffraction pattern on the
fluorescent screen.

The observed diffraction image contains a lot of information. The type of information that
is easiest to decipher and is typically used in investigations is to be found in the symmetry
of the image and the distances between spots. The distances between spots are a function of
interatomic distances on the surface, and the symmetry of the image reflects the way atoms
are arranged on the surface in 2D cells. Furthermore, simply looking at the image provides
qualitative information about the surface, as the brighter and more point-like the spots and
the lower the background intensity the less defected the surface. Quantitative analysis of the
image can also be performed, but with the rapid development of SPM techniques, it seems to
have fallen out of favor. Just as in 3D crystallography, a model of the crystal can be proposed
and fitted to the experimental data. In LEED, it is called I-V analysis, and the model data is
fitted to the intensity vs primary electron energy curves measured for diffraction spots. Such
analysis results in very accurate information about the distances between atoms. Another type
of analysis is spot profile analysis (SPA), which yields information about the arrangement and
the sizes of the terraces.

In this work a LEED/Auger instrument with a microchannel plate (OCI Vacuum Micro-
engineering Inc.) was used.

25



2.4. Auger electron spectroscopy (AES)

2.4 Auger electron spectroscopy (AES)

The above-mentioned LEED experimental setup also allows the study of the chemical
composition of the surface using Auger electron spectroscopy, which is a highly surface-sensitive
analytical method.

Figure 2.7: The Auger electron emission [166]. The energy of the Auger electron in this case is equal to:
Ekin = EK − EL1 − EL2.

AES is based on the Auger effect which is schematically depicted in Fig. 2.7. When an
inner shell electron is removed from the atom by interaction with a high energy electron or
photon, an electron vacancy is formed and the atom is in an excited state. What follows is
the transition of an electron from a higher energy state to the newly formed electron vacancy.
The excess energy may be emitted by means of the ejection of the third electron, the Auger
electron, which occupies an even higher energy state. Its kinetic energy Ekin is characteristic
of the atom in which the transitions occur and can be described using the following equation:

Ekin = Ecore − E1 − E2, (2.8)

where Ecore, E1, E2 are the energies of the states corresponding to, respectively, the core
electron state, the first valence and the second valence shell. Since it is a three-electron process,
the Auger effect cannot occur for hydrogen and helium. Furthermore, with increasing atomic
numbers the probability of the Auger electron occurring decreases, while the probability of the
competing relaxation process - characteristic X-ray emission, is increased. Accordingly, this
analytical technique is not well-suited for heavy elements.

Experimentally, the same setup as described in the section above can be used to collect
electron emission spectra. This is possible because when the LEED/AES setup is used, the
the surface is also irradiated by low-energy electrons. Accordingly, Auger electrons are also
emitted from the surface, and an electron emission spectrum can be acquired through the
gradual shifting of voltage on the filtering grids.
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2.5 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (also known as ESCA, i.e. electron spectroscopy for
chemical analysis) is a widely used analytical method which allows for both the qualitative and
quantitative chemical composition determination of surfaces. Furthermore, its XPS spectra
contain information not only about the elemental composition, but also about the chemical
bonding, which makes it extremely useful for surface-science investigations.

XPS is based on the photoelectric effect, which describes what occurs when a high-energy
photon interacts with a solid. If the photon’s energy is higher than the binding energy of
an electron in the atom it encounters, an emission of an electron from that atom may occur.
The emitted atom has the kinetic energy Ekinetic, which is equal to the difference between
the energy of the photon Ephoton, the binding energy of the electron Ebinding and the work
function of the surface φ (in XPS measurements, the work function is replaced by a constant
experimental parameter of the system):

Ekinetic = Ephoton − φ− Ebinding. (2.9)

Rearranging the equation yields the formula for the binding energy of the electron in the atom:

Ebinding = Ephoton − (Ekinetic − φ). (2.10)

Since the energetic states of atoms have specific energies that depend on their atomic number,
the obtained energies can be used to identify the components of the studied surface. Furthermore,
the chemical surroundings affect the energies of the electron states, thus by measuring the
shift in the energy (or the chemical shift) of the line as compared to a pure elemental sample,
information about the chemical bonds can be obtained.

Figure 2.8: The schematics of a typical XPS system [149].

XPS systems are typically composed of a photon source, a hemispherical analyzer and a
detector (see Fig. 2.8). Monochromatic light shines on the grounded sample, and photoelectrons
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are emitted. The photoelectrons are focused in a beam which enters the hemispherical analyzer.
Applying voltage to the hemispheres results in only electrons of a specific energy being able to
pass through the analyzer and to reach the detector. Thus, by sweeping the voltage gradually,
the whole range of energies of electrons can be measured. The electrons reach the detector,
where their intensities are collected. In this way, XPS spectra can be acquired.

The XPS spectra presented in this thesis were collected using Phoibos 150 (SPECS)
spectrometer with a 2D-CCD detector, equipped with the DAR 500 X-ray lamp with non-
monochroamtic radiation (1253.64 eV Mg Kα).

2.6 Transmission electron microscope (TEM)

Figure 2.9: a) Schematic diagram showing the components of the TEM microscope (working in the
bright field mode) [149] and b) a HAADF-STEM microscope with an EELS setup [172].

Traditional optical microscopes are limited due to the existence of the diffraction limit,
which states that the resolution of a microscope is at most equal to approximately half of the
wavelength of the wave used to image the sample due to diffraction. For visible light, this limit
is in the hundreds of nanometers, and reducing the wavelength to X-rays brings its own set of
challenges. There is a way to circumvent these problems, by using electrons instead of light.
High-energy electrons have wavelengths of fractions of an angstrom, and their movement can
be easily directed using electromagnetic fields. This was achieved in 1931 by Knoll and Ruska,
with the TEM prototype in 1933 already providing better resolution than the traditional
optical microscopes [173]. With time transmission electron microscopes developed in such a
manner that nowadays they are routinely and widely used in many fields of science to study
samples with atomic resolution.

The principle of operation of TEM microscopes (Fig. 2.9a) is analogous to the operation
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of optical microscopes however light is replaced by electrons, and traditional optics give way
to electromagnetic lenses. An electron beam of high energy is produced in the electron gun,
is collimated using the condenser lens, and, finally, it reaches the sample. Samples used in
TEM must be in the form of lamellae, i.e. thin slices whose thickness is in the range of 100 Å
to 1000 Å [149] (depending on the composition and density of the crystal). This is because
electrons interact heavily with matter, and, as the name suggests, TEM studies the transmitted
electrons. Depending on the desired result, the remaining optical setup of the microscope differ.
If real-space imaging is necessary (using the microscope’s bright field mode), the aperture is
placed in such a way as to let the direct beam pass (as shown in Fig. 2.9a). The resultant
contrast on the detector derives from the change in beam intensity due to the scattering or
absorption on atomic columns. Due to the high dependence of these phenomena on atomic
numbers, bright-field images have a chemical contrast. If the aperture is placed off center, the
diffracted electron beams are then the basis of image formation and the diffraction image due
to Bragg scattering is observed.
In order to reach even better resolutions, another mode of TEM microscope may be used,

i.e. high-angle annular dark field imaging scanning transmission electron microscopy (HAADF
STEM), which reaches sub-angstrom resolutions [172]. This method differs from standard
TEM in that the beam that interacts with the sample is focused and scanned over the sample,
and the detection occurs on a circular detector placed beneath the sample (see. Fig 2.9b).
HAADF-STEM images are easier to interpret, as the basis of contrast is almost solely the
difference in atomic number [172]. The high-angle inelastic scattering, which is the basis of the
observed images, can be modeled as simple Rutherford scattering, with the intensity of the
signal proportional to the square of the atomic number. However, in reality, the coefficient is
in the range of 1.6 to 1.7 [172]. A significant advantage of this type of TEM is that the beam
is focused before the sample, so the signal comes from a small area. Other techniques, such as
electron energy loss spectroscopy, can be used to study the sample locally instead of globally.
The TEM and EELS measurements were made on the FEI Titan3 G2 60-300 microscope.

2.7 Electron energy loss spectroscopy (EELS)

Electron energy loss spectroscopy (EELS) is a technique that allows for the identification
of chemical components, their oxidation states, and processes that occur in them, such as
plasmon excitations and interband transitions [174]. This is done by measuring the loss of
energy of the electron beam after passing it through a thin sample. This technique can be
coupled with HAADF-STEM (as depicted in Fig. 2.9b) to provide such data even at the atomic
scale.
The operation of EELS is based on the fact that electrons encountering a material interact

with it heavily, often inelastically. Such interactions heavily depend on the material at hand,
with energy losses tied to the processes that occur in the material, which allows for its thorough
analysis. This multitude of signals is both an advantage and a disadvantage of this method,
as it provides an abundance of information about the sample, but it also makes the spectra
difficult to interpret, and oftentimes requires simulations to be performed [174]. In order to
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reduce the complexity of the spectra, the samples must be very thin, which ensures that
there will no multiple interactions of one electron with the sample. Despite its complexity,
this technique is extremely useful in the study of oxides, as it not only gives the information
about the oxidation state of transition metal oxides, but, when used with HAADF STEM, also
provides images with atomic resolution, making identification of oxide nanostructures possible
[99].

2.8 Secondary ion mass spectrometry (SIMS)

The above mentioned analytical methods can be used to identify the composition of the
surface of the crystal, but in some cases, the object of investigation is the distribution of
atoms in the crystal, starting from the surface and ending in the bulk. Secondary ion mass
spectrometry (SIMS) is the technique of choice in such applications.
A multitude of events takes place when a stream of high energy ions, in the range of

tens of keV, impacts a surface. The energy and momentum carried by the ions are dissipated
through collisions, emission of electrons or photons from the sample, vibration of the lattice,
movement of the atoms in the sample or even their ejection. The process that is of interest for
SIMS, as the name implies, is the emission of secondary ions. These are atoms of the sample
which, due to the interaction with the impacting ions, become ionized and are ejected from
the sample. Since these ejected atoms are the building blocks of the studied material, the
analysis of the secondary ions allows for a thorough and extremely sensitive investigation
into the composition of the material (for Time-of-Flight SIMS, the detection limits can reach
1 × 1017 atoms cm−3 [175]). This method uses ejected ions and not atoms, even though the
probability of ion ejection is lower, because charged particles are much easier to work with.
The fact that the studied object is charged also means that it will come from a smaller depth
than if it were not [149].
SIMS can be used in two modes, static and dynamic. In static mode the ion beam scanned

on the surface is of low fluence, so that each ion impacts a pristine part of the surface which
has not interacted with any other ion. The fluence used in this mode depends on the sample
measured, but typically 1 × 1012 ions cm−2 is used for organic, and 1 × 1014 ions cm−2 for
inorganic surfaces [176]. In the dynamic mode the ion beam fluence is higher, therefore erosion
of the material occurs during the measurement. This allows for the profiling of the composition
of the studied sample. In both modes, if the ion beam is scanned on the surface, a 2D map of
the composition can be created. Furthermore, in dynamic SIMS, such scanning allows for the
acquisition of 3D maps representing the distribution of elements in the crystal.
SIMS is a great analytical method, but it comes with its own set of experimental and

interpretational challenges. The first stages of SIMS measurements are difficult to interpret,
because depending on the sample, it takes some time, for sputtering to reach equilibrium
conditions [177], and since this stage of the measurement corresponds to the surface, this is
quite a problem for surface science. Moreover, interaction with a high energy ion beam is by its
nature a destructive process, and it causes the atoms in the sample to mix, which in turn leads
to a decrease in resolution and the widening of sharp transitions [178] (cluster ions may be
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used to significantly diminish this effect [179]). The existence of preferential ionization causes
the ratios of ions to differ from the real ratio of elements in the sample [180]. Moreover, the
probability of ionization also depends on the chemical surroundings of the atom [181], but
this matrix effect can be lowered, e.g. by using cesium ions during sputtering [182]. SIMS
experimental results are also affected by the surface morphology [176], as on a rough surface,
such as one covered with nanostructures, secondary ions are emitted concurrently from the
top of the structures and the crystal surface on which they were grown. Nonetheless, SIMS is
a powerful analytical technique which yields information on the distribution of elements in the
crystal, which, coupled with other complementary, more surface-sensitive techniques, provides
the complete representation of a crystal’s chemical composition.

Figure 2.10: Schematic diagram showing the components of a ToF-SIMS apparatus [183].

The SIMS setup used in this work is a Time-of-Fight SIMS (ToF-SIMS), which is schemat-
ically depicted in Fig. 2.10. It is composed of an ion gun, an extractor, a time-of-flight analyzer
and a detector. The ion gun produces impulses of ions of set energy which are then focused
and scanned over the sample. The emitted secondary ions are then focused on the entrance
of the analyzer using the extractor. Delayed extraction, i.e. applying a voltage to the sample
just after the secondary ions are emitted, ensures that ions of the same mass but different
initial kinetic energies reach the analyzer simultaneously. If the sample is nonconductive, an
electron flood gun may be used to prevent charging. The time-of-flight measurement separates
ions of different mass to the charge ratio m/q, by the simple principle that after the initial
acceleration by the same voltage, ions of different masses will reach the detector at different
time, which is expressed by the formula:

m

q
=
2t2Ek
L2
, (2.11)

where t is the time of flight (or the time to reach the detector), Ek is the kinetic energy of the
ions, and L is the distance traveled by the ions. In order to recalibrate the obtained SIMS
spectra from relationship of signal to fluence, a profilometer may be used to measure the depth
of the crater made during the measurement.
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For the purposes of this work, SIMS profiling and imaging was performed using the TOF
SIMS V (Munster, Germany) system.
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Chapter 3

Experimental

This dissertation is concerned with the reduction and oxidation of transition metal oxide
crystals. A wide array of preparation methods and experimental techniques was used to study
these processes. Multiple annealing methods, varying in possible annealing temperatures and
the quality and purity of vacuum or atmosphere, were used in order to prepare samples and
then thoroughly characterize the changes occurring in them. This chapter contains a discussion
of the different methods of annealing and the KPFM calibration.

3.1 Methods of annealing the samples in ultra high vacuum
(UHV)

Thermal reduction of oxides in vacuum can be accomplished in many ways, each with
its own advantages and disadvantages. Throughout this work, multiple methods were used to
achieve different results.

3.1.1 Electrical current through a sample

The method that was used the most is annealing by electrical current flow through
the sample. This is because this heating method can be used in the UHV system where
the AFM/STM microscope is located, and therefore in situ measurements of morphology,
crystallography and electronic properties can be made there. A typical holder is shown
schematically in front and side view in Fig. 3.1a), c) respectively. As is the case in all materials
that exhibit electrical resistance, the flow of current induces the dissipation of energy, and a
subsequent increase in temperature. The temperature is monitored using a digital pyrometer.
The value of emissivity used in the temperature measurements for TiO2 was equal to 36%,
while for SrTiO3, it was 70%. Alternating current is used to ensure a more uniform temperature
of the sample. Furthermore, heating using AC is also preferable because DC induces changes
in chemical composition in transition metal oxides due to electroreduction (also known as
electrodegradation) [185], [23]. Electroreduction is a process that occurs in oxides when, due
to the electrical field, the ions of the crystal lattice migrate. Oxygen vacancies accumulate on
one end of the crystal, which in effect leads to a gradient of reduction in the crystal.

The annealing by current flow through the sample is a great method for surface science
experiments meant to be performed in situ, as this heating method incorporates a holder
designed for use with the Omicron UHV microscope. Furthermore, the uniformity of the
temperature when preparing samples is of high quality when the temperatures are below
1050 °C, as the temperature gradients on the exposed monocrystal surface are on the order of

33



3.1. Methods of annealing the samples in ultra high vacuum (UHV)

Figure 3.1: Front view of the current through a sample holder presented in a a) schematic form and b)
in reality; c), d) side view schematic view of the holder [184].

approximately 30 °C. For higher temperatures, however, the gradients tend to be higher, and
cracking of the crystals is common, as the tension due to the non uniformity of the holder’s
elements acts upon the crystal. An additional challenge in annealing at high temperatures
originates from the fact that the crystals used as an aid in heating (the studied crystal is
placed on top of silicon crystal) tend to have a higher temperature and may melt at random
locations, leading to cracking or a pronounced non uniformity of temperature, which interferes
with the planned experiments. The temperature of the supporting silicon crystal is unknown,
which makes this annealing method not well-suited for the systematic investigation of the
effect of getter temperature on the crystal properties.

Several methods of reducing temperature induced stresses in these types of holders were
tried: clamps made from various materials (molybdenum, tantalum, titanium) and of different
thicknesses, using different thicknesses of silicon crystals, placing a sapphire crystal between
the silicon and the studied crystal and placing silicon monocrystal pieces between clamps and
studied crystal. However, none of these methods showed any promise of mitigating the crystals’
cracking at high temperatures.

3.1.2 Electron beam holder

Some crystals were annealed using electron beam holders, which is a method that allows
for easy sample preparation for ex situ studies. When used with the electron beam holder,
crystals are simply placed on the tantalum plate, with no additional clamps that might have
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3.1. Methods of annealing the samples in ultra high vacuum (UHV)

Figure 3.2: Electron beam holder as viewed a) without and b) with protective foil. In a) tungsten wire,
which acts as a cathode is visible, while in b) a sample can be seen in the middle of the tantalum plate.
c) Schematic diagram of the electron beam holder.

served as a source of both tension and thermal gradients (as when using clamps, the thermal
contact in the vicinity of the clamps is much better than in other parts). The electron beam
holder is depicted in Fig. 3.2a, b). As the schematic diagram in Fig. 3.2c) shows, the holder is
composed of three parts: a tantalum plate on which the sample is placed, a tungsten cathode,
and an electron accelerating circuit. When the device is in operation, electrons are emitted
from the tungsten wire due to thermal emission, to then be accelerated by the applied voltage.
The accelerated electrons hit the back of the tantalum plate, which increases its temperature,
and therefore heats the crystal on top of the plate. The protective foil seen in Fig. 3.2b) is
positioned there to prevent electrons from directly bombarding the crystal surface.
Annealing using electron beam holders is a great method for preparing monocrystals for

ex situ experiments, as the crystals tend to crack less than when using direct current flow. This
is due to the fact that the heating is based on the increase of temperature of the whole volume
of the tantalum pallet, which offers a uniform heating platform, but the direct current flow
method relies on the increase of the temperature of the silicon crystal, which tends to partially
melt at high temperatures. Furthermore, this method provides information on the temperature
of the getter material, as its surface is exposed and can be measured using a pyrometer. The
possibility of using titanium foil as a getter in this method also makes it possible to investigate
different getter materials and even different getter amounts. The obvious disadvantage is the
fact that in the setup described, in situ studies of the electronic properties are not possible.

3.1.3 Quartz tube and Knudsen cell

The final methods of annealing used in this dissertation were annealing in a quartz tube
(Fig. 3.3a) and a Knudsen cell (Fig. 3.3b). Both of these methods allow for great reproducibility,
as they provide a uniform temperature to the whole volume. The quartz tube has been used in
the investigation of the annealing of wire-covered SrTiO3 in oxygen. Moreover, these annealing
methods were tested and deemed unsuitable for the study of the effect of the oxygen getter
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temperature on the growth of nanostructures on strontium titanate, as it was discovered that
the getter must have much higher temperature than the investigated crystal, which cannot be
achieved here.

Figure 3.3: a) The quartz tube and b) the Knudsen cell used during annealing,

In quartz tube annealing, a sample is placed in the quartz tube, air is pumped out, and
an oven is placed around the tube. In the oxidation experiments, before the annealing started,
oxygen pressure was stabilized at the desired value.
When using the quartz tube, crystals were placed in an aluminium oxide Al2O3 crucible

with a lid with a hole. The crucible was then placed in a small quartz tube, which was then
deposited in the main quartz tube. This procedure was followed in order to ensure the maximal
possible pureness of the experiments, as both the crucible and the small quartz tube were easy
to clean using chemical methods or annealing. The quartz tube was heated by an oven, which
was preheated to the set temperature and then placed on the tube.
The experiments in the Knudsen cell also used a crucible with a hole. The advantage of this

setup is the possibility of increasing the temperature more than for the quartz tube (as silicon
sublimation was observed for temperatures above 1000 °C). Furthermore, the higher mechanical
stability allowed for experiments of higher complexity, such as annealing of monocrystals
partially submerged in getter powder. The disadvantage of this method is a more limited
temperature uniformity, as the heating element is only a thin wire, while a bulk oven is used
for the quartz tube.

3.2 Methods of sample oxidation

For the purpose of this dissertation, the crystals were not only reduced, but also oxidized
using several techniques: by exposing annealed crystals at room temperature to oxygen in
UHV conditions, by annealing them in oxygen in UHV, or by exposing them to air at normal
pressure.
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3.2.1 Oxidizing in UHV conditions

The simplest and most often used method of oxidation was the exposure of reduced
samples to oxygen in the UHV system. The chosen oxygen pressure for these experiments was
5× 10−8mbar, selected because it is relatively small pressure, which allowed for study of the
kinetics of oxidation.

During such experiments the ion pumps and one of the hot-filament gauges were turned
off, to slow down the adsorption of hydrocarbons on the investigated surface (one had to be left
operating to monitor the oxygen pressure). After such experiments, the crystals were annealed
in isotopic oxygen, at the same pressures, for one hour at 800 °C. The oxygen was introduced
to the system in both cases using a precision gas valve.

To provide harsher oxidizing conditions, some of the samples were annealed in oxygen. The
oxygen pressure was set at either 5× 10−8mbar or 2× 10−2mbar, depending on the desired
level of oxidation. Isotopic oxygen 18O was used to check the depth of changes introduced by
repeated sputtering and annealing (see Chapter 6). The annealing time in all cases was one
hour, and the temperature was 800 °C.

3.2.2 Oxidizing by exposure to air

To test how air affects the electronic properties, some of the crystals were exposed to
atmospheric air, and the results of oxidation using just oxygen. The samples were reduced in
UHV, studied, and then introduced to the load-lock chamber of the UHV system, where they
were exposed to air. Subsequently, their properties were measured again. In order to determine
the impact of easily desorbing adsorbates, such as nitrogen molecules and water, the following
step was annealing at 230 °C for one hour and subsequent measurement.

3.2.3 Summary of the annealing methods

The main characteristics of the annealing methods tested during the investigation of redox
processes are summarized in Table 3.1. Each of the annealing methods has its merits, not only
from the experimental point of view (control of parameters, cleanliness, etc.), but also from
a practical point of view, i.e. ease of sample preparation and reliability of annealing. All in
all, there is no perfect method of thermal reduction, and a suitable method must be selected
during the planning phase.

The high temperatures of annealing studied in this dissertation proved to have its own
challenges. At extremely high temperatures, even clean materials can be a source of contamina-
tion. For example, a tungsten wire can cause heavy metal deposition on samples. Furthermore,
contaminations present in as-received crystals segregate due to the increased temperature.
Even such basic physical processes such as heat transfer can become a source of problems
in UHV at high temperatures, as conventional heat conduction becomes less effective than
radiation, and samples become significantly nonuniform in temperature.
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3.3 Monocrystal preparation

In order to remove all contaminations from the as-received crystal’s surfaces and to ensure
high quality of the vacuum, all monocrystals were first cleaned using the following procedure.
First, the as-received crystals were cleaned using acetone, in order to remove all traces of
glues or other organic substances, and then they were placed in isopropanol and rinsed for
approximately 15min in an ultrasound bath, to remove any foreign objects which could be
present on the surface. Such pristine crystals were mounted on appropriate holders and placed
in UHV systems. Then the crystals were degassed at temperatures of approximately 400 °C,
which are below the temperatures associated with reduction, but are high enough remove
inorganic adsorbates, such as water. Experiments were conducted once this procedure had
been completed.

3.4 KPFM calibration procedure

Figure 3.4: a) The sample bias measured on HOPG using the same tip which was used for calibration
in the multiple-cycle experiments (Section 6.3), a fragment of a typical HOPG image showing b) the
topography and c) the bias map with d) the histogram of the bias (the edge region was masked).

KPFM measurements providing the contact potential maps were performed simultaneously
during the standard topography measurements, which was possible by using the additional
third loop for bias compensation [186]. The contact PPP-contPt tips were used in most of
the experiments, even though KPFM is a non-contact mode, because the tip was excited to
higher harmonics (approximately 90 kHz). The amplitude of oscillation was approximately
10 nm. The bias loop operated with the modulation sample bias frequency of 100Hz to 200Hz
and the amplitude was 500mV.

In order to obtain absolute work function values, the tips were calibrated before and after
measurements against the highly oriented pyrolytic graphite (HOPG) surface, which has a
well-known work function of 4.5 eV [187] [188]. A fragment of a typical image of HOPG surface
(showing a step-edge) can be seen in Fig. 3.4, with both topography and bias maps. The
sample bias values measured on HOPG using the same tip throughout the series of experiments
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typically did not change significantly, as can be seen on Fig. 3.4a), where, even after multiple
measurements spanning months, the values differed only by 0.03V.

Figure 3.5: a) Sample bias histograms of a measurement performed on a TiO2 surface and a following
calibration measurement on HOPG. Fragments of raw data maps for TiO2 of b) topography and c)
bias are presented, while the maps for HOPG can be seen in Fig 3.4.
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Chapter 4

Goals of the thesis

The goal of this dissertation is to investigate the effect of reduction and oxidation on
the electronic properties, chemical composition and morphology of transition metal oxides,
exemplified by model binary and ternary oxides, i.e. titanium dioxide TiO2 and strontium
titanate SrTiO3. A broad range of methods of reduction and oxidation methods were studied.
In case of reduction, these were annealing in UHV, ion sputtering, repeated ion sputtering
and annealing, and in case of oxidation, the methods employer were exposure to oxygen at
room temperature, exposure to air at atmospheric pressure and annealing in oxygen. These
processes and their effects were studied using a multitude of techniques that provide insights
into the morphology, chemical composition, crystallography and electronic properties of the
crystals at hand, in order to provide the most thorough description of the observed changes.
The main research questions are:

1. To what extent can work function and conductance of TiO2 and SrTiO3 can be modified
using reduction and oxidation? What are the changes in the chemical composition and
morphology due to these processes?

2. Does the time-tested method of preparing the stoichiometric TiO2 surface using repeated
sputtering and annealing affect its electronic properties?

3. Does the presence of oxygen getter material during annealing affect the electronic
properties and morphology of SrTiO3?

4. How does the annealing in oxygen affect the morphology and electronic properties of the
nanowire-covered SrTiO3?
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Chapter 5

The effect of annealing on the elec-
tronic properties of TiO2
Oxide crystals can be studied in the context of redox processes using many methods,

but one of the simplest approaches is annealing such crystals in oxygen-poor conditions or
simply exposing a reduced crystal to oxygen. In this chapter, these methods are investigated
using TiO2 monocrystals. The discussion in this chapter reveals that even though annealing
a crystal is a simple procedure, the changes which occur in annealed crystals are far from
straightforward. The interplay between reduction and oxidation, as well as the movement of
impurities in the titanium dioxide monocrystals and its effect on the chemical composition,
morphology and electronic properties will be described below.

5.1 Changes induced by annealing in UHV

In the first stage of the investigation, the TiO2 monocrystals were reduced in one of the
simplest ways possible, i.e. by annealing them at low oxygen partial pressures, i.e. in UHV.

5.1.1 Experimental

In order to systematically study the changes induced by annealing, a set of experiments
was performed following the same procedure. The samples were degassed at 600 °C, in order
to remove adsorbates, and then they were annealed at the selected temperature for one hour.
Annealing was performed at the following temperatures: 700 °C, 800 °C, 900 °C, 1000 °C, 1100 °C,
1220 °C, 1300 °C and 1350 °C. A new crystal was used at each temperature setting.

5.1.2 Changes in morphology and crystallography

The morphology of the TiO2 surface changes with the increasing temperature of annealing,
as can be seen in Fig. 5.1. With increasing annealing temperatures, the size of terraces increases,
and their borders become more compact. The STM morphology shows a grainy structure
on terraces (see Fig. 5.1a, b). These grains are most likely due to adatoms present on the
terraces. The broadening and the differing size of grains is indicative of the size of the STM
tip. Below 1100 °C, the surfaces are composed only of terraces, but at 1100 °C, some of the
samples start to develop other characteristics. As shown in region A in Fig. 5.1 c), on borders
of some terraces of the surface annealed at 1100 °C, domains of other reconstructions start to
form. Moreover, at the same temperature, low structures (height approximately 1.8 Å) can
be observed (region B in Fig. 5.1d), which can even span a couple of terraces, as depicted in
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Figure 5.1: Morphology of the surfaces annealed at a) 900 °C, and b), c), d) 1100 °C, and e) 1350 °C. a),
b) and c) show STM images obtained with the sample bias of 1.6V and the set current of 16 pA, while
the morphologies in d) and e) are derived from LC-AFM and KPFM images, respectively. The labeled
structures refer to: A - region of different reconstruction, B - low island, C - region of high roughness,
D - high island.

Fig. 5.7c). At the temperatures of 1220 °C, 1300 °C and 1350 °C, holes in terraces, such as the
one in Fig. 5.1e), started to appear. Moreover, the small islands seen at 1100 °C were replaced
with higher structures (height approximately 0.6 nm), such as the structure labelled D in Fig.
5.1e). The images for the temperature of 1350 °C also display another feature, i.e. regions of
higher roughness on areas measuring hundreds of nanometers in length and width (labelled C
in Fig. 5.1e).

Long-range ordering was investigated using LEED, which reveals that at any of the
annealing temperatures used, the surfaces are crystalline, as they display diffraction spots (Fit.
5.2). The ordering of the surface changes with temperature, beginning with a (1x1) pattern at
700 °C. Subsequently, it goes through a c(2x2) reconstruction for temperatures in the range
800 °C to 1100 °C and then changes into c(6x2) for even higher temperatures. It should be
noted that the c(6x2) reconstruction was also seen on a part of another crystal which was
annealed at 1100 °C, which suggests that the transition temperature is in the vicinity of that
temperature.

The nearness of the transition between the two reconstructions can be seen in the STM
images for 1100 °C, e.g. Fig. 5.1c), where two domains can be seen coexisting on one terrace.
The main domain was imaged at atomic resolution (Fig. 5.3a), and the fast Fourier transform
(FFT) was performed. Comparing the FFT with the diffraction pattern (Fig. 5.3b) reveals
that they are equivalent. The other domain present at this temperature is most likely c(2x2),
since it can be seen in some LEED patterns for crystals prepared this way.

The cause of the changes described above can be part of one of the processes, either the
reduction of the crystal or the segregation of impurities on its surface. Typically, TiO2 crystals
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Figure 5.2: The diffraction patterns collected for surfaces annealed at different temperatures. The
surface annealed at 700 °C has the reconstruction (1x1), which for temperatures in the ranges of 800 °C
to 1100 °C changes into c(2x2), and above that temperature into c(6x2). The electron energy is 106 eV.

Figure 5.3: a) Atomically resolved STM topography of TiO2 annealed at 1100 °C with an insert showing
a FFT of the surface, which corresponds to the surface’s LEED pattern. b) The STM image was
measured with the bias of 1.5V; current 10 pA; the LEED pattern was obtained for electrons with the
energy of 56 eV.

are not only annealed, but sputtered and annealed, in order to remove possible impurities from
the surface, e.g. several cycles are enough to remove calcium from the rutile’s surface [130],
[189]. By following this approach, any changes on the surface due to annealing are certain to
arise from reduction, and not impurities. For surfaces prepared using such cleaning cycles, the
reconstructions are different from the ones that can be seen in Fig. 5.2. At 800 °C and 900 °C,
the reconstruction seen is (1x2), not c(2x2) [39], [94], [91], [96]. This implies that the changes
are due to impurities and not pure reduction. Moreover, the c(2x2) reconstruction in rutile
has only been seen when potassium was deposited on the crystal’s surface [190], [191].

The effect of only annealing in UHV on the surface of rutile has been investigated by
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other researchers, showing that such conditions lead to the segregation of calcium on the
surface of TiO2 [130], [192], [193], [194]. Zhang et al. (1998) [130] annealed TiO2 for several
hours at 723 °C, and observed rows of calcium atoms which segregated into a layer which they
considered to be CaTiO3. Noremberg et al. (1999) [192] annealed TiO2 for 12 h at 840 °C and
observed a c(6x2) reconstruction. Bikondoa et al. (2004) [193] investigated submonolayers of
calcium at higher coverages, what they found out was that for submonolayer coverages, rows
of calcium atoms can be seen on the surface, and a weak c(6x2) reconstruction is present. The
proposed c(2x2) reconstruction may in fact be a developing, incomplete c(6x2) reconstruction.
The discrepancy between what Bikondoa et al. (2004) [193] observed, i.e. the weak c(6x2)
reconstruction and the c(2x2) reconstruction, could be due to the fact that their low coverage
is obtained by molecular vapor deposition and not natural segregation, which may lead to a
better-organized layer of CaTiO3.

5.1.3 Changes in chemical composition

Figure 5.4: The change in color in TiO2 monocrystals associated with annealing in UHV at different
temperatures.

The monocrystals changed during annealing and the changes can be observed macroscopi-
cally. Fig. 5.4) shows that the color of TiO2 changes as a function of annealing temperature,
transitioning from brown, through shades of gray to deep blue. Such changes in color were
observed many times, for example in [90], where they were tied to the bulk reduction level,
with darker blue representing a higher reduction state of the monocrystal. The change in the
bulk crystal composition is linked to phase transitions from the surface of the crystal to its
bulk. Using XRD tomography, i.e. the gradual removal of the top layers of monocrystal and
subsequent XRD investigation, it was demonstrated that annealing at 1200 °C leads to the
formation of Magnéli phases [74], with the phases of highest reduction closest to the surface.
The changes on the immediate surface of the crystal were investigated in this dissertation

using AES. The spectra obtained for different annealing temperatures show only carbon,
titanium and oxygen (see Fig. 5.5a), with the signal for calcium missing (it should be visible at
291 eV [195]). The fact that it is not present, whereas for similar conditions calcium segregation
has been observed, is indicative of the fact that the sensitivity of the setup used is too low to
detect such a low concentration of calcium. This is especially apparent for the sample annealed
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Figure 5.5: a) AES spectra obtained for different annealing temperatures showing the peaks for carbon,
titanium, oxygen b) normalized oxygen to titanium peak-to-peak AES ratio as a function of annealing
temperature. The marked regions for which peaks corresponding to the elements are present are based
on [195].

at 1100 °C, where the CaTiO3 overlayer was already present in part of the sample (as seen in
LEED). Based on private communication with Maciej Rogala, it is known that a more sensitive
technique (XPS), detects the presence of calcium at 8% at the annealing temperatures of
1000 °C and a similar duration of annealing.
Using the AES spectra, the state of reduction on the surface was investigated, where

the peak-to-peak heights of oxygen and titanium lines were measured and then divided. The
resulting values, which were normalized to 2.0 and plotted (see. Fig. 5.5b). What follows it that,
with increasing annealing temperature, the ratio decreases and then reaches approximately
the same value above 1000 °C. The slight increase in the ratio for 1100 °C may mean that at
that temperature, calcium segregation began to play a greater role and the overlayer formed in
some parts of the crystal masked the signal from titanium. What makes this more probable is
the fact that it has been proposed that the CaTiO3 monolayer is formed when calcium atoms
replace titanium atoms [192], which would lead to an increase in the measured ratio.

5.1.4 Changes in electronic properties

The changes in the conductivity of the crystals indicate two processes with opposing effects.
The I-V curves depicted in Fig. 5.6a), demonstrate that the nature of the surface changes
from very semiconductive to less semiconductive, as expected from the simple reduction of
TiO2. At 1000 °C, however, the surface becomes less conductive. This is demonstrated further
in the values of conductance in Fig. 5.6b). This is likely due to the increasing influence of
calcium contamination of the surface. The LC-AFM maps (Fig. 5.7) reveal that at these
temperatures on the surface, islands of low conductivity appear, which can be related to
calcium contamination. The results presented in Fig. 5.6) are calculated based on images,
where such regions were masked, but these regions indicate that calcium on the surface of
TiO2 lowers the conductance, even when it is distributed evenly.
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Figure 5.6: a) The average I-V curves and b) values of conductance for TiO2 surfaces annealed at
different temperatures. The source of the data are LC-AFM measurements performed in UHV.

Figure 5.7: The LC-AFM morphology and current maps for a TiO2 surface annealed at 1100 °C in a),
b) on a large scale and c), d) on a small scale. The sample bias was equal to 0.07 eV.

The work function vs. temperature relationship (Fig. 5.8) exhibits the same characteristics
as the conductance, with an initial monotonic change in the values and then a break at 1000 °C.
The first stage in the range of 700 °C to 900 °C can be, once again, explained by the simple
reduction, which increases the defect density of the surface of TiO2, which, as it has been
established [196], leads to a decrease in the work function. At 1000 °C, the change in properties
is most likely due to the increasing role of the calcium impurities, with another breaking point
at 1100 °C, which, as can be seen in the LEED inserts in Fig. 5.8), corresponds to the total
change of reconstruction. The change of reconstruction of the surface naturally leads to another
value of the work function, which is what was observed.

The impurity segregation process is far from simple, especially for extreme temperatures.
In Fig. 5.9b), three regions of different work functions can be seen. The first is the most
prevalent region, composed of atomically flat terraces, and was used for the calculation of the
values of the work function of TiO2 in Fig. 5.8). The second region (labelled A in Fig. 5.8)
which only occurs in a small fraction of the images, is a region which spans many terraces
and can be seen both in topography (as a rougher area) and on the work function map (as
the area of lower work function). The third region (labelled B in Fig. 5.8) is the island which
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Figure 5.8: The changes in work function measured using KPFM as a function of temperature with
marked regions in which the reconstructions shown in the inserts were found.

not only has significant height (of approximately 0.6 nm), but also much higher work function
than both the rough region and TiO2. These two regions are difficult to connect to specific
impurities and crystal structures, as at such extreme temperatures, any of the contaminations
naturally present in the monocrystals, such as Ca, K or Na (see SIMS profile in Fig. 6.14)
could move to the surface and segregate. The disparity between the conductance and work
function of such new structures clearly shows that they are of a different nature than the TiO2
that they grow upon. These maps point to the fact that annealing at such high temperatures
affects the crystal significantly, not only in its electronic properties, but also by changing the
whole chemical composition of the surface. The fact that these changes are based on unwanted
impurities makes such systems difficult to work with and likely difficult to replicate.

Figure 5.9: The KPFM a) topography and its corresponding b) work function map of a surface annealed
at 1350 °C. Three regions of different work function can be seen in the work function map: terraces, the
rough region spanning multiple terraces (labelled A) and the island (labelled B).

The results presented for the simple annealing of TiO2 crystal show that the effects of
annealing are not straight forward and that they encompass both the reduction and the
segregation of all impurities present in the crystal. The fact that impurities, by definition,
are something that is unwanted and not controlled, makes exact quantitative investigation
into their nature difficult, however the results qualitatively show that above 800 °C one has
to be wary if the observed changes are due to the changes in oxygen concentration or maybe
the effect of impurities is mixed in. The batch used in this investigation may contain more
contaminants than usual, as experiments using similar annealing temperatures, such as the
research reported in [162] or [89], show the typical reconstructions for purely reduced TiO2 with
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no traces of calcium. This unpredictability regarding the impurities and density of defects is
not unknown. It has been reported that titanium dioxide and strontium titanite monocrystals
differ not only depending on the producer, but even the batch [80], [50]. These inconsistencies
may be partially responsible for the great variation in the results in literature. For example,
depending on the sample and preparation, the work function of anatase (001) may vary in the
range of 3.61 eV to 6.76 eV [197]. Thankfully, there is a preparation method that solves the
problem of impurities [130], [189] (see also Fig. 6.14), i.e. the cleaning cycles, which will be
described in Chapter 6.

5.2 Oxidation of reduced TiO2 at room temperature

Crystal oxidation at room temperature was also investigated, in order to shed some more
light on the changes that occurred in the previous stages of experimentation.

5.2.1 Experimental

Based on the results from Section 5.1, the crystal which was annealed at 800 °C was
selected for the oxidation experiments. Such temperature, as has been shown elsewhere [34],
is high enough to remove organic adsorbates. Furthermore, annealing at such temperature
should also significantly reduce the crystal in a in order to make changes that will occur during
oxidation more noticeable (as crystals annealed at 750 °C are considered slightly reduced [34]).
Oxidation was performed by introducing oxygen gas at the pressure of 5× 10−8mbar into

the UHV chamber. The dose was equal to 1260L.

5.2.2 The effect of oxidation on electronic properties

Figure 5.10: The LC-AFM topography and corresponding current maps for a TiO2 surface which was a,
b) annealed at 800 °C and c, d) subsequently oxidized at RT.

The surface morphology was not affected by exposure to oxygen, as can be seen on the
topography images before (Fig. 5.10a) and after oxidation at RT (Fig. 5.10c). The electronic
properties, however, did not remain unchanged.

49
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Figure 5.11: The changes in a) I-V curves and b) the work function after oxidation at RT.

There were no new features related to conductance on the current maps (see Fig. 5.10b
and d), but the overall conductance of the surface changed drastically. The I-V curves, seen in
Fig. 5.11a), show that simple exposure to oxygen at room temperature makes the surface less
conductive, which has also been demonstrated elsewhere [34]. Rodenbücher et al. (2018) [34]
noticed high-conductance features on the current maps, which they attributed to extended
defects, which should remain conductive as they are more resistant to oxidation. Such features
were not noticed on the map in Fig. 5.10d), which is most likely due to the fact that the maps
are of worse resolution.
Similarly, the work function maps also did not display any features (maps not shown), but

the overall value changed after oxygen exposure, which can be seen in Fig. 5.11b). The increase
was by 0.34(4) eV, which is more than the increase observed by [34], i.e. 0.1 eV, however the
sample used in that research was annealed at a temperature lower by 50 °C, and therefore, it
was less reduced and consequently less impacted by oxidation. The value of the work function
rises to a value higher than the work function for 700 °C, but it is still far from the value
observed for stoichiometric rutile (110) surfaces, which ranges between 5.2 eV [198] and 5.8 eV
[196].
The observed changes in electronic properties could be due to the oxidation of the reduced

TiO2 or to an oxidation reaction with impurities. The fact that the experiment was conducted
at RT suggests that the changes are most likely due to the healing of oxygen vacancies, which
occurs at temperatures above 120K [126]. It seems unlikely that new oxide phases based on
impurities would form at such low temperatures. The fact that the work function value did not
reach the values measured for stoichiometric TiO2 suggests that such oxidation is insufficient
to restore stoichiometry of the surface.

50



Chapter 6

The effect of repeated sputtering and
annealing on the electronic properties
of TiO2
Repeated sputtering and annealing is a commonplace, time-tested procedure used in most

surface science laboratories in order to obtain a stoichiometric rutile TiO2 (1x1) surface, which
is the starting point of experiments. This surface, as will be shown in this chapter, may not be
the same for different publications, which is due to the fact that both of the components of
the cleaning cycle (CC) reduce the crystal and therefore change its properties. The manner
in which sputtering itself and the subsequent annealing change the stoichiometry and the
electronic properties of the surface is analyzed below. Since such preparation never stops at one
CC, the effect of multiple CCs is also studied. To bring these results closer to the application
side, as well as to better understand the changes at the surface, the crystals were also oxidized
at RT and later annealed in oxygen and measured using SIMS.

6.1 Changes induced by sputtering

Sputtering by its nature is a very destructive process, with changes in morphology due to
ballistically induced mixing, as well as changes in stoichiometry and electronic properties due
to preferential sputtering for multicomponent samples. This process by itself can be used to
modify properties of transition metal oxides and understanding its nature is a prerequisite to
understanding the changes which occur during CCs in the crystal.

6.1.1 Experimental

To systematically study the changes brought by sputtering, two types of experiments were
performed, experiments concerned with changing the fluence for a constant energy of ions, and
experiments concerned with changing energy for a constant fluence.

In order to study the effect of fluence, the sample was masked completely, the ion gun
was turned on with parameters previously optimized for 2 keV. Subsequently, the sample, and
was gradually unmasked. In this manner, a gradient of fluence of Ar+ was introduced to the
sample’s surface, which allowed for systematic study. The fluences studied were in the range of
5× 1015 ions cm−2 to 1.2× 1017 ions cm−2. The sample was bombarded at an angle of 30° with
respect to the surface.

The investigation of the influence of ion energy was performed in a different manner.
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The ion gun’s parameters were optimized for each energy, then a mask was introduced to the
system, which contained several holes in various locations, which made it possible to move the
mask to control which part of the crystal was covered and which was uncovered. This way,
each part of the crystal was bombarded with ions of only one energy. The fluence was constant
at 1× 1017 ions cm−2, while the energies studied varied between 0.6 keV, 1 keV and 2 keV. The
sample was bombarded at an angle of 30° with respect to the surface.
Each series of LC-AFM experiments was conducted using one tip in order to make the

relative conductance changes in a series easy to compare. The experiments into the fluences
and into the energies were, however, done on different occasions, and the same tip could
not be used, as it had been destroyed in an unrelated experiment. Consequently, the exact
quantitative comparison of conductance may be skewed, as, by definition, conductance is a
tip-dependent value. Nonetheless, all of the tips used were of the same type (platinum-iridium
coated PPP-contPT tips) and originated from the same batch, which suggests that the tips did
not exhibit significant discrepancies. By their nature, KPFM measurements require calibration,
so the values obtained are easier to compare, even when the tips differ.

6.1.2 Morphology of the sputtered crystal

Figure 6.1: a) The morphology of the sputtered TiO2 surface as shown on an AFM image (scale bar:
100 nm, fluence 1× 1017 ions cm−2) with an insert showing the lack of a diffraction pattern (electron
energy 106 eV); b) RMS changes as a function of the ion beam fluence.

The morphology of the sputtered TiO2 surface, depicted in Fig. 6.1a), is not composed of
terraces, but of grains. The ion beam and the ballistic processes associated with the ion beam
irradiation cause the surface to become rough, with the RMS increasing with fluence from
0.24 nm for the fluence of 7×1015 ions cm−2 and 0.36 nm for the fluence of 1.2×1017 ions cm−2.
The relationship between fluence and RMS (Fig. 6.1) did not display any sign of flattening out,
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but as it has been shown elsewhere [104], at some point increasing fluence does not change
the morphology of the surface. This is due to the fact that equilibrium is reached at some
point of sputtering and when the fluence is increased further the crystal is only thinned and
the surface remains unchanged. Due to this process, the grain sizes reach the end value of
approximately 50 nm [104]. In case of the fluences used in this investigation, the grain sizes
were of approximately 20(5) nm (as based on an autocorrelation analysis of the conductance
structures - see Fig. 6.4), thus the levelling off regime has not yet been reached.

It is a well-known fact that sputtering may induce the formation of crystalline structures
on a surface [199]. Furthermore, TiO and titanium suboxides have been observed on electron-
bombarded rutile [200]. Following these examples, and the fact that oxygen is preferentially
sputtered, it has been postulated that sputtering with Ar+ leads to the formation of grains of
suboxides [104]. The LEED diffraction experiments done on the sputtered surfaces (exemplified
by the insert in Fig. 6.1a) did not reveal any diffraction spots, which indicates that there is no
long-range ordering on the sputtered surfaces.

6.1.3 Chemical composition of the sputtered crystal

Figure 6.2: a) XPS spectra of a TiO2 surface which was just degassed and one which was sputtered
(fluence 8 × 1015 ions cm−2); b) The CsO+ to CsTi+ SIMS profile of a sputtered surface (fluence
1.7× 1017 ions cm−2) normalized to a profile measured for an as-received sample. CsO+ and CsTi+ ions
were used instead of O+, Ti+ ions, as in this manner, matrix effect is minimized [182].

Oxygen is preferentially sputtered from TiO2 which can be clearly seen in the XPS
spectra in Fig. 6.2a). The degassed surface contains only Ti4+ ions while after sputtering
the spectrum becomes more complex, as the signals corresponding to Ti3+ and Ti2+ are also
present. Their proportion is not insignificant, with XPS peak fitting showing that 35% of
titanium atoms on the surface are in the third oxidation state and even 5% are in the second.
This clearly demonstrates that the sputtered surface is nonstoichiometric, and such levels of
nonstoichiometry cannot be explained by random, non-interacting oxygen vacancies in a TiO2
matrix, which implies that the surface should be composed of a suboxide layer. Furthermore,
these changes are not only present on the surface, but also in the subsurface layer, as the SIMS
profile for the sputtered sample (Fig. 6.2b) shows that the changes in chemical composition
reach up to approximately 8 nm in depth. Based on the investigation of Rogala et al. (2013)
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[104], it was assumed that the grains were composed of highly defective, suboxide phases of
the general formula TinO2n-1.

6.1.4 Changes in electronic properties due to sputtering

The changes in chemical composition and morphology induced by the ion beam dramatically
affect the electronic properties of the surface. The sample annealed at 700 °C for 1 h (which
was describes in Chapter 5) can be used as the reference point in analysing the changes
in conductance. The sample is slightly reduced and free of organic adsorbates, moreover, it
is conductive, which is the requirement for LC-AFM. The TiO2 crystal is relatively poorly
conductive, with a conductance of 0.2(3) nS, and its I-V curves show semiconductive behavior.
As a reference point for the work function, the UPS-measured work function of 5.3 eV [201] of
a pristine stoichiometric crystal was used. The value was assumed to be similar to the starting
point of the sputtering experiments. The ion-beam modified surfaces, regardless of the fluence
or ion energy, differ drastically in several properties, from the almost-stoichiometric crystal.

Figure 6.3: a) The LC-AFM map (bias 1mV), b) AFM topography and c) work function for the
sputtered TiO2 surface. All surfaces were sputtered with a fluence of approximately 1× 1017 ions cm−2.
The scale bar represents 200 nm.

The conductivity of sputtered samples is orders of magnitude higher than for the annealed
sample, regardless of the fluence or energy of ions used, as one can see in the Fig. 6.6a), c).
Moreover, the character of the I-V curves differs, as they are metallic-like (Fig. 6.5) and not
semiconductive-like. The current maps (such as the map in Fig. 6.3a) demonstrate that the
sputtered surface is certainly not uniform, but is composed of conductive structures. The high
conductance of these surfaces is due to the high percentage of Ti3+ and Ti2+ ions, which in
titanium suboxides are responsible for high conductivity. Furthermore, the sputtered surface is
highly defective, e.g. it contains many grain boundaries, and extended defects in transition
metal oxides tend to have low resistivity and thus act as highways for the current flow [42],
[202].
The electronic properties of the bombarded surface are dependent on the fluence. With
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Figure 6.4: The conductive structure size and the grain size as a function of fluence (energy 2 keV).
The sizes were calculated based on the autocorrelation maps, where the structure size was assumed to
be equal to two standard deviations of the fitted Gaussian function and the uncertainty was 50% of
the FWHM. The inserts depict fragments of LC-AFM current maps.

increasing fluence the surface becomes increasingly more conductive, as depicted by the I-V
curves, which become more metallic-like (Fig. 6.5a). As follows, with increasing fluence, the
values of conductance increase with an almost exponential growth of the conductance with
increasing fluence (Fig. 6.6a). The current maps also evolve, as with increasing fluence, the
conductive structure sizes increase and then level out, as can be seen in Fig. 6.4. Furthermore,
the conductive grain sizes are equivalent to the sizes of morphological grains (Fig. 6.4).

Figure 6.5: The average I-V curves for surfaces which were bombarded a) by different fluences (Ar+

energy 2 keV) and b) by Ar+ of different energy (fluence 1× 1017 ions cm−2).

These changes in the conductance are due to the fact that increasing fluence leads to
greater reduction of the surface and therefore a greater number of Ti3+ and Ti2+ ions, which are
responsible for conductivity in TiO2. The process will cease when the changes in conductance
level out for some fluence, which had been shown elsewhere [104]. For fluence values that are
high enough, the sputtering of oxygen and titanium reach an equilibrium and no more Ti3+
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and Ti2+ ions are introduced, even with longer sputtering times. The sample is simply slowly
thinned layer by layer.

The work function, which was calculated based on KPFM maps (see Fig. 6.3c), is lower
than the work function for the stoichiometric crystal, regardless of the fluence or energy (Fig.
6.6b, d). This is to be expected as, in general, the work function decreases with decreasing
order on the surface. Furthermore, the work function decreases when the defect density on the
surface increases [196], and a sputtered surface is, without a doubt, defect-ridden. In contrast
to the conductance, the work function is not highly dependent on fluence, as can be seen in
Fig. 6.6b), because it remains on a similar level, of approximately 4.20(5) eV. This is most
likely due to the fact that the work function is strictly a surface quantity, while conductance
reaches a greater volume of the sample. The changes in chemical composition are up to the
depth of 8 nm, which can be seen in the SIMS profile Fig. 6.2b). Assuming that with increasing
fluence more changes are introduced in the subsurface layer, then, naturally, conductance
would change drastically, while the work function, which probes the immediate surface, would
not be significantly affected.

Figure 6.6: The relationship between fluence used during sputtering and the a) conductance and b) work
function of TiO2 surface, while maintaining the same ion energy of 2 keV. The change in c) conductance
and d) work function when the sample was sputtered by ions of different energy, but the same fluence
(1× 1017 ions cm−2).

The dependence of conductance on the energy of the sputtering ions (for constant fluence)
was also studied. As can be seen on the I-V curves (Fig. 6.5b), greater energies of ions lead
to more metallic-like behavior, as depicted on the curves. This is reflected by the values of
conductance, which increase with increasing energy of ions (Fig. 6.6c). The differences seen
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between the I-V curves for samples bombarded with ions of the same energy (2 keV) from the
two experimental series are indicative of the differences between the tips. The averaged curves
differ in character. The ones in Fig. 6.5a) reflect higher conductance compared to Fig. 6.5b).
This difference most likely stems from the presence of adsorbates on the tip, which would lower
the conductance of that series of measurements.

The work function (Fig. 6.6d), once again, is approximately the same (3.95(5) eV) regardless
of the parameters of sputtering, and is explained by the same principle as the results for
different fluences. The small differences in values between these two sets of data for sputtered
samples are most likely due to the fact that the first sputtering of the crystal is most sensitive
to the starting conditions. Thus, if the as-received crystals differ in some way in the level
of impurities, a proper preparation method (such as the cleaning cycles described below)
mitigates the problem as they would be removed from the surface. In the case of the first
sputtering, however, the differences is still noticeable, especially when using such a surface
sensitive method as KPFM.

The observations described above can be explained based on experiments and simulations
done by Hashimoto et al. [203]. They showed that with increasing Ar+ ion energies, the
reduction of the surface, as depicted by the number of Ti3+ and Ti2+ ions, increases, with first
sign on Ti2+ at and above 0.1 keV. For higher energies, the number of these ions increased
quickly and began to level out at approximately 1 keV. Moreover, the depth and volume of
changes induced by the ion beam, as calculated using Monte Carlo methods, was higher at
higher energies of ions. These two facts explain why the conductance increased with the increase
of ion energy, as more ions were reduced and at a greater volume than for lower energies.

6.2 Changes induced by sputtering and annealing

It can be clearly seen that sputtering introduces a lot of changes to the surface, both in
the way of chemical composition as well as morphology. Annealing in vacuum in itself is also a
reducing process. However, during annealing a lot of energy is introduced to the system, which
allows atoms to diffuse on the surface and from the surface to the bulk and vice versa. The
next step of the investigation into the nature of reduction, and the first step in analyzing the
changes induced by repeated sputtering and annealing, was to find out how annealing affects a
highly reduced and rough surface.

6.2.1 Experimental

The 2 keV sputtered surfaces were annealed at 800 °C for 1 h, and the obtained surfaces
were systematically studied. The energy of 2 keV, as well as the relatively high temperature of
800 °C, have been chosen to introduce high reduction to the crystals, in order to measure as
great changes as possible, while making sure that the parameters are within the frames of the
parameters typically used in other surface science experiments (see Section 1.5.4).
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6.2.2 Changes to morphology

Figure 6.7: a) The morphology of the sputtered TiO2 surface as shown on an AFM image (scale bar:
100 nm, fluence 1×1017 ions cm−2) with b) the corresponding LEED diffraction pattern (energy 106 eV);
c) the sputtered and annealed surface as seen on the STM image (scale bar: 30 nm, sample bias 1.5V,
fluence 1.2× 1017 ions cm−2) with d) the LEED pattern (energy 106 eV).

Annealing the sputtered surface changes the morphology drastically. The sputtered surface
was rough and lacked long-range ordering (Fig. 6.7a,b), while the sputtered and then annealed
surface was terraced, atomically flat and displayed long-range order (Fig. 6.7c,d). These changes
are indicative of great movement of atoms in the crystal. The movement of either titanium or
oxygen atoms is required for both the restoration of the crystallographic order of the surface
and the restoration of stoichiometry of the surface, which, as it will be shown, follows such
changes. This seems to be the case for TiO2 it is both the movement of interstitial Ti

3+

and the movement of oxygen atoms which take place when a sputtered sample is annealed
[204]. Tracer SIMS experiments had shown that oxygen atoms diffuse at the temperatures
of 277 °C to 427 °C, but at higher temperatures the movement of titanium is the kinetically
dominant process [204]. On the other hand, the XPS results presented by Rogala et al. (2019)
[92] indicate that the reoxidation of the sputtered surface is due to the movement of oxygen
and not titanium, because the energy of oxygen vacancy formation on the surface and in
the bulk drive the movement of this component. As a further supporting argument to the
case of oxygen movement, one may use the ease of movement of oxygen vacancies at room
temperature even when the oxygen partial pressure is relatively low [92], while the movement
of titanium interstitials at room temperature is energetically highly unlikely [205]. Regardless
of the mechanism of point defect movement, as is seen in Fig. 6.7 and in Fig. 6.8, the sputtered
surface after annealing is once again stoichiometric and ordered.

6.2.3 Changes to stoichiometry

Annealing is followed by changes in the chemical composition. The surface composition
reverts to the composition it exhibited before sputtering, with only Ti4+ ions present on the
surface, as shown by the XPS spectra Fig 6.8a). Furthermore, the subsurface region also
does not remain unchanged. This can be seen in the SIMS profiles, which show that simple
annealing of the surfaces leads to the diffusion of ions, which restore the surface stoichiometry,
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Figure 6.8: a) The XPS spectra for the as-received and sputtered only and a surface that was sputtered
and subsequently annealed. b) The comparison of the SIMS oxygen to titanium profiles for the sputtered
sample and the sample that was sputtered and then annealed. The profiles were normalized to the
as-received sample.

and the non-stoichiometries are redistributed in the bulk, as the profiles reach the same values
for approximately 5 nm. The ions which restore the stoichiometry must come from the bulk,
because the sample is in a vacuum and undergoes reduction, so there is no other source of
oxygen. The small dip in the oxygen-to-titanium signal in the subsurface region, as compared
to the as-received sample, demonstrated, that one cycle of sputtering-annealing affects the
subsurface layer. The difference in the dip value between sputtered and sputtered and annealed
profiles coupled with the equal depth at which the profiles reach stoichiometric values suggests
that the non-stoichiometry is redistributed in a great volume.

6.2.4 Changes to electronic properties

Figure 6.9: The average I-V curves collected for a) sputtered and b) sputtered and annealed surfaces
for different fluences; the effect of received fluence on c) conductance and d) work function.

These major changes in stoichiometry of the surface induce changes in its conductance.
With the annealing, the change from metallic-like I-V curves (Fig. 6.9a) to semiconductive-like
curves (Fig. 6.9b) follows. Accordingly, the values of conductance drop by one or even two
orders of magnitude (Fig. 6.9c), and reach approximately the same value, independently of the
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ion beam fluence. No matter the initial fluence, the final conductance reaches approximately
the same value. The I-V curves (Fig. 6.9b) support this interpretation. The current maps (not
shown) show surface uniform in properties, with no grains of high conductance. The maps of
the work function are also uniform, and the value of the work function increases dramatically
after annealing from 4.25(5) eV to 4.55(5) eV (Fig. 6.9d). Based on the work function values,
no clear correlation can be drawn on the work function-initial fluence dependence.

The changes in electric properties can be explained based on the evolution of chemical
composition seen in the XPS and SIMS measurements. Since the reduced titanium ions are
the main components of the electrical conductivity in titanium dioxide, the restoration of
stoichiometry of the surface, seen in the Fig. 6.8a), explains why the conductance suddenly
drops. The SIMS spectrum in Fig. 6.8b) indicates that there is a region below the surface
which is not stoichiometric. It is most likely slightly different for different initial fluences, which
would explain the differences between the I-V curves. Comparing the value of conductance
for the sputtered-annealed surfaces with the conductance value of the surface which was just
annealed at 800 °C (Fig. 5.6c), it can be seen that the additional reducing component in the
form of sputtering does play a role in determining the final properties of the surface, as the
surface after one cycle has the conductance of approximately 100 nS, compared to 1 nS for a
surface just after annealing.

The increase in the work function due to annealing is also tightly connected to the changes
on the surface, and with the restoration of stoichiometry and order the work function naturally
increases. Nonetheless, the work function after one cycle is equal to 4.55(5) eV, which is below
the value reported for stoichiometric rutile (110) surface, i.e. 5.3 eV [201]. This indicates that
the changes under the immediate surface coupled with point defects on it, lower the value
significantly compared to the one observed for stoichiometric surfaces. Comparing this value
with the one obtained for just annealed crystal 3.72(3) eV (Fig. 5.8) one can see that using
one cycle as compared to just annealing gives a more stoichiometric surface.

6.3 Changes induced by repeated sputtering and annealing

Sputtering and annealing by themselves reduce the TiO2 crystal, yet after one such cleaning
cycle, the surface is stoichiometric. The work function of the surface returns to values close to
values of the stoichiometric surface, yet the conductivity increases by two orders of magnitude,
as compared to the slightly reduced crystal. This shows that changes in the crystal’s subsurface
composition do, in fact, occur as a result of these processes. Since, typically, multiple cycles
of sputtering and annealing are performed, the effect of the many cleaning cycles had to be
investigated to find out if the changes are cumulative and if they drastically change the surface
of TiO2.

6.3.1 Experimental

As it was described in Section 1.5.4, various different experimental parameters are used
when performing cleaning cycles, and, just as in the case for one cleaning cycle, the temperature
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of 800 °C and Ar+ energy of 2 keV were chosen to introduce changes as extensive as possible
while still working under parameters that are used in typical surface science laboratories. The
ion fluence introduced during one sputtering was approximately 8.6× 1015 ions cm−2.
The morphology, crystallography and electronic properties were measured systematically

after 1, 5, 10, 15, 20, 25, 30, 35, 40 and 50 cleaning cycles. The changes in chemical composition
were measured using XPS and SIMS. For XPS measurements the changes were observed in
situ for three CCs, while SIMS profiles were obtained ex situ for a sample which underwent 11
CCs (here, the fluence was 2× 1016 ions cm−2).
To find out the effect of oxidation on the 50 CCs reduced sample, the sample was first

oxidized at RT and studied and then annealed in oxygen at 800 °C and once again measured.
In both cases the isotopic oxygen 18O was used (pressure 5× 10−8mbar). The sample was then
taken out of the UHV system and measured using SIMS. As a reference, an as-received TiO2
monocrystal was also annealed at 800 °C in the isotopic oxygen and measured using SIMS.

6.3.2 Changes in morphology with the increase in the number of CCs

Figure 6.10: a) The STM morphology of the TiO2 surface after 1 CC, 25 CCs and 50 CCs, with an
insert showing the LEED pattern the 1 CC sample (electron energy 106 eV); b) the line profile through
the terraces for the 25 CC sample, marked as the red line in a); STM images c), d) (scale bar 5 nm)
showing the same area of the 30 CCs surface imaged using the same tip, but during scanning it changed
its orientation, composition, structure or apex. The region marked with the circle and labeled A is an
OH– group. All STM images were collected for the sample bias 1.75V and the current of approximately
20 pA.

As can be seen in the Fig. 6.10a), successive CCs affect the morphology of the surface.
The increase in the number of cycles is correlated with the terraces’ increase in size, and their
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borders become more compact. The line profile through the 25 CCs surface 6.10b shows that
the terraces are tens of nanometers in length and that the pits present on individual terraces
have depths of one step edge. In all cases, the LEED patterns show a diffraction pattern
characteristic of (1x1) stoichiometric reconstruction (exemplified by the insert in Fig. 6.10a).
Since the heavily reduced rutile (110) surface takes the form of (1x2) reconstruction [206],
[207], this shows that, with LEED sensitivity, the surface can be considered stoichiometric.
Atomic-resolution STM images were also collected (see Fig. 6.10c, d), and they show that the
surface is composed of atomic rows following the [001] direction. Both of the STM images
were collected using the same tip, with the same positive bias, and measured the same place,
yet they depict the surface differently. This is because during scanning, the tip was modified,
and its orientation, composition, structure or apex changed, which led to different orbitals
being used for imaging. Similar observations were made elsewhere, also revealing that such
modification of the tip may even bring about the inversion of the contrast of the image [148].
The empty states of the TiO2 (110) surface can be seen on the STM image for 30 CCs (Fig.
6.10c), where bright rows are associated with Ti4+ ions nested between oxygen rows [30].

Figure 6.11: a) A typical STM image on which the coverage calculations were based. This image shows
the topography of an 11 CCs sample (sample bias 1.7V and current 11 pA). b) The relationship between
the coverage of oxygen vacancies and the number of cleaning cycles performed on the surface.

Based on the atomically resolved STM images, an investigation into the dependence
of the coverage of point defects on the number of cleaning cycles was performed. Typically,
such investigations are conducted at low temperatures, where imaging at such resolutions is
easier, as oscillations due to the temperature of both the tip and the sample are much lower.
Furthermore, low temperatures hinder the movement of atoms and significantly lower reaction
rates. Additionally, at low temperatures, the pressure in the UHV systems is lower than at RT,
as the atoms and molecules tend to remain on the cold chamber surfaces (as is the principle of
the cryogenic pump). In low-temperature investigations, oxygen vacancies on the surface can
easily be distinguished from hydroxyl groups [208]. It has been reported that surface oxygen
vacancies react quickly with residual water, even in UHV systems [208]. Moreover, oxygen
vacancies are the site of water dissociation, with each oxygen vacancy catalyzing the formation
of two hydroxyl groups [209], [208]. Due to lower resolutions and a higher base pressure, an
assumption was made that all of the bright point defects that were seen were hydroxyl groups,
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and that their number is tightly correlated with oxygen vacancies on the surface. Such OH–

group can be seen in Fig. 6.10d) . The obtained relationship between the coverage of oxygen
vacancies and the number of performed CCs is represented in Fig. 6.11b). The coverage of
such defects was studied based on 20 nm per 20 nm images, such as the one in Fig. 6.11a). The
typical coverage of oxygen surface vacancies observed in the literature varies from 2.5%ML for
9 CCs [208], through 6.1%ML for 32 CCs, and 8%ML [210] or 15%ML for multiple cycles
[211]. Accordingly, this means that the values obtained in this investigation were in agreement
with the typical concentration observed in other publications. Wendt et al. (2005) [208] noted
that the most common value was in fact approximately 5%ML, which is close to the average
of 6.5%ML obtained here.

6.3.3 Changes in chemical composition with the increase in the number of
CCs

Figure 6.12: a) The CsO+ to CsTi+ raw SIMS profiles for the sputtered, sputtered and annealed (i.e.
after 1 CC), and the 11 CCs surface. The profiles are normalized to the as-received sample. b) The
SIMS profiles of two samples annealed in isotopic oxygen at 800 °C, one of which underwent 50 CCs,
while the other was not subjected to any cycles. The 17O isotope was the reference, because the signal
for 16O saturates the detector. Oxygen isotope profiles were 10-pt averaged to aid interpretation.

The STM images and LEED patterns show that the surface is stoichiometric, with a small
percentage of oxygen vacancies. Furthermore, the XPS spectrum after three CCs demonstrates
that all the titanium ions were in the fourth oxidation state. Due to the reductive nature of
the processes involved in CCs, changes in compositions are to be expected in the bulk of the
crystal. SIMS profiles were measured to find out their nature. As can be seen in Fig. 6.12a), the
profiles for both one and eleven cycles show non stoichiometry for depths up to 4 nm. These
two profiles do not show significant differences in the subsurface layer composition, which
suggests that the non-stoichiometry is redistributed gradually throughout the crystal. All the
profiles, even for 80 nm, do not reach the stoichiometric value of the oxygen-to-titanium ratio,
but such an effect has already been observed for TiO2 [180]. In this work, it was assumed that
the ratio of approximately 0.8 corresponds to the stoichiometric ratio.
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To find out the extent of the changes in the composition of the crystal, the 50 CCs crystal
was annealed in isotopic oxygen and its profile was compared to the profile obtained for an
as-received crystal prepared in the same manner. The profiles, which can be seen in Fig. 6.12b),
show that the depth of penetration for the 50 CCs sample was much higher than for the
reference sample, with the ratio reaching a constant value at approximately 10 nm, compared to
1 nm. Since the range of argon ions of 2 keV in TiO2 is equal to 2.6 nm [203], the SIMS profiles
show that the changes associated with multiple cycles reach greater depths. Furthermore,
the values of the isotopic ratio are larger by an order of magnitude at the 50 CCs surface.
Assuming that the signal from isotopic oxygen corresponds to defect states introduced by the
preparation method, it can be seen that not only do the defects reach a greater depth than for
the as-received sample, but also the density of defects is much higher.

Figure 6.13: The same SIMS profile as in Fig. 6.12b), but in log-log scale, with three regions marked,
one presumed to be associated with reaching equilibrium conditions, and one associated with the
incorporation of oxygen into the nonstoichiometric subsurface layer, and the last one which is the bulk
region.

Three regions of interest can be discovered by analyzing the same graph for isotopic oxygen
ratios, but on the log-log scale. The first region is the same for both samples, and it ends at
about one nanometer. The same slope and associated depth suggest that this is due to the
initial equilibrium setting. In the case of the 50 CCs sample, it can be noticed that the slope
changes first from 1nm to 2 nm, and then from 2nm to 10 nm. These depths may correspond
to the immediate surface and the subsurface, respectively. Afterwards, the ratio levels out
to the bulk value. For the as-received TiO2 sample annealed in oxygen, the region with a
different slope is very narrow, i.e. approximately 1 nm, and then the bulk ratio is reached. This
difference in the penetration and the presence of an additional region of high slope in the case
of 50 CCs sample indicates that this sample had been modified by the cycles, not only on the
surface, but also at the subsurface region. The presence of the region of high slope might mean
that another diffusion mechanism is present in this sample, e.g. a fast diffusion path, due to
the high density of extended defects.

In the study of oxide crystals one must be also wary of impurities. In general, rutile
crystals are very pure, which can be seen in Fig. 6.14, as the intensities of the SIMS signal
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Figure 6.14: SIMS profiles showing the levels of typical impurities (Ca+, K+, Na+) on TiO2, one of an
as-received surface, and one which underwent sputtering or cleaning cycles.

of the typical impurities are on a very low level. They are present in all of the crystals that
are presented in the profiles and follow the same general trend, wherein their concentration
is highest near the surface and then drops very quickly with depth. The signal values at the
immediate beginning of the spectra should be interpreted with caution, as at the start of the
measurement, the steady state sputtering conditions are not yet reached [177]. Segregation of
impurities is a well-known process, which occurs due to the differences in the surface tensions
of impurities and the base crystal, which atomically corresponds to different strengths of
interactions between the component atoms.

The analysis of the profiles reveals that the level of impurities varies between samples. For
example, the profile for the sputtered-only crystal shows lower concentrations of impurities
than both the as-received and 1 CC samples. This diversity is to be expected, as different
batches of monocrystals may differ in purity, but what is more interesting is the way the three
profiles of the impurities look like compared to the 50 CCs sample. Its profile shows signals
that are orders of magnitude lower than the signals for all impurities. This is due to the fact
that with each instance of annealing, the impurities diffuse to the surface, and then during
sputtering, they are removed ballistically. With each cycle, the general level of impurities is
lowered, but of course the bulk provides a steady source of these impurities, so even after 50
CCs, some Ca+, K+, Na+, etc. can be found on the surface. This property of the cleaning
cycles has been used successfully to clean monocrystals, and for TiO2, it has been reported
that several cycles are enough to purify the crystal surface of the most common impurity, i.e.
calcium [130], [189]. It must be noted that the level of impurities measured using SIMS as
compared to signals measured for titanium and oxygen, is extremely low, even in the case of
as-received crystals. The technological processes over the years have been perfected over the
years and the quality of monocrystals is high, which has a been also reported in research by
Wrana et al. (2017) [89], where it was shown that the levels of impurities are at or below ppm
levels .
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Figure 6.15: Typical maps of work function, current and morphology for the sample after a) 10 CCs
and b) 50 CCs. The scale bar represents 100 nm. The relationship between c) the conductance and d)
the work function as a function of the number of cleaning cycles that the sample underwent. The insert
in c) shows the changes in average I-V curves with the increase in the number of CCs.

6.3.4 Changes in electronic properties with the increase in the number of
CCs

The steady reduction introduced by the cleaning cycles affects the surface conductance. As
can be seen in Fig. 6.15c), the conductance of the surface increases rapidly with approximately
the first ten cycles and then it reaches the levelling out level. The value of conductance increases
more than 20 times from 27(6) nS for 1 CC to 640(190) nS for 50 CCs. The insert in Fig
6.15c) with I-V curves clearly displays the nature of the surface changes. At first, the surface is
semiconductive-like, and then it becomes increasingly more conductive. For 50 CCs, it shows
an ohmic-like behavior, which is on the level of the sputtered-only surface. The current maps,
seen in Fig 6.15a) and b), do not reveal any identifiable features, which suggests that the
overall level of conductivity of the subsurface layer changes with the increase in the number of
CCs.

The changes in conductance can be explained in the same manner as for the changes at
1 CC, i.e. the changes in composition of the subsurface due to the overall reduction of the
crystal are what is inducing the change in the conductivity of the crystal. Each following CC
further reduces the crystal, induces changes, and possibly phase transformations. However,
at a certain point the surface-sensitive technique, LC-AFM, is not sensitive enough to detect
such phase changes, hence the levelling-off region. As demonstrated in the previous section,
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SIMS measurements indicate that these reduction-associated defects are redistributed in the
bulk quite uniformly, which makes LC-AFM unable to measure them.

In relationship between the work function and CCs is very similar, with changes being
most prominent for the first 10 cycles, after which the plateau region is reached. The work
function maps, e.g. Fig. 6.15a), follow the morphology of the surface, with some contrast
changes on the terrace borders.

The changes in the work function may be due to the effect of reduction or due to the
effect of the gradual removal of impurities from the surface. The effect of oxygen vacancy
coverage on the work function was explained by Onda et al. (2004) [196] as the change in
surface potential caused by reduction. Oxygen is an element characterized by strong electron
affinity, which causes the oxide surface to become negatively charged. The reduction process
removes oxygen, which reduces the negative charge, which in turn allows electrons to leave the
crystal more easily, i.e. it lowers the work function. However, the oxygen vacancy coverages
that were measured in this work showed that they were approximately constant (Fig. 6.11b),
and accordingly, the leveling off in the work function seen in Fig. 6.15d) cannot be due to
reduction. Thus, the changes must be due to the decreasing concentration of impurities on the
surface, which is seen in SIMS profiles in Fig. 6.14.

The work function plateau which is reached with increasing number of CCs has the value
of 4.8(1) eV, which is relatively close to the lower bounds of the range of values reported for
stoichiometric TiO2 (110) surfaces, i.e.: 5.2 eV [198], 5.3 eV [93], 5.35 eV [212], 5.5 eV [213]
and 5.5 eV to 5.8 eV [196]. The wide distribution of values has, in fact, been explained by
the differences in the defect densities on the surfaces, with the work function decreasing with
increasing defect coverages [196]. What is telling is the fact that Onda et al. (2004) [196]
reported that in their own experiments, following the same preparation method, they saw
a variability in the work function, in the range of 5.5 eV to 5.8 eV, so there must be some
variability in the monocrystals themselves. The fact that the leveling-off value of the work
function is so close to the stoichiometric values shows that sample preparation using many
cleaning cycles allows, in case of work function, to obtain a surface which is very close to the
stoichiometric one.

6.3.5 One large cycle or multiple small cycles: the effect on electronic
properties

Comparing the results for one single CC and multiple CCs provides the answer to another
question. Does one cycle affect the electronic properties of the crystal in the same manner as
multiple cycles of the equivalent fluence?

As can be seen in Fig. 6.16a), for low fluences, the values of conductance are approximately
the same, as the sample is semiconductive in nature. With an increasing number of cycles,
the situation changes. Above 10 CCs, the conductance rapidly increases and then reaches
the plateau of relatively high conductance. The divergence between these two sets of data
can be demonstrated and its explanation lies in the way that sputtering works. Continuously
increasing the fluence does not contentiously increase the level of reduction of the surface.
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Figure 6.16: The values of a) conductance and b) work function as a function of fluence received
depending on the preparation method, i.e. just sputtering, sputtering and annealing, or multiple cycles
of equivalent cumulative fluence.

Instead, an equilibrium is reached, and the sample is at some point simply thinned [104]. On
the other hand, when the fluence is introduced in a multi-step manner, i.e. each time the
crystal is reduced during sputtering, then the surface is reoxidaised during annealing. Then, it
is once again sputtered, so the equilibrium in this case is not reached during the sputtering.
Thus, the conductance for multiple CCs increases, while for one CC of equivalent fluence, the
value stays constant.

For the work function (see Fig. 6.16b), the equilibrium of sputtering seems to also have
been reached, and the values for one CC reach the same value, which is lower than the one for
multiple CCs. As it has been described in Section 6.3.4, one CC is typically associated with
highly defective surfaces. Multiple cycles of equivalent fluence differ in such a manner that
even though they reduce the crystal further due to the additional annealing time, they also
provide more time at high temperatures for the reoxidation and recrystallization of the surface.
Thus, the end result is more stoichiometric and its work function is higher.

The reason why cycles are performed many times is that the surface becomes more
stoichiometric, as the number of the cycles is increased, whereas for a single cycle, even with
increasing fluence, it never becomes more stoichiometric. Furthermore, performing multiple
cycles leads to more reproducible surfaces and therefore more reproducible results, as both the
conductance and the work function reach a plateau value after approximately 10 CCs. It is
possible to obtain the same surface properties after annealing for sufficiently high fluences, i.e.
in the equilibrium regime, but the surface would be of an inferior stoichiometry, and it would
not be suitable for application in atomically resolved studies. This, coupled with the higher
purity of multiple-cycle surfaces (see. Section 6.3.3), makes multiple cycles a far better manner
of preparing a TiO2 surface.
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6.4 The effect of subsequent oxidation of a sample after 50
CCs

Figure 6.17: The effect of the RT oxidation and oxidation at 800 °C of the 50 CCs sample on the
electronic properties. The changes in a) conductance values, b) shape and position of the conductance
histograms and c) the value of the work function. The oxygen exposures for the measurements of the
work function were 310L, and for the conductance 1900L for RT. The sample was then annealed in
oxygen at 800 °C for one hour.

To find out if the changes induced by sputtering and annealing are reversible, the crystal
was oxidized at room temperature. As can be seen in Fig. 6.17a), the conductance of the surface
drops significantly after the exposure to oxygen. Furthermore, the conductance histograms
narrow after exposure, which suggests that the surface becomes more homogeneous. These two
facts indicate that oxidation takes place, with less conductive defects being present after the
oxidation at RT. The values of conductance, however, do not reach the level which was observed
after one cleaning cycles (27(6) nS for 1 CC as compared to 120(42) nS). This shows that not
all of the defects introduced during the preparation are healed during the RT oxidation. The
exposure to oxygen at temperatures higher than 120K leads to surface oxygen vacancy healing
[126], but this process, even at RT, does not heal all of the oxygen vacancies on the surface
[92], [127]. Furthermore, oxidation at RT does not heal subsurface oxygen defects present on
vacuum-annealed surfaces [196]. Accordingly, simple exposure to oxygen at RT does not heal
the surface and subsurface completely, and therefore the conductance remains relatively high.

The work function of the RT-oxygen-exposed sample increases from 4.8(1) eV to 5.0(3) eV
(see. Fig. 6.17c), which brings it even closer to the values observed for stoichiometric TiO2, i.e.
from 5.2 eV [198] to 5.8 eV [196]. This indicates that the surface became more stoichiometric,
and fewer oxygen vacancies are present as compared to the 50 CCs surface.

As a further step in the investigation, this RT-oxidized surface was annealed at 800 °C at
the oxygen pressure of 5× 10−8mbar. The results are quite surprising, as the work function
decreased compared to the surface oxidized at room temperature (Fig. 6.17c). Furthermore,
the conductance did not change significantly (Fig. 6.17a and b). Typically, oxidation leads to
an increase in the work function and a decrease in conductance.

The fact that the work function decreases suggests that either another oxide phase has
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Figure 6.18: The STM morphology of the TiO2 surface which a) underwent 50 CCs and b) underwent
50 CCs and then was annealed at 800 °C in oxygen (5 × 10−8mbar) for one hour. The images were
collected using the sample bias 1.7V and the current of 10 pA.

grown on the surface, or the sample has been contaminated, or it has not been oxidized, but
reduced.
As it has been described in the introduction (Section 1.6), annealing in vacuum in the

presence of oxygen may lead to the formation of incomplete layers of TiO2 or even strands of
Ti2O3. Such processes lead to the formation of structures on the surface and, as can be seen
in the STM images in Fig. 6.18, no such phases can be detected on this sample. The images
before and after annealing in oxygen (Fig. 6.18a and b, respectively), show almost identical
morphology.
It has been reported for anatase that annealing in oxygen may lead to the formation of

iron oxides on the surface of the sample. The SIMS profiles did not show any presence of iron,
and, in fact, the surface was very clean, with concentrations of typical contaminations far
below the amounts that can be observed on the as-received crystals (Fig. 6.14).
Therefore, the remaining possibility is that the surface was not oxidized during the

annealing, but, due to low oxygen pressure, it became slightly reduced. This would explain why
the work function decreased, since the surface is the location where the reduction occurs at
the fastest rate, so accordingly, even a slight reduction of the crystal would introduce oxygen
vacancies. Such a change would lead to the decrease of the work function from the value
for the RT-oxidized surface to the value of the 50 CCs surface (which can be seen in Fig.
6.17c). Furthermore, a slight reduction would not significantly impact the conductivity of the
RT-oxidized crystal. The pressure used is indeed lower than the pressures usually used in
this kind of investigations, for example: 7× 10−5mbar to 7× 10−6mbar [214], 3× 10−7mbar
[196], 3× 10−7mbar [123], which may explain why the crystal remained black and the surface
did not oxidize. Nonetheless, the presence of isotopic oxygen during annealing was beneficial,
because some mass exchange did occur, as demonstrated in the SIMS profiles (Fig. 6.12b),
which allowed for the investigation into the depth of changes induced by the cleaning cycles.
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Chapter 7

The effect of thermal annealing on
SrTiO3 crystals

Strontium titanate is a more complex oxide crystal than titanium dioxide, both in its
composition and in its crystallographic structure. In this chapter, it will be shown that the
reaction to simple annealing in UHV, in the case of SrTiO3, is also more complex, with changes
not only in the electronic properties of the surface, but also in its morphology. First, the
surface was studied at relatively low temperatures, i.e. in a regime where reduction of SrTiO3
was the main process. Subsequently, the crystal was investigated at temperatures which lead
not only to reduction, but also to the decomposition of the crystal by incongruent effusion.
Furthermore, the effect of the oxygen partial pressure on these processes was investigated by
using oxygen getter substances. As the last step, the studied surfaces were exposed to oxygen
and air at room temperature and the changes in electronic properties were measured.

7.1 Changes occurring on the surfaces of flat SrTiO3 as a
function of temperature with or without a getter

In the first stage, the SrTiO3 crystals were annealed in UHV at increasing temperatures.
The effect of the oxygen partial pressure in the vicinity of the crystal was controlled by
annealing the monocrystal on either silicone (oxygen getter) or titanium dioxide (non-getter
substance).

7.1.1 Experimental

The reduction of SrTiO3 was systematically studied by annealing the crystal at the
temperatures of 800 °C, 900 °C, 1000 °C and 1100 °C for one hour. Then the crystals were
oxidized at room temperature by exposing them to approximately 150L of oxygen. Two sets
of experiments were conducted at the same temperatures, but with one key difference. In one
set of experiments, the SrTiO3 crystals were annealed on silicon, and in the other on TiO2
(using the current-through-sample method described in Subsection 3.1.1). This way, the oxygen
partial pressure was lower in one set of experiments than in the other. In the case of annealing
without a getter, TiO2 was chosen instead of SrTiO3, because TiO2 monocrystals do not break
easily during annealing, in contrast to SrTiO3 (due to its ductile-to-brittle-to-ductile transition
described in Subsection 1.4.2). In my experience, for experiments with strontium titanate at
temperatures above 1125 °C more than 75% of monocrystals break during annealing or cooling,
which makes this crystal difficult to work with.
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7.1.2 Morphology and crystallography of the surfaces

Figure 7.1: The KPFM morphology of SrTiO3 surfaces annealed at 1000 °C and 1100 °C for crystals
annealed in presence of a non-getter (TiO2) and an oxygen getter material (Si). Scale bar represents
400 nm.

The investigation into the morphology of the SrTiO3 surface annealed at temperatures
up to 1100 °C showed that the surface remains flat regardless if the annealing is done in the
presence of a getter material or not (see Fig. 7.1). The oxygen partial pressure, which is
influenced by the getter, does, however, affect the character of the surface obtained. As can be
seen in Fig. 7.1, annealing strontium titanate in the presence of silicon leads to large terraces
of straight borders, while annealing it in the presence of titanium dioxide leads to smaller
terraces of less compact edges. The experiments also show that the surface morphology does
not significantly change with increasing temperatures.

Figure 7.2: The changes in surface crystallography depending on the annealing temperature for SrTiO3
annealed in the presence of a non-getter (TiO2) and an oxygen getter material (Si). LEED patterns were
made for 106 eV. The surfaces annealed on TiO2 show a (1x1) reconstruction at all studied temperatures,
while the reconstruction of the surface annealed on Si evolves from (1x1) through (2x2) and c(2x2) to
(
√
13x
√
13 R33.7°).
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The LEED investigations show that even though the morphology of the surfaces does not
change drastically depending on the presence of getter material, the arrangement of the atoms
of the surface does. During annealing on TiO2, the surface reconstruction stays unchanged
regardless of the temperature, remaining at (1x1). During the annealing on Si, the surface
reconstruction evolves from (1x1) at 800 °C through (2x2) at 900 °C, c(2x2) at 990 °C to
(
√
13x
√
13 R33.7°) at 1100 °C. The (2x2) reconstruction has been observed elsewhere at similar

temperatures, i.e. 950 °C [215] and 1000 °C [216]. The c(2x2) reconstruction has only been
observed once and at lower temperatures (800 °C) for thin films of SrTiO3 [64]. The (

√
13x
√
13

R33.7°) has been seen at approximately the same temperatures, i.e. 1000 °C [85] and 1050 °C
[217].

Unraveling the changes on the surface of SrTiO3 and establishing a clear evolution of
the reconstructions due to reduction is not an easy task, as more than 11 reconstructions of
strontium titanate have been observed for various conditions [217]. Furthermore, there is no
clear agreement on the phase diagram for these reconstructions [218]. It is, however, accepted
that most of these reconstructions are due to a double layer of TiO2 on the surface of SrTiO3,
with different concentrations of oxygen vacancies [217]. As proof, the reduction in UHV has
been shown to increase the concentration of titanium on a SrTiO3 surface [85]. It has also been
demonstrated that, for SrTiO3, at temperatures above 830 °C, impurities tend to disappear
from the surface [219], so the changes observed cannot be due to impurities being incorporated
into the surface, as it has been postulated [220]. All in all, it can be seen that a higher level
of reduction of the surface leads to more and more complicated surface reconstructions, with
even more complex reconstructions to follow, such as (

√
5x
√
5 R26.6°) [85].

Figure 7.3: The LEED pattern change after exposure to oxygen in UHV at RT for a SrTiO3 surface
previously annealed on TiO2, and a surface annealed on Si. The electron energy is equal to 106 eV.

In order to demonstrate that the changes in the surface reconstructions were due to
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reduction, the crystals were exposed to oxygen, and the LEED measurements were performed
again. The results can be seen in Fig. 7.3. For the SrTiO3 sample annealed on TiO2, the
reconstruction remains as it was, i.e. (1x1). For the SrTiO3 sample annealed on Si, there
was a significant change in the diffraction pattern, i.e. the spots of the (

√
13x
√
13 R33.7°)

almost completely disappear. This implies that the oxygen-deficient TiO2 termination, which
is most likely the cause of the observed reconstructions, is healed, which almost restores the
stoichiometric reconstruction of (1x1).

7.1.3 Work function of the surfaces

Figure 7.4: The KPFM morphology and work function maps for surfaces annealed at 1100 °C in the
presence of a non-getter material and a getter material. Scale bar: 400 nm.

The work function has been systematically studied as a function of the annealing tem-
perature for both crystals annealed in the presence of oxygen getter and in its absence. The
values were derived from maps such as the maps presented in Fig. 7.4, where the terrace
edges were masked, as their work function values differed due to the formation of dipoles. The
work function is different on the step edges. Furthermore, it behaves differently for the sample
annealed on TiO2 and Si. In case of the sample annealed on non-getter material, the terrace
edges show higher work function values than terraces, while for the sample annealed on a
getter material, the opposite can be observed. Such inversion can be explained by assuming
that for the less-reduced sample (SrTiO3 on TiO2), the step edges are composed of oxygen,
while for the more-reduced sample (SrTiO3 on Si), the step edges are made up of titanium, as
such inversion in contrast for these cases has been calculated using DFT [221].

The changes in the values of the work function for all the cases investigated in this section
can be seen in Fig. 7.5. The work function of the sample annealed on titanium dioxide remains
the same, regardless of the temperature, and then slightly increases after exposure to oxygen
at RT (from 3.76(3) eV to 3.91(3) eV). The sample annealed on a getter material started out at
approximately the same value of the work function, but then the increasing temperature led to
the drop in work function from 3.58(3) eV to approximately 3.1(1) eV for all other annealing
temperatures. The following oxidation led to a dramatic increase in the work function from
3.30(2) eV to 3.91(3) eV.

The starting value of the work function for 800 °C is approximately the same as the
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Figure 7.5: The relationship between the work function and the temperature for SrTiO3 which was
annealed on an oxygen-getter material Si and a non-getter material TiO2, and subsequently oxidized at
room temperature in situ.

value obtained by Wrana et al. (2019) [85] for the same temperature, i.e. 3.75 eV, and can be
considered as the slightly reduced (1x1) TiO2 terminated SrTiO3 surface. The value for the
stoichiometric TiO2 terminated SrTiO3 surface is much higher, at 4.2 eV [222] or 4.3 eV [223],
but this is to be expected, since oxygen vacancies on this type of termination, which are present
on the slightly reduced surface, lead to the lowering of the value of the work function [221].
The subsequent drop in the work function values for the sample annealed in more reducing
conditions could be explained by the increase in oxygen vacancies, as DFT calculations show
that introducing 25% of oxygen vacancies leads to a drop of 1.5 eV [221]. Furthermore, highly
reduced SrTiO3 (annealed in the presence of a getter at 1150 °C) exhibits the work function
of 3.12(18) eV [224], which is equal to the values obtained in the present experiments. The
experimental data appears to be in agreement that oxygen-deficient reconstructions lower
the work function value, however, DFT calculations demonstrate that such reconstructions
should increase the work function by 1 eV to 2 eV [221], which was not observed in this series
of experiments.

7.2 Growth of nanowires on SrTiO3 during annealing in UHV

In this section, an additional process is introduced into the investigation, i.e. incongruent
sublimation at extremely low oxygen partial pressures, which was described in Section 1.5.2.
At these high temperatures, the samples are not only reduced, but are also decomposing, which
leads to the formation of suboxide structures, such as the formation of titanium monoxide
nanowires on the surface of strontium titanate.
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7.2.1 Experimental

Two different ways of annealing were used in order to study the incongruent decompo-
sition of strontium titanate. For in-situ KPFM/LEED investigations, the SrTiO3 crystals
were annealed on silicon wafers using the current-through-sample method of heating. For
investigations into the effect of getter material, i.e. titanium and silicon, the electron beam
method was used, because it was the only method which allowed for the usage of titanium foil
as a getter. Other methods, such as annealing in a crucible, would not allow for sufficiently
high temperatures of the getter as compared to the studied crystal.

In case of the investigation of the growth of structures in the presence of silicon one crystal
was annealed for one hour. Different parts of the crystal had different temperatures ranging
from 1100 °C to 1190 °C, which allowed for the systematic study of the growth mechanism
while maintaining the same experimental conditions. The temperature of the getter was close
to melting as parts of the silicon crystal melted. The sample was later investigated using SIMS
to establish how the chemical compositions differed between various parts of the sample.

During the investigation into the growth of structures in the presence of a titanium getter,
a strontium titanate crystal was annealed in the presence of titanium foil for one hour. The
crystal had three areas of different temperature: 1050 °C, 1100 °C and 1150 °C. The temperature
of the getter was above 1350 °C, which is the maximum temperature that can be measured
using the pyrometer.

7.2.2 Crystallographic and chemical composition of the nanowires

The chemical and crystallographic composition of the nanowires was determined using a
combination of techniques, i.e. EDX, EBSD, TEM and EELS. This wide range of methods
enabled a thorough analysis of the nanowires.

Figure 7.6: The EDX spectra of the substrate and nanowire (separated using machine-learning algorithms
[168]) demonstrating that the structures in the insert were composed of titanium and oxygen, while the
substrate also contains strontium. Electron energy of 7.5 keV was used, as it was the lowest energy that
still allowed for a quantitative analysis of the spectra, while maintaining a relatively low penetration
depth.

Incongruent sublimation of SrTiO3 annealed at 1150 °C, leads to a sample covered with
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nanowires that follow the crystallographic directions of the SrTiO3 substrate (see. Fig. 7.7c).
Performing an EDX analysis assisted by machine-learning techniques (as described in [168]),
made it possible to assign the X-ray fluorescence spectra to the substrate and the nanostructures
(see. Fig. 7.6). It can be clearly seen that the substrate is composed of strontium, titanium
and oxygen, as it is the SrTiO3 monocrystal. The nanostructures, on the other hand, do not
contain strontium, and are only composed of titanium and oxygen. The small peak of Sr Lα
visible for the structures is there due to the fact that X-rays come from a large depth that also
includes the substrate below the nanowires. This was the preliminary result which pointed to
the fact that the structures were titanium suboxides. A more powerful technique was necessary
to obtain exact stoichiometry.

Figure 7.7: a) A HAADF STEM image of the nanowire on the SrTiO3 substrate and b) the EELS
spectrum superimposed on the area dotted out in a), demonstrating that the core of the nanowire
was composed of TiO [99]. c) SEM image displaying that the nanowires form a grid following the
crystallographic directions of SrTiO3 [99].

Using HAADF STEM, a cross-section of the structure was imaged (see. Fig. 7.7a). As can
be seen both the nanowire and the substrate show long-range ordering, with an atomically
sharp, zig-zag-shaped interface between them. The nanowire is tilted at an angle of 4.6°, which
is most likely a form of strain relaxation due to a mismatch between the lattice of SrTiO3 and
the nanowire. The EELS analysis (Fig. 7.7b) shows that the structure is composed mostly of
titanium at the second oxidation state, in stark contrast to the substrate, which mostly has
titanium at the fourth oxidation state. The nanowire has the crystallographic structure of
rock salt with a lattice parameter of 4.18 Å. These results are in agreement with the published
diffraction measurements for titanium monoxide (PDF: 89-3660).

The surface of the nanowires was investigated using both EBSD and HAADF STEM.
Diffraction patterns were obtained from the nanowires (Fig. 7.8a) and were compared with
simulated patterns for various titanium suboxide phases. The pattern which fit the most (a
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Figure 7.8: a) The EBSD diffraction pattern from the surface of the nanowire, b) the simulated
diffraction pattern for Ti3O5, c) the calculated EBSD phase map (based on the maximal values of
correlation coefficients) showing that the surface of the nanowire is composed of Ti3O5 and that the
nanostructure grows on SrTiO3.

correlation coefficient of 0.86), depicted in Fig. 7.8b), was the one for the monoclinic Ti3O5
phase. The correlation map in Fig. 7.8c) shows that the nanowire’s surface is composed of this
phase, while the substrate is still composed of SrTiO3. Decomposition of the STEM EELS
data (Fig. 7.9), demonstrates that the position of the edges of the Ti L3 peaks differs between
the bulk and the surface of the nanowire. The results of the used methods indicate that the
composition of the nanostructure is complex, i.e. its surface is Ti3O5 while the core of the
nanowire is TiO.

Figure 7.9: EELS spectra from the marked regions showing that the core and surface of the nanowires
are composed of different titanium oxides.
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7.2.3 The relationship between annealing temperature and morphology of
nanowire-covered SrTiO3

The chemical composition and morphology of the suboxides forming as a result of incon-
gruent effusion can be controlled by changing the annealing temperature. Furthermore, more
than one type of oxygen getter substance exists and depending on the getter substance used
different morphologies can be obtained at the same temperatures.

Figure 7.10: The morphology of the SrTiO3 surface after annealing at increasing temperatures in UHV
in the presence of a titanium oxygen getter. The scale bar corresponds to 5µm.

When annealing SrTiO3 in the vicinity of titanium foil nanowires begin to grow already at
the temperature of 1050 °C, while increasing the temperature further leads to higher densities
of structures, as can be seen in Fig. 7.10. The structures follow crystallographic directions and
they have wire-like shapes. Investigations at higher temperatures were not possible, due to
the fact that in higher temperature conditions, the titanium foil melted down and acted as a
very efficient heat radiator, which made increasing the temperature of the SrTiO3 monocrystal
difficult.

The later stages of the suboxide layer evolution were investigated using silicon as an
oxygen getter. As demonstrated in Fig. 7.11a), for the same temperature, i.e. 1100 °C, as in
Fig. 7.10, the surface is not covered by nanowires, but with islands, which seem to be the
first stage of the nanowire growth. With increasing temperature, nanowires appear at 1140 °C.
They follow the crystallographic directions of SrTiO3 and have sharp line-like edges. Increasing
the temperature to 1170 °C leads to the nanowires growing in size and connecting with each
other. Furthermore, their appearance now resembles melted-down nanowires. When the crystal
reaches 1190 °C, it is difficult to distinguish individual structures, as most of them are tightly
connected and are large in size. A porous structure begins to form, with the SrTiO3 substrate
being visible only in some places.

It is worth mentioning that experiments in crucibles and quartz tube were also performed
in order to find systematically the effect of the getter temperature on the growth of structures.
What was discovered was the fact that for the growth of the suboxide structures to occur, the
oxygen getter must have a much higher temperature than the strontium titanate, which is
impossible to accomplish with these annealing methods.
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Figure 7.11: The evolution of morphology on the surface of SrTiO3 as a function of temperature. The
white scale bar corresponds to 2µm. The colors in the description are indicative of the color of the
crystal at the given location (see Fig. 7.12a). Si getter was used.

7.2.4 Chemical composition of the suboxide layer grown on SrTiO3

These later stages of decomposition of strontium titanate lead to the formation of a layer
that does not appear as crystalline and organized as the nanowires. These structures, present
on the red and white region (Fig. 7.11), seem to form a thick, porous layer, which no longer
strictly follows the substrate directions. SIMS measurements were undertaken, in order to
establish how much the composition of this layer differs from the substrate and approximately
how thick the layer is.

The monocrystal annealed at high temperatures in the presence of a silicon getter had
a multitude of colors visible using the naked eye. These colors can be seen in the optical
microscope image (Fig. 7.12a). Both SEM and SIMS measurements were performed on each
section of the sample to correlate the colors to both morphology and chemical composition.
The chemical composition was measured using SIMS profiling and, as can be seen in Fig.
7.12b), it differs significantly from region to region. As expected, the higher the temperature
of annealing, the less strontium is present on the surface, as more and more of this element
leaves the crystal due to incongruent effusion. Furthermore, the profiles show that the depth
of the sub-oxide layer is profound and increase quickly with temperature. Stoichiometry was
reached only after approximately 500 nm for the red part of the crystal, which was annealed at
1170 °C, while the blue part of the crystal annealed at the temperature lower only by 30 °C,
stoichiometry was reached only after approximately 100 nm. The values of the CsTi+ to CsSr+

ratio also increase at higher annealing temperatures. The exact stoichiometry of the layer and
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Figure 7.12: a) Optical microscope image of the crystal (scale approximately 1mm by 6mm). b) SIMS
profiles of the different regions of the crystal. The profiles were normalized to a profile measured for an
as-received SrTiO3 crystal.

its chemical evolution with increasing temperature cannot be easily deduced from the profiles,
as the rich morphology of the surface affects the measured, signal since the measured ions
concurrently come to the detector from various depths of the porous sample.

7.3 Changes in electronic properties of the nanowire-covered
SrTiO3 surface after exposure to oxygen or air at RT

The obtained titanium monoxide nanowires, which differed so much from the strontium
titanate substrate, were investigated in the context of their electronic properties. The effect of
oxygen and air exposure on the properties of this system was also studied.

7.3.1 Experimental

The nanowire-covered substrate was prepared by annealing SrTiO3 at 1050 °C for one
hour in the presence of a silicon getter in UHV, using the current-through-sample method.
Two such crystals were prepared, one was used to study the effects of oxygen and the other
the impact of air exposure on the electronic properties.

The effect of oxygen exposure was initially investigated by imaging the surface, and then
by exposing it to 450L of oxygen in situ.

The effect of air exposure was studied by first measuring the properties of the sample
and then exposing it to air in the load-lock of the UHV system. Subsequently, the properties
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were measured again. In order to determine the impact of easily desorbing adsorbates, such as
nitrogen molecules and water, the monocrystal was then annealed at 230 °C for one hour and
subsequently studied again using KPFM.

7.3.2 The electronic properties of the nanowires on SrTiO3 substrate

Figure 7.13: The electronic properties of the nanowires on SrTiO3 as seen using LC-AFM a) topography
and b) current maps) and KPFM d) topography and e) work function. The KPFM map was collected
from the region marked in a). c) I-V curves measured on the spots depicted in b), and f) Kelvin
parabolas from points in e). These results were published in [85].

It comes as no surprise that the electronic properties of the nanowires and the SrTiO3
substrate differ. As demonstrated in Fig. 7.13b), the nanowires exhibit a higher conductance
than the substrate. The I-V curves (Fig. 7.13c) measured on top of the nanowire and on the
substrate show that the nanowires are more metallic-like than the reduced SrTiO3, which by
itself is also highly conductive. The higher conductance in the nanowires is most likely due to
two factors. First of all, the titanium ions in the nanostructures are in the form of Ti2+, which
provides d-band electrons responsible for metallic conductivity [224]. Second of all, as it was
described in [99], these nanowires form on top of a network of highly conductive dislocations.
The d-band electrons in SrTiO3 concentration are much lower, leading to lower conductance.

The work function of these structures also differs by 0.46 eV, as shown in the Kelvin
parabolas (Fig. 7.13c). The value of the work function for the substrate is equal to 3.1(2) eV,
and of the nanowire 3.3(3) eV. The value for nanowires is, within uncertainties, equal to the
value published for TiO nanoparticles (size 14 nm), i.e. 3.01 eV[225]. It was assumed at this
point that the nanoparticles studied by Chen et al. (2014) [225] were also covered with a
layer of Ti3O5, just as the nanowires studied here. The work function of the SrTiO3 substrate
is much lower than in the case of stoichiometric strontium titanate (3.1(2) eV compared to
4.2 eV to 4.3 eV[222],[223]), which points to a high level of reduction of the crystal. Comparing
this value to the work functions of systematically reduced SrTiO3 (as depicted in Fig. 7.5),
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it can be sees that the work function of SrTiO3 reduced on silicon oscillates in the range of
values from 2.8 eV to 3.3 eV. This leveling off at approximately 3.0(2) eV may indicate that the
surface is reduced to a final concentration of oxygen vacancies, and further reduction occurs at
the bulk, and therefore does not affect the value of the work function. The changes of the work
function due to incongruent sublimation lead to the formation of structures at the expense of
the surface, thus the effusion of strontium should, most likely, not affect the work function of
the substrate in-between the nanowires.
As can be seen in Fig. 7.13e), the edges of nanowires have a slightly lower work function,

with the value of the work function on the structures varying by up to 300meV. Such variations
are most likely due to the fact that at the different sides of the structure, diverse crystal
surfaces are present. The work function differences between various surfaces of the same crystal
have been observed in many cases, such as for TiO2 [226], SrTiO3 [227] and even on single
grains of CuGaSe2 [228]. The exact surfaces exposed are difficult to determine, as no high
resolution STM images on the faces have been collected.

7.3.3 The effect of oxygen exposure at RT on the electronic properties of
the nanowires on the SrTiO3 substrate

Figure 7.14: The LC-AFM topography and current maps of SrTiO3 before and after oxidation at room
temperature. The scale bar represents 400 nm.

The conductance of the nanowires does not change after exposure to oxygen, as can be
seen in Fig. 7.14. The nanowires are so conductive that even an extremely low bias is enough to
reach the maximal current measurable by the microscope. In the case of highly reduced SrTiO3
substrate, it had been studied for higher biases by Wrana et al. (2018) [85] and demonstrated
that exposure to 100 L is enough to switch the conductance of such a surface from high to low
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conductivity. The fact that the nanowires remain conductive suggests that they are formed on
highly conductive defects, such as dislocations, which provide a low-resistance pathway to the
current flow.

Figure 7.15: The KPFM topography and work function maps before a), b) and after c), d) oxidation at
room temperature. The scale bar represents 400 nm.

The changes in the work function of the nanowire-covered SrTiO3 can be seen in Fig.
7.15. The overall character of the surface did not change, as the nanowires still have a higher
work function than the substrate. However, all of the values are shifted upwards. As depicted
in the histograms in Fig. 7.16, oxidation at RT increases the work function of the system
by approximately 0.5 eV. For SrTiO3, an increase in the work function due to oxidation at
RT has been shown for SrTiO3 reduced at 1110 °C (increase by 0.6 eV - see Fig. 7.5), and
SrTiO3 reduced at 900 °C (increase by 0.55 eV) [85]. As described in Subsection 7.1.3, this
change in the electronic property is due to the filling of oxygen vacancies which were present
on the reduced strontium titanate. The change in the work function of the nanowires is not
as easily explained. The nanowires are a complex system with a Ti3O5 layer covering the
TiO core, and the subsequent exposure to oxygen could either lead to the healing of possible
oxygen vacancies, or a further phase change of the surface layer to another titanium oxide. The
fact that a similar change in values is observed suggests that a similar mechanism is taking
place, i.e. the filling of vacancies, however without theoretical modeling, the answer cannot be
established with confidence.
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Figure 7.16: The histograms of the work function based on the maps from Fig. 7.15, showing the
changes in this property after oxidation at room temperature.

7.3.4 The effect of air exposure at RT on the electronic properties of the
nanowires on the SrTiO3 substrate

Regardless of the system studied, most devices work at normal pressures and in air, and in
order to bring the results closer to the application side, the effect of exposure to such conditions
on the properties of the nanowire-covered SrTiO3 system was also studied.

Figure 7.17: The effect of air exposure and the subsequent annealing at 230 °C on the work function of
the nanowires and SrTiO3 substrate as depicted by a) KPFM maps, b) work function histograms, and
c) a graph. These results were published in [85].

A reduced sample was exposed to air at atmospheric pressure by venting it in the load-
lock of the UHV system, and, as can be seen in Fig. 7.17a), no new structures appeared
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on the surface. There were, however, changes in the electronic properties of the system, as
demonstrated in the histogram in Fig. 7.17b). The work function of the whole system increased.
The work function value of the nanowires increased from 3.3(3) eV to 3.9(2) eV, and for the
substrate it increased from 3.1(2) eV to 3.84(8) eV. These increases may be due to the oxygen
in the air, water or other adsorbates (such as organic adsorbates). Oxygen most likely plays
the main role, as the increase in value is almost exactly the same as the increase discussed in
the previous section, where samples were exposed to pure oxygen. To test this hypothesis, the
sample was annealed at 230 °C in order to remove adsorbed water. In all cases, the removal of
water from the surface led to a drop in the work function (by 0.17(28) eV for the nanowires
and 0.43(19) eV for SrTiO3). This demonstrated that the water which forms a dipole layer
on the surface, increases the overall work function of these oxides, which was also reported
for TiO2 [229], [230]. The similarity of the work function values in the sample exposed to air
and then annealed at 230 °C and the sample that was only exposed to oxygen, indicates that
the effect of organic adsorbates on the work function in these short time frames is not that
significant, and the influence of oxygen and water is the most important.
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Chapter 8

Changes induced by annealing in oxy-
gen on the nanowire-covered SrTiO3
surface

The nanowire-covered SrTiO3 is a unique system with two different crystallographic,
well-defined phases coexisting on the surface. Furthermore, each of the phases has their own set
of electronic properties. In this chapter the system will be studied in the context of very harsh
oxidizing conditions, i.e. annealing in oxygen. As it will be shown, this will lead to changes not
only in properties, such as was the case in RT-oxidized sample, but also to dramatic changes in
composition of both SrTiO3 and TiO. The changes in properties will be investigated using SPM
techniques, while the structural and chemical changes will be studied using HAADF-TEM.

8.1 Growth of structures on the nanowire-covered SrTiO3 due
to oxidation

8.1.1 Experimental

The oxidation was performed in two different ways in order to study the early and late
stages of the oxidation.

The initial stages of oxidation due to annealing in oxygen were performed in UHV by
annealing the nanowire-covered monocrystal (obtained by annealing SrTiO3 at 1160 °C for
one hour in the presence of silicon) on a current-through-sample holder for one hour at 800 °C,
at the oxygen pressure of 5× 10−8mbar. The surface crystallography was investigated using
LEED, while changes in morphology and electronic properties were studied using KPFM and
LC-AFM. STM was used as a supportive technique.

The later stages of oxidation were studied by annealing the crystal in a quartz tube at
800 °C at relatively high oxygen pressure of 2 × 10−2mbar. The nanowire-covered sample
was obtained by annealing SrTiO3 at 1150 °C for 23min in the presence of titanium foil on
an electron-beam holder. The changes due to oxidation were studied using AFM and SEM.
Subsequently, a lamella was made and a thorough HAADF-TEM measurement was performed.
The chemical composition of the crystal was studied using EDX.
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Figure 8.1: The LEED patterns for SrTiO3 surfaces: a) annealed in UHV in 1160 °C, b) then oxidized
at RT, c) then annealed at 800 °C in oxygen. The LEED pattern evolves from (

√
5x
√
5 R26.6°) for the

reduced sample, through (
√
5x
√
5 R26.6°) with dominating (1x1) spots for the RT oxidized sample, to

a very weak (1x1) reconstruction for the surface oxidized at 800 °C at the pressure of 5× 10−8mbar.
All LEED patterns were collected for the electron energy of 106 eV.

8.1.2 Changes in morphology

Oxidation at 800 °C was first investigated in the context of surface crystallography. The
LEED patterns change due to oxidation (Fig. 8.1). The reduced surface displays the clear
(
√
5x
√
5 R26.6°), while oxidation at RT leads to the weakening of the spots of this reconstruction,

with (1x1) showing the greatest intensity. Oxidation at 800 °C causes the surface to develop
the basic (1x1) reconstruction with spots of weak signal-to-noise ratio.

Figure 8.2: The LC-AFM and STM topography maps of SrTiO3 before a), b) and after oxidation at
800 °C at the oxygen pressure of 5× 10−8mbar c), d). The STM images were collected for 1.1V, 10 pA
and 1.3V, 10 pA in case of image b) and d) respectively.

As it was described in Subsection 7.1.2, the weakening of the reconstruction (
√
5x
√
5

R26.6°) implies that the oxygen deficiency is partially healed during exposure to oxygen at
RT. When the surface is oxidized at 800 °C, the (

√
5x
√
5 R26.6°) reconstruction is not present,
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and only the (1x1) reconstruction remains. However, the signal-to-noise ratio is very weak.
In general, diffraction patterns with low signal-to-noise ratio may indicate that the surface is
significantly defected, is covered by adsorbates, or that the domain sizes are very small.

The answer to the question of low-quality LEED patterns can be seen in the topography
images taken before and after oxidation at 800 °C (Fig. 8.2). Oxidation at 800 °C leads to the
formation of nanostructures on the surface. Before oxidation, the surface was nanowire-covered,
but after oxidation, islands of a diameter of approximately 6 nm grew between and on the
nanowires. The islands did not follow any crystallographic directions of the surface. The terraces
appeared to be unchanged and most likely were the source of the (1x1) reconstruction that can
be seen in the LEED pattern (Fig. 8.1). The islands which grew on the surface were too small
to create their own diffraction pattern, even if they were crystalline. The low signal-to-noise
ratio could be caused by the fact that the nanostructures mask most of the terraces, only
leaving small parts of the surface, which may be the source of the (1x1) reconstruction.

Figure 8.3: The AFM morphology a) before and b) after oxidation at 2× 10−2mbar of oxygen at 800 °C.
c) SEM image of the oxidized surface collected at an angle of 50°. The scale bar corresponds to 1µm.

The latter stages of oxidation were studied by annealing at the same temperature, but at
higher oxygen pressures (2× 10−2mbar instead of 5× 10−8mbar). Such conditions led to even
greater changes on the surface, as can be seen in Fig. 8.3. The surface was thoroughly covered
by structures (Fig. 8.3b), and as can be seen in the SEM image (Fig. 8.3c), these structures
protrude from a film of a new substance which grew on the surface. A comparison of the results
for both oxygen partial pressures reveals that increasing the oxygen partial pressure leads to
the change of the type of structures that cover the surface, from separate islands to a film of
new material. In both cases, new objects form on both SrTiO3 as well as the nanowires.

8.1.3 Changes in the structure and composition of the nanostructures

In order to establish what is the nature of the structures that grew during oxidation,
i.e. their chemical composition and crystallographic structure, many analytical methods were
employed. At first, simple SEM-EDX measurements were attempted, but a set of difficulties
was encountered. First of all, the structures were too small for EDX mapping. Second of all,
when the mapping of the film was attempted, the high roughness of the surface resulted in
oxygen-to-titanium ratios that were high enough to be doubtful. The spectra for the nanowires
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showed only titanium and oxygen, but their ratio indicated a titanium oxide of an oxidation
state higher than 2 (even up to 5). This is due to the fact that the ZAF correction (atomic,
absorption and fluorescence effect corrections) used during the quantification of the EDX
signal assumes a flat surface and a uniform distribution of the elements in the investigated
region, which was not the case. Moreover, the crystallography of the structures could not be
studied using EBSD, as the lack of diffraction spots could be either due to an amorphous
surface or because of the high roughness of the surface. Accordingly, it was necessary to use to
HAADF-TEM in order to determine conclusively what grew on the surface.

Figure 8.4: a) A colored HAADF-TEM image, where the red rectangle corresponds to the insert in b)
from which FFT was obtained. c), d), e), f), g) show the phases identified using decomposition and
their FFT patterns.

The HAADF-TEM image in Fig. 8.4a) indicates that significant changes occurred in the
crystal, both in its composition and its structure, and that their scope was up to 100 nm
in depth. Since this technique is extremely sensitive to changes in the atomic number, with
greater intensity being associated with a greater atomic number, it can be seen that the newly
formed layer is of lower density than SrTiO3. Furthermore, the layer is not uniform with the
existing regions of higher and lower intensity. An examination of the the magnified region in
Fig. 8.4b) reveals, that some regions have a highly crystalline character, with noticeable atoms
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and atomic planes, while other regions do not, as they only show a uniform color.
The crystalline structure of the regions was investigated using FFT of the region seen in

Fig. 8.4b), and decomposition revealed that five regions could be identified. Three of them
showed the same diffraction pattern, Fig. 8.4c), d), e). They are, however, rotated in relation to
each other. The pattern is rectangular and characteristic of SrTiO3. It can be safely assumed
that the pattern corresponds to this crystal structure, as the bottom part of the image in Fig.
8.4c) is, in fact, the substrate. The FFT image of the region shown in Fig. 8.4f), is fragmentary
and has just four spots, which suggests that the region at hand is not well-organized and may
be polycrystalline. The last region, seen in Fig. 8.4g), is mostly located on the borders of the
SrTiO3 regions. Due to its low signal-to-noise ratio and spot location corresponding to SrTiO3
symmetry, this region may correspond to highly defected strontium titanate. The nature of this
region, however, cannot be clearly ascertained from the four spots alone, as such rectangular
symmetry is common, and may be found in titanium oxides also (e.g. TiO).
The changes in chemical composition were also investigated in the same region as in Fig.

8.4 using EDX, with the results of the decomposition shown in Fig. 8.5. As can be seen, three
main regions were separated. The first region, seen in Fig. 8.5b), depicts the crystal bulk and
part of the changed region. The EDX spectrum indicates that it is composed of Sr, Ti and
O, which, coupled with the FFT images (Fig. 8.4a, b, c), clearly reveals that this region is
composed of SrTiO3. The second region (Fig. 8.5c) covers most of the measured sample, with
the exception of the bulk of the nanowire and a small part under it. The spectrum has no signs
of titanium, only strontium and oxygen. This suggests that the region seen in Fig. 8.4e), g), f)
is a mixed region with strontium titanate and a strontium oxide. The fact that this region
also covers the area shown in Fig. 8.5b) means that the decomposition is not perfect, and that
some overlap due to the similarity and high signal of these two components exists. The last
region, seen in Fig. 8.5d), makes up the bulk of the nanowire and part of the modified area
over the SrTiO3 bulk. It is composed predominantly of titanium and oxygen, with a small peak
of strontium. The FFT images from this region are represented in Fig. 8.4g) and correspond
to a not-highly crystalline region, which could be polycrystalline titanium oxide.
The difficulty in clearly distinguishing the phases based on the FFT images and the

EDX maps stems from the fact that the lamella is relatively thick, measuring more than
100 nm, which averages the signal over a great volume of material. These results therefore
allow only for the preliminary observation of the processes which occur during the oxidation
of the nanowire-covered strontium titanate. They point to the fact that great movement of
atoms occurs in the surface and subsurface region, which gives rise to new oxide phases. A
further, more detailed analysis will require a thinner sample.
The oxidation of strontium titanate has been studied extensively and many observations

about the result of this process have been made. The formation of the following entities has
been observed in oxidizing conditions on the SrTiO3 crystal: SrO islands [231], a SrOx layer
[232], SrO layer with a cover of SrCO3 [233], SrOx islands [234], plane defects in the form of
SrO · n(SrTiO3) or Ruddlesden-Popper phases [235], microcrystallites of SrO, SrTi12O19, or
even TiO [236], SrOx droplets that crystallize into SrO islands [237], SrO in a cubic SrTiO3
phase [238], clustered islands of Srn+1TinO3n+1 composition [239], or even subsurface voids
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Figure 8.5: a) A HAADF-TEM image at 160k magnification, showing a cross-section of the oxide layer
on top of previously nanowire-covered SrTiO3. The results of the decomposition of EDX data showing
three regions and their corresponding spectra: b) the SrTiO3 substrate, c) strontium oxide, d) titanium
oxide.

[240]. Oxidation has also been observed to change the reconstruction of the surface, with a
(1x1) reconstruction during oxidation at 710 °C [241] to c(4x2), (2x1), c(6x2) at temperatures
in range of 900 °C to 1100 °C [240]. Furthermore, it has been proposed that at the start of
oxidation, up to 0.2mol% of SrO is redistributed in the bulk in the form of a solid solution
[242], and later separates on the surface leading to the growth of structures [238]. A wide
range of existence of possible phases can be encountered, depending on the thermodynamic
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conditions as the Sr-Ti-O phase diagram shows [243].
The above-mentioned changes in the structure and composition are a consequence of

thermodynamically driven strontium segregation [238]. Such evolution of the surface layer of
SrTiO3 starts from temperatures as low as 600 °C [244], provided oxidizing conditions. The
general equation describing the occurring reaction is [244]:

k · SrTiO3 −−→ p · SrTiO3 + q · SrO(SrTiO3)n + q · TiO2, (8.1)

where k = q · (n + 1) + p. Szot et al. (1996) [244] reported that the segregation leads to
the formation of strontium-rich Ruddlesden-Popper phases at the surface, while under this a
layer of titanium-rich Magnéli phases develops. The great variety of experimentally observed
oxide phases stems from the discrepancies in the thermodynamic conditions in each of the
experiments, which leads to the diversity of strontium oxides phases, due to the fact that
oxide crystals can by their nature exist in many forms and stoichiometries. Moreover, the
experiments may capture stages of the oxidation, as these experiments have different durations
of annealing, as well as different heating and cooling rates. The oxidation of SrTiO3 requires a
systematic study in order to provide the general mechanism of the formation of these phases
and structures. It seems likely, based on the various results lined out before, that the first stage
is the formation of 2D plane defects in the form of Ruddlesden-Popper phases, which, once a
critical density has been reached transform into more oxidized forms, such as SrOx, and finally
SrO islands, and layers on the surface. As shown in equation 8.1, the formation of titanium
oxide phases is another process that invariably occurs (as this is a segregation reaction). The
equation describes equilibrium conditions, but in short time frames, the formation of titanium
oxides of lesser oxidation state, i.e. Magnéli phases, would occur.
The changes shown in the HAADF-TEM images and EDX maps can be explained in

the context of segregation. The oxidizing conditions lead to changes in the top layer of the
crystal, with a multitude of phases coexisting. The FFT images, seen in Fig. 8.4, show that
the layer is polycrystalline, and that crystallites of the same pattern, but rotated by some
angle, are present. Furthermore, these crystallites are separated from each other by regions of
lower density, and worse crystalline order. Taking into account equation 8.1, as well as the
conservation of mass, it can be deduced that this region is titanium rich and that it is most
likely composed of titanium suboxides, such as Magnéli phases. Additional evidence is provided
by the EDX results (Fig. 8.5d), which indicate that these regions tend to be titanium-rich.
The exact nature of these phases is not known, due to the averaging related to the significant
thickness of the lamella.
The nanowire changes drastically after oxidation, as can be seen in Fig. 8.6. Before

oxidation, the nanowire was crystalline, and composed of titanium and oxygen, while after
oxidation, the bulk of the nanowire was polycrystalline (Fig. 8.6a) and contained strontium
(Fig. 8.6b). Furthermore, the top surface of the nanowire was also covered by strontium-rich
oxides. There remains one region containing only titanium and oxygen and it was sandwiched
between the previously mentioned regions (Fig. 8.6d). The composition of the titanium-oxygen
layer is not known exactly, but it should be closer to titanium dioxide, as the oxidizing condition
would certainly increase the oxidation state of titanium ions in the nanostructure. Since rutile
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Figure 8.6: a) A HAADF-TEM image at 450k magnification showing a cross-section of the oxide layer
on top of the previously nanowire-covered SrTiO3. The results of the decomposition of EDX data
showing three regions and their corresponding spectra: b) the SrTiO3 substrate, c) strontium oxide, d)
titanium oxide.

TiO2 is the most stable form in oxygen rich conditions [32], it can be assumed that the end
result of prolonged oxidation of TiO would be rutile. However, in the presence of strontium
titanate this is not the only possible result and the process depends on the relative stability of
rutile as compared to the phases that form in the vicinity.

8.1.4 The electronic properties of the structures grown during oxidation

The electronic properties of the oxidized at 800 °C at oxygen pressure 5× 10−8mbar was
investigated in situ using KPFM and LC-AFM. As can be seen in Fig. 8.7, the oxidation
changes the values of the work function. The low resolution in the KPFM images does not
enable the imaging of the individual islands that cover the sample, but it provides the average
work function of the surface and nanowire regions. The histogram obtained from this image
was compared to the histograms from the reduced and oxidized at room temperature in Fig.
8.8. The surface oxidized at high temperatures has a much higher work function than the
work function of the reduced crystal, but it has almost the same work function as the one
oxidized at room temperature. The reported value of the work function of SrO is 3.3 eV [245],
while the work function of SrTiO3 is 4.2 eV to 4.3 eV[222], [223]. The chemical formula for the
Ruddlesden-Popper phases is SrO · n(SrTiO3), which in the first approximation is in between
the ones for SrO and SrTiO3. Accordingly, it may be assumed that the value of the work
function is between the two, which would fit the data in histograms.
The changes in conductance are much more dramatic than the changes in work function,
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Figure 8.7: The KPFM topography and work function maps before a), b) and after c), d) oxidation at
800 °C at the oxygen pressure of 5× 10−8mbar. The scale bar represents 400 nm.

Figure 8.8: The histograms of the work function showing the changes due to oxidation at room
temperature and during annealing at 800 °C at the oxygen pressure of 5× 10−8mbar. The histograms
are based on the maps from Fig. 7.15 and Fig. 8.7.

as can be seen in Fig. 8.9. Oxidation at 800 °C changes the character of the nanowires, with a
clear inversion of their properties seen in the current maps. The previously highly-conductive
nanowires are nonconductive after oxidation. This is most likely tied to the phase changes in
the nanowire bulk, seen in the TEM images (Fig. 8.6). The low conductance may be explained
by a possible change of the composition of the bulk of the nanowire from titanium monoxide
to a form close to titanium dioxide. The area between the nanowires appears to be highly
conductive at large scales, but an investigation at bigger magnifications (Fig. 8.10) reveals that
the substrate is not highly conductive, but the nanostructures that have grown on it are. Since
from Fig. 8.5 and Fig. 8.9, it appears that structures also grow on the nanowires, the difference
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in conductance most likely lies in the interfaces between these structures and the substrate.
The STM image in Fig. 8.10a) shows that the changes in the substrate are not extensive, and
it appears to be just covered by islands. Thus, the interface would most likely be composed
of strontium oxide and SrTiO3, while the interface between the islands and nanowires may
be composed of strontium oxide and titanium oxides. Furthermore, the composition of the
substrate may be different in the regions covered than in the regions not covered by the newly
formed islands.

Figure 8.9: The LC-AFM topography and current maps of SrTiO3 before and after oxidation at 800 °C
at the oxygen pressure of 5× 10−8mbar. The scale bar represents 400 nm.

Figure 8.10: a) The STM topography showing nanostructures formed on the surface of SrTiO3 as a
result of oxidation at 800 °C at the oxygen pressure of 5× 10−8mbar. The LC-AFM b) topography and
c) current maps showing the properties of these nanostructures. The STM image was acquired for the
bias of 1.3V and the set point of 10 pA, while the LC-AFM image was acquired for the bias of 1mV.
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The chemical nature of the islands grown during oxidation is difficult to ascertain. Published
articles often describe SrO islands growing on the surface of SrTiO3 in oxidizing conditions
[231], [237], but SrO crystals are not highly conductive [246] (conductivity of 1×10−8 Ω−1 cm−1).
The high conductance of the observed islands could be due to their small size, and therefore, a
high defect density, or to the fact that they could be composed not of SrO, but of SrOx or
even represent a complex entity. The TEM results show a much more oxidized sample, while
the LC-AFM results show the beginning stages of oxidation, and therefore, the structure of
the islands and the layer studied using TEM could differ.

97



Chapter 9

Conclusions

The goal of this dissertation was to investigate the effect of reduction and oxidation at
nanoscale on the electronic properties of transition metal oxides, i.e. titanium dioxide and
strontium titanate. Understanding the redox processes and their effect on the transition metal
oxides is deemed to be crucial for targeted design of applications. These processes can be
induced in various ways, such as by ion sputtering, annealing in UHV, repeated sputtering
and annealing, exposure to oxygen or air, or annealing in oxygen. All of these methods change
the equilibrium state of the crystal, affecting its properties. It has been shown in this work
that these methods can be used to introduce a significant extent of changes in the chemical
composition, morphology, crystallography and electronic properties of the sample.

At first glance, annealing TiO2 in UHV appears to be a straightforward process, but as
the results presented in Chapter 5 demonstrate, this is not the case. The high temperature
coupled with reducing conditions not only cause reduction to occur, but also introduce impurity
segregation. It is evident even at the macroscopic scale that the crystal is reduced, as it changes
color. However, another process, i.e. segregation, also takes place. The first indication of
impurity segregation is the appearance of the new reconstruction, c(2x2), at 800 °C, then, at
approximately 1100 °C, the well-known calcium-induced c(6x2) reconstruction develops. At the
same temperature islands begin to grow, and at extreme temperatures, such as 1350 °C, areas
of high roughness can also be seen. These changes in chemical composition are reflected in the
sample’s electronic properties. The conductance of the surface rises due to reduction, but at close
to the temperature where segregation starts to play a significant role, the conductance drops
and then rises slowly. LC-AFM maps indicate that calcium-rich islands have low conductivity
compared to the terraces. This also suggests that the diffused in the crystal calcium lowers
the conductance. The work function of the surface is also affected. The expected monotonic
lowering of the work function due to the increasing oxygen defect density is not observed.
However, a more complex process can be seen. The work function reacts both to the change
in oxygen concentration and to the formation of new reconstructions on the surface. The
oxidation at RT of TiO2 annealed at 800 °C was also investigated, and the fact that both
electronic properties react so strongly to the exposure to oxygen suggests that even though
impurities are present on the surface, the oxygen deficiency defines the electronic properties of
titanium dioxide. Chapter 5 demonstrates that annealing in UHV is a complex process which
leads not only reduction, but also to the undesirable effect of segregation.

Chapter 6 described the changes that occur in titanium dioxide as a result of ion sputtering,
following annealing and repeated sputtering and annealing. The repeated sputtering and
annealing, commonly known as cleaning cycles, is a time-tested technique of obtaining a clean
(1x1) reconstructed TiO2 (110) surface. Accordingly, this method is used around the world as
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a way of preparing the surface for experiments. The goal of the chapter was to investigate how
these two reducing processes, sputtering and annealing, can lead to a stoichiometric surface.
It was demonstrated that sputtering causes the surface to become rough, with no long-range
ordering, and it leads to the surface being highly non-stoichiometric, with 35% titanium ions
at the third oxidation state and 5% at the second. The changes in composition are present
to up to the depth of 8 nm. The high number of reduced species on the surface leads to a
high, metallic-like conductance and very low work function. The subsequent annealing changes
the surface drastically: long-range order reappears in the form of the stoichiometric (1x1)
reconstruction and the surface is covered with large terraces. Furthermore, the XPS spectrum
show that all titanium ions are in the form of Ti4+, however SIMS profiles indicate that the
subsurface layer is affected by the CCs, up to the depth of 4 nm, a slight non-stoichiometry
can be detected. The work function reflects the restoration of order and stoichiometry, as it
increases drastically, and the conductance drops and displays semiconductor-like behavior.
The investigations of repeated CCs show that even though the surface remains stoichiometric
and has the (1x1) reconstruction, the electronic properties are not constant. The conductance
increases, and the I-V curves become more and more metallic-like with the increase in the
number of CCs, while the work function also increases and then levels out. This steep change
then plateau behavior is the same for both properties, and stems from the fact that both of them
are surface properties and even though sputtering and annealing keep on changing the crystal’s
composition, these properties are not sensitive to that. Accordingly, it can be concluded that
after a critical number of cycles, regardless of the number of cycles that are performed, the
same surface is obtained. The above-mentioned results indicate that the act of destroying the
long-range order and stoichiometry during sputtering and the total recrystallization of the
surface allows for better stoichiometry of the surface to be reached (regardless of the fact that
this process leads more reduction of the whole crystal). This result indicates why cleaning
cycles are preferential over only annealing as a surface-preparation method. Furthermore, the
CC preparation method reliably removes the impurities that segregate during annealing, as it
was shown on the SIMS spectra. As was shown in this work, impurities affect the work function
drastically, so their removal is of utmost importance. This dissertation also demonstrated that
the mechanism of reduction due to a single round of sputtering and annealing and of multiple
cycles of equivalent fluence is not the same. This is because, sputtering in a single step reduces
the crystal only up to a point and then simply thins it, while doing it in multiple cycles,
makes further reduction possible. The crystal is annealed between the sputtering stages, thus
the crystal’s surface can recrystallize and reoxidize, therefore each time during sputtering, a
quazi-stoichiometric surface is sputtered. This leads to the paradoxical situation where multiple
cycles reduce and change the crystal to a greater extent than a single cycle of equivalent
fluence, and yet the resulting surface is cleaner and more stoichiometric.

The effect of thermal annealing in UHV on the electronic properties and morphology
of SrTiO3 was described in Chapter 7. At the relatively low temperatures (up to 1100 °C),
the dominant process during annealing of strontium titanate is reduction. In this regime,
the effect of the presence of oxygen getter substance was studied. What was discovered was
that even at such temperatures, the oxygen partial pressure, which is influenced by the getter
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substance, affects the properties of the obtained surface. The lower oxygen pressure leads to a
higher reduction of the crystal, which influences the reconstruction of the surface. The crystal
annealed without a getter in the vicinity has the (1x1) reconstruction even at 1100 °C, while
the crystal which was annealed on silicon evolves through the (2x2), to c(2x2) and finally the
(
√
13x
√
13 R33.7°) reconstruction. These differences are reflected in the work function, with

the SrTiO3 annealed on TiO2, maintaining approximately the same work function regardless of
the temperature, while the surface annealed on Si shows a sudden drop in the work function of
0.8 eV, at temperatures higher than 800 °C. These results show that when designing experiments
into the redox of transition metal oxides, an important consideration is that there are substances
that will affect the oxygen partial pressure and therefore the rate of reduction, which may
impact the results of the experiments.
The second part of Chapter 7 was concerned with higher annealing temperatures, which

is a regime where not only reduction takes place but incongruent effusion also occurs. This
process takes place at high temperatures and at low oxygen partial pressures, and leads to the
decomposition of the crystal by means of intense strontium effusion. As a result, nanowires
form on the surface of the crystal, with their bulk made up of TiO and their surface of Ti3O5,
as shown for the first time using EBSD. Moreover, it has been presented that different oxygen
getters lower the oxygen partial pressure with different intensity. This was proven by the
observation that different stages of growth of the nanowires can be seen at the same temperature
of the crystal in presence of titanium or silicon. When annealing in the presence of titanium,
nanowires can be seen even at 1050 °C, while in the case of silicon getter, nanowires develop
at approximately 1150 °C. This shows that titanium lowers the oxygen partial pressure much
more than silicon. This chapter also described the end stages of the decomposition of strontium
titanate. The manner in which nanowires grow and form a porous, titanium suboxide layer
is demonstrated. The electronic properties of the nanowire-covered strontium titanate were
studied in the context of oxidation. It was found that the nanowires remain highly conductive
even after exposure to oxygen at RT. The work function, however, increased, which implies
that some oxidation takes place, but not significantly enough to affect conductivity. During
exposure to air, it was discovered that the work function increases by approx. the same amount
as in the case of pure oxygen. The only difference was that water adsorbs on the surface, which
increases the work function by approximately 0.4 eV. In the time frames of the experiment,
organic adsorbates present in air do not seem to affect the properties of the sample.
Chapter 8 described the effect of annealing in oxygen on nanowire-covered strontium

titanate. Two regimes were studied, i.e. low and high oxygen pressure. In both cases the
morphology of the surface changes as new oxide structures grow on it. At low oxygen pressures,
the surface becomes covered with nanostructures, but it retains some of its previous features.
The SrTiO3 diffraction pattern becomes weaker, but it is still present, which indicates that
at this stage, the terraces are still made up of this crystal. The chemical composition of the
nanostructures is not known, but based on published literature, it is most likely SrOx. The
electronic properties of the surface are affected by annealing in oxygen, as the nanowires switch
off and are no longer conductive. The nanostructures, on the other hand, conduct electricity
very well. Surprisingly, the work function remains almost exactly the same as for samples
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oxidized at RT. This most likely means that the new structures which dominate the surface
have a work function that is very close to the work function of strontium titanate. At high
oxygen pressure, the situation changes, with the surface completely covered with an oxide film.
A TEM investigation showed that the crystal was drastically changed, the SrTiO3 substrate was
covered with a layer composed of titanium oxides and strontium oxides, intertwined together.
The film appears to be polycrystalline, with areas of very low crystallinity. The nanowires are
completely changed by the harsh oxidation, leaving intact just their shape and the thin layer
of titanium oxide in them.
The processes investigated in this dissertation can be considered as means of inducing

change in the crystals by affecting the equilibrium concentration of oxygen vacancies. During
reduction, vacancy formation is induced, while during oxidation, vacancy annihilation is induced.
These changes occur, first and foremost, on the surface, but, given appropriate conditions,
changes can occur in the whole crystal volume. Even though the presented experiments mostly
modify the depth of only several nanometers of the crystal, the changes in properties are not
minuscule, but drastic. What was observed was the complete switching of electric properties,
from non-conductive to conductive, as well as extensive changes in the work function, by even
150%. The changes in the equilibrium conditions led to movement of atoms leading to the
formation of new phases, segregation of impurities and rearrangement of atoms on the surface.
The reversal of some of the changes was possible through exposing the crystals to oxygen, as
oxygen was incorporated into the reduced crystal. Furthermore, oxidation was shown to be
a means of new phase formation. All of this demonstrates that redox processes can be used
to modify transition metal oxides, in their composition, crystal structure and properties, in
order to make them suitable for a variety of experiments and applications. It is hoped that this
dissertation will be used as a road-map to other researchers investigating the redox processes
at nanoscale.
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[85] D. Wrana, C. Rodenbücher, W. Bełza, K. Szot, and F. Krok, “In situ study of redox
processes on the surface of SrTiO3 single crystals,” Appl. Surf. Sci., vol. 432, pp. 46–52,
2018.
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G. Rocker, “Surface defects of TiO2(110): A combined XPS, XAES AND ELS study,”
Surf. Sci., vol. 139, no. 2-3, pp. 333–346, 1984.

[87] D. J. Smith, M. R. McCartney, and L. A. Bursill, “The electron-beam-induced reduction
of transition metal oxide surfaces to metallic lower oxides,” Ultramicroscopy, vol. 23,
no. 3-4, pp. 299–303, 1987.

108



Bibliography

[88] L. Andronic and A. Enesca, “Black TiO2 Synthesis by Chemical Reduction Methods for
Photocatalysis Applications,” Front. Chem., vol. 8, no. November, pp. 1–8, 2020.
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and O. R. De La Fuente, “Formation of titanium monoxide (001) single-crystalline thin
film induced by ion bombardment of titanium dioxide (110),” Nat. Commun., vol. 6,
no. 001, pp. 1–6, 2015.

[106] V. S. Lusvardi, M. A. Barteau, J. G. Chen, J. Eng, B. Frühberger, and A. Teplyakov,
“An NEXAFS investigation of the reduction and reoxidation of TiO2(001),” Surf. Sci.,
vol. 397, no. 1-3, pp. 237–250, 1998.

[107] S. Hashimoto and A. Tanaka, “Alteration of Ti 2p XPS spectrum for titanium oxide
by low-energy Ar ion bombardment,” Surf. Interface Anal., vol. 34, no. 1, pp. 262–265,
2002.

[108] R. Shimizu, K. Iwaya, T. Ohsawa, T. Hasegawa, T. Hashizume, and T. Hitosugi, “Sim-
plified method to prepare atomically-ordered TiO2 (1 1 0)-(1 × 1) surfaces with steps
and terraces,” Appl. Surf. Sci., vol. 257, no. 11, pp. 4867–4869, 2011.

[109] M. Setvin, J. Hulva, G. S. Parkinson, M. Schmid, and U. Diebold, “Electron transfer
between anatase TiO2 and an O2 molecule directly observed by atomic force microscopy,”
Proc. Natl. Acad. Sci. U. S. A., vol. 114, no. 13, pp. E2556–E2562, 2017.

110



Bibliography

[110] D. S. Humphrey, C. L. Pang, Q. Chen, and G. Thornton, “Electron induced nanoscale
engineering of rutile TiO2 surfaces,” Nanotechnology, vol. 30, no. 2, 2019.

[111] Y. Du, N. A. Deskins, Z. Zhang, Z. Dohnalek, M. Dupuis, and I. Lyubinetsky, “Formation
of O adatom pairs and charge transfer upon O2 dissociation on reduced TiO2(110),”
Phys. Chem. Chem. Phys., vol. 12, no. 24, pp. 6337–6344, 2010.

[112] D. Katsube, S. Ojima, E. Inami, and M. Abe, “Atomic-resolution imaging of rutile
TiO2(110)-(1 × 2) reconstructed surface by non-contact atomic force microscopy,” Beil-
stein J. Nanotechnol., vol. 11, no. 110, pp. 443–449, 2020.

[113] N. G. Petrik and G. A. Kimmel, “Electron- and hole-mediated reactions in UV-irradiated
O2 adsorbed on reduced rutile TiO2(110),” J. Phys. Chem. C, vol. 115, no. 1, pp. 152–164,
2011.

[114] A. Borodin and M. Reichling, “Characterizing TiO2(110) surface states by their work
function,” Phys. Chem. Chem. Phys., vol. 13, no. 34, pp. 15442–15447, 2011.

[115] C. M. Yim, C. L. Pang, and G. Thornton, “Oxygen vacancy origin of the surface band-gap
state of TiO2(110),” Phys. Rev. Lett., vol. 104, no. 3, pp. 2–5, 2010.

[116] Y. K. Kim and C. C. Hwang, “Photoemission study on the adsorption of ethanol on
clean and oxidized rutile TiO2(110)-1 × 1 surfaces,” Surf. Sci., vol. 605, no. 23-24,
pp. 2082–2086, 2011.

[117] S. D. Sohn, S. H. Kim, S. K. Kwak, and H. J. Shin, “Defect-associated adsorption of
monoethanolamine on TiO 2 (1 1 0): An alternative way to control the work function of
oxide electrode,” Appl. Surf. Sci., vol. 467-468, no. July 2018, pp. 1213–1218, 2019.

[118] C. Zhou, Z. Ma, Z. Ren, X. Mao, D. Dai, and X. Yang, “Effect of defects on photocatalytic
dissociation of methanol on TiO 2(110),” Chem. Sci., vol. 2, no. 10, pp. 1980–1983, 2011.

[119] Z. Wu, F. Xiong, Z. Wang, and W. Huang, “Thermal-, photo- and electron-induced
reactivity of hydrogen species on rutile TiO2(110) surface: Role of oxygen vacancy,”
Chinese Chem. Lett., vol. 29, no. 6, pp. 752–756, 2018.
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[137] Y. K. Kho, A. Iwase, W. Y. Teoh, L. Mädler, A. Kudo, and R. Amal, “Photocatalytic
H2 evolution over TiO2 nanoparticles. The synergistic effect of anatase and rutile,” J.
Phys. Chem. C, vol. 114, no. 6, pp. 2821–2829, 2010.

[138] X. Chen, L. Liu, P. Y. Yu, and S. S. Mao, “Increasing solar absorption for photocatalysis
with black hydrogenated titanium dioxide nanocrystals,” Science (80-. )., vol. 331,
no. 6018, pp. 746–750, 2011.

[139] P. Ren, M. Song, J. Lee, J. Zheng, Z. Lu, M. Engelhard, X. Yang, X. Li, D. Kisailus, and
D. Li, “Edge Dislocations Induce Improved Photocatalytic Efficiency of Colored TiO2,”
Adv. Mater. Interfaces, vol. 6, no. 17, pp. 1–6, 2019.

[140] S. I. Cha, K. H. Hwang, Y. H. Kim, M. J. Yun, S. H. Seo, Y. J. Shin, J. H. Moon,
and D. Y. Lee, “Crystal splitting and enhanced photocatalytic behavior of TiO2 rutile
nano-belts induced by dislocations,” Nanoscale, vol. 5, no. 2, pp. 753–758, 2013.

[141] M. Macyk, K. Cieślik, D. Wrana, J. Kuncewicz, K. F., and W. Macyk, “Tuning photore-
duction properties of rutile TiO2 through the partial, thermal reduction of Ti IV to Ti
III,” Manuscr. preperation, 2022.

[142] X. Chen and S. S. Mao, “Titanium dioxide nanomaterials: Synthesis, properties, modifi-
cations and applications,” Chem. Rev., vol. 107, no. 7, pp. 2891–2959, 2007.
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