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"Take this to heart. Do what I tell you...live!
Sell everything and buy Wisdom! Forage for Understanding!
Don't forget one word! Don't deviate an inch!
Never walk away from Wisdom...she guards your life;
love her...she keeps her eye on you.
Above all and before all, do this: Get Wisdom!
Write this at the top of your list: Get Understanding!
Throw your arms around her...believe me, you won't regret it;
never let her go...she'll make your life glorious.
She'll garland your life with grace,
she'll festoon your days with beauty."

Proverbs 4:4-9 (msg)
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Abstract

Since the landmark paper in 1972 by Fujishima and Honda [1}, Hia®become one of the
most promising candidates of a new generation of solar energy materials capable of generatin
clean hydrogen fuel using only sunlight (photo-electrochemically) to dissociate water.

TiO2 has both bulk properties and surface properties which contribute to its functional
performance. Considering that all of the electrochemical reactions induced byctightothe
surface of TiQ, it becomes clear that understanding the surface properties pisTéOcrucial
importance for its performance; specifically the conversion of solar energy into chemical
energy.

The surface phase of Ti@an be substantially different from that of the bulk phase as a result
of a phenomenon known as segregation. Segregation involves the transport of certain lattic
species from the bulk phase to the surface, driven by excess surface energy.

To date, developments in the understanding of; B@id solutions and related properties
have mainly been centred on bulk properties. In comparison, relatively little work has been
reported on segregation in( solid solutions and its influence on functional properties, such
asreactivity and photoreactivity.

The present work has studied the effect of indium (acceptor-type ion) and niobium (donor-
type ion) segregation on the surface chemistry of well-defined In-doped and Nb-doped TiO
solid solutions. Specifically, examining the relationship between imposed sample processing
conditions, such as the gas phase oxygen activity, on segregation-induced surface enrichmer
This was achieved using a range of complimentary analysis techniques including X-ray
photoelectron spectroscopy (XPS), secondary ion mass spectrometry (SIMS), Rutherforc
backscattering (RBS) and proton-induced X-ray emission (PIXE).

In-doped TiO,

The incorporation of dopants in TiQesults in a change of Fermi level and related
semiconducting properties. However, to achieve well-defined solid solutions, in which the
dopant is homogeneously distributed throughout the bulk phase, requires knowledge of the
dopant ion diffusion coefficien{-7]. The present work included the determination of the self-
diffusion coefficient of indium in Ti@single crystal (rutile) in the temperature range 1073 -
1573 K and p(02) = 21 kPa.

—316k I
Dm0, = 74x107* exp(—g GR‘IJ'/ mo j[mzsl]
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The determination of this new data enables us to predict the processing conditions requiret
to incorporate In into the TiQattice.

The effect of oxygen activity on the segregation-induced surface concentration of indium in
In-dopedTiO, was studied for various annealing times, ranging between 5 h and 120 h, at 1273
K. It was shown that the equilibrium segregation of indium in oxidising conditpg6s) = 21
kPa, can be established within ~20 h. However, in highly reducing condijti@ns= 10° Pa,
equilibrium could not be established due to indium evaporation, which becomes substantial a
p(02) < 1.8x16 kPa.

The present work examined the effect of indium (acceptor) segregation on the surface vs
bulk composition of In-doped T#¥D The data determined that annealing of 0.3 ht%oped
TiO2 at 1273 K in oxygen activity, p(§ = 75 kPa and p(§) = 10 Pa, resulted in an enrichment
of the surface to the level of 2.95 at% In and 2.61 at% In, respectivelsis postulated that
substantial In surface enrichment leads to the formation of a low-dimensional surface structure
and a sub-surface layer resulting from the interactions of titanium vacancies and interstitial

indium ions.

Nb-doped TiO,

The present work also studied the effect of niobium (donor) segregation on the surface anc
near-surface composition of Nb-doped 7{0.18 at% Nb and 0.018 at% Nb). The data showed
that 0.18 at% Nb-doped Ti@pecimens annealed at 1273 K in oxidising conditions) p{@5
kPa and p(@ = 10 Pa, resulted in segregation-enriched surface concentrations of 2.83 at% anc
2.35 at%, respectively. However, annealing the same specimen in strongly reducing conditions
p(0C2) = 100 Pa, resulted in a depletion of the surface to the level of 0.05 at% Nb
(desegregation). The theoretical model postulated in this work considered the predominan
driving force for niobium segregation in oxidising conditions is the negative surface charge
associated with titanium vacancies formed in the surface layer. However, the effect of
desegregation is induced apositive surface charge related to a Magneli-type surface structure
formed in strongly reducing conditions.

The present work provides new well-defined empirical data on segregation. The derived
theoretical models describing the effect of processing conditions on indium and niobium
segregation/desegregatioanbe used as a technology for the imposition of controlled surface
composition. The related data can be used for imposition of a chemically-induced electric field
required for charge separation and controlled surface composition that is required to achievi
desired reactivity of Ti@as photocatalyst and photoelectrode for solar energy conversion.
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CHAPTER 1

Postulation of the Thesis

1.1 Why Titanium Dioxide (TiO2)?

Titanium dioxide, TiQ (titania) is an extremely abundant material typically extracted from
the naturally occurring minerals, rutile and ilmenite. It has most commonly been used in powder
form as a white pigment or opacifier in a wide range of applications including paints, cosmetics,
toothpaste and food. Australia in particular has a large amount of ilmenite sands and
consequently supplies approximately 40% of the world’s ilmenite and 25% of its rutile
requirements.

In 1972 the pioneering research of Fujishima and Honda [1] identifiegla&@ promising
candidate for a new generation of solar energy materials, and essentially paved the way for a
entirely new range of applications for titania. Since then, Ti& been the focus of intense
research for applications including solar energy converdi€i8], gas sensors [19-22], self-
cleaning surfaces [6,23] and water purification [24-27].

The significant advantages of titania compared with other solar energy materials, include its

low cost, owing to its abundance, and its resistance to corrosion and photo-corrosion in water.

1.2 Solar Energy Conversion Using TiQ@

Titania can be used for the conversion of solar energy into chemical energy via water
oxidation (partial or total).Partial water oxidation results in the formation of active radicals,
which have the capacity to remove microorganisms and organic contaminants from water.
However, total water oxidation results in the generation of hydrogen, which can besumed
environmentally friendly fuel. Furthermore, unlike other available environmentally friendly

energy sources, such as photovoltaics, wind and geothermal, which generate electricity that mu:
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be used immediately as it is produced; hydrogen is a storable energy. This means that it can |
stored, transported and used when required in a similar fashion to the way our society currentl
utilise fossil fuels. However, a significant hindrance to hydrogen is that it is not naturally
available as a gas in nature. Consequently, hydrogen has to be extracted from hydnogen ric
compounds, such as water. Unfortunately, while the extracted hydrogen is considered to be a
environmentally friendly fuel, most of the current commercially available extraction methods
for hydrogen are not. Therefore, the negative impact to the environment is not eliminated, bu
simply displaced from the point of use to the point of generation. The significant advantage of
solar-hydrogen is that hydrogen can be obtained using only sunlight. Therefore, the race is ol
to optimise and commercialise solar-hydrogen technology as an alternative means of generatin
environmentally friendly fuel. Ti@is one of the most promising materials capable of extracting
hydrogen cleanly and renewably by the direct photoelectrolysis of water using only sunlight.

The present work forms part of a wider research program in the Solar Energy Technologies
Group at the University of Western Sydney. This program aims at increasing the efficiency with
which TiG, converts solar energy into chemical endrgpptimising several key-performance-
related properties (KPP). It has been postulated that the KPPs are [5]:

e Band gap. TiO2 exhibitsarelatively large band gap of 3 eV. This limits its absorption
of the solar spectrum to the ultraviolet wavelength. Much of the research effort has
therefore been focused on trying to modify the properties of ifiGuch a way as to
reduce the band gap from 3 eV to approximately 2 eV to increase visible light absorption.

e Charge transport. Pure titania is a good insulator. This results in high energy losses
related to charge transport. Therefore, research is aimed at increasing charge transpo
and minimising the resistance-related energy losses.

e Flat band potential. The flat band potential (FBP) is related to the potential drop across
the TiOJ/electrolyte interface, which results in charge separation. The FBP must be
optimised in order to achieve maximised performance.

e Surface properties.The surface of Ti@must exhibit the required surface sites to form
the active complexes necessary for water splitting. Therefore, studies are needed fc
understand the surface, in terms of defects, in order to optimise the reactivity between
TiO2 and HO.

It is important to note that these KPPs are also inter-related. Therefore, in order to optimise

the KPPs to obtain maximum Ti(performance, knowledge of each KPP as well as their

interdependence to the other KPPs must first be addressed.
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So far, little is known about the surface properties that are needed to enhance the performanc
of TiO2. Therefore, research is needed to increase the present level of understanding regardir
the effect of surface modification, including structure, composition and electrical properties; on

solar energy conversion performance.

1.2.1. Effect of Surface on Solar Energy Conversion

The properties of Ti@can be considered in terms of bulk properties and surface properties.
While the bulk properties of Ti£have already been assessed at length in literature [28-40], the
influence of surface properties and their effect on reactivity and photoreactivity is still unclear
However, when one considers that all of the electrochemical reactions induced by light take
place on the surface of TiOclearly the understanding of surface properties becomes crucially
important for optimising the conversion of solar energy into chemical energy.

A frequently used strategy for modifying the properties of;i¥®ased on the incorporation
of aliovalent ions (doping). However, awareness is growing that doping can result in a different
modification of the surface phase compared with the bulk phase. In other words, the propertie:
of the surface can differ significantly from the bulk phase in terms of chemical composition,
structure and related properties. The effect responsible for this difference is a phenomenol
known as segregation [41-44].

Surface segregation refers to the diffusional transport of certain lattice elements, such a:
dopants or impurities; from the bulk to the surface during sample processing at elevatec
temperature. This phenomenon has already been extensively studied for metallic systems ar
the theory is now at a stage that experimental results can be predicted quite accurately wit
modelling software [45]. However, little is still understood about surface segregation in
nonstoichiometric metal oxides, such as JIiThis is due to additional charge-related and gas
phasecomplexities which are not present in metallic systems. Consequently, the effect of
segregation in Tig often unaccounted for in literature, could be a contributing factor in the
frequent contradiction of the properties reported for doped-TiO

It is important to note that segregation not only results in an enrichment of the topmost
surface, but also forms a compositional concentration gradient in the near-surface (or sub
surface) layer. Consequently, these segregation-induced concentration gradients can result
the formation of chemically-induced electric fields, which may influence charge separation

Therefore, there is an urgent need to understand the phenomenon of segregation in oxide
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including TiQ, and its effects on the surface and near-surface composition. The aim of this PhD
research project is to address this need.

The overall aim of this PhD research project is to examine the largely unknown phenomena
of cation segregation in TiOlt is believed that understanding the phenomenon of segregation
induced surface enrichment is a critical step toward the formation of systems with enhancec
performance.

The specific objective of the present work is to determine the effect of segregation on both
donor- and acceptor-type dopants in terms of the surface and near-surface chemistry of TiO

For this work niobium was selected as the donor-type cation. While the effect of niobium on
the bulk properties diib-doped TiQ has already been reported [46-55], so far little is known
of the effect of segregation on surface properties.

On the other hand, indium was selected as the acceptor-type cation for this work. Conflicting
reports of both improved and diminished photocatalytic performance have been documented il

literature for InOs-TiO2 systems [56-60].
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CHAPTER 2

Definition of Terms

2.1 Band Model

Electrons which surround an atom occupy orbitals (or shells) that form a defined set of energy
levels. When a large number of these atoms are involved in a periodic lattice, the large number ¢
related orbitals (i.e. energy states) can be considered as continuous bands. Of particular significan
for the photoelectrochemical properties of semiconductors is the highest occupied energy banc
known as the valance band, and the lowest unoccupied energy band, known as the conduction bar
The “space” between these bands is referred to as the band gap. Therefore, the band gap can be
described as the smallest energy difference between the top of the valence band and the bottom
the conduction band. The band gap determines the extent of electron interaction between bands a

consequently the resulting electrical properties of the solid.

2.1.1. Fermi Level

An important parameter related to the band model is the Fermi Level. This can be defined as th
energy level at which the occupation probability of an electron is 0.5. According to the Fermi-Dirac
statistics, the probability of an electron occupying an energy state with respect to the Fermi level ca
be defined by [1]:

1 (2-1)

KT
Where f(E) is the probability that an the energy state E is occupiesiiiie Fermil Level an T is

absolute temperature.
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The effect of electronic structure on the band model and Fermi level position are shown schematicall

in Figure 2-1andFigure 2-2.

E
h* h* h* VB

Figure 2-1. Schematic illustration of the semiconductor band model inglwdlence band (&), conduction band
(Ece), band gap (g, Fermi energy level (&, electons (& and holes (1).

N-Type P-Type
E 3 " e e e
e—

h* h* h*

Figure 2-2. lllustration of the Fermi energy level modification associatedhéthresence of a donor energy level)(E

or acceptor energy level (Efor N- and P-type semiconductors, respectively.

2.1.2. Photocatalytic Water Splitting

An schematic illustration of the light-induced ionisation mechanism and associated charge transfer i

shown inFigure 2-3.

Energy
Levels H,
e @
E.p N
EHZ/HZO ] A H,0
1.23eV hy

EOZ/HZO -

H,0
EVB_
h* i: 0,

Figure 2-3. Mechanism for photocatalytic water splitting for hydrogameigation with TiQ[2]
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2.2 Diffusion

Diffusion can be described as the transport of ionkimva crystal lattice via periodic “jumping”
of ions from one crystal lattice site to another. The segregation induced transport of lattice specie
occurs via diffusion. Diffusion in ionic crystals can be categorised into three main mechanisms:
vacancy, interstitital and interstitialcy. The theory of diffusion in solids is both extensive and complex
and cannot be addressed in detail here. Consequently, only the specific diffusion theories an
equations directly relevant to this work will be provided. Comprehensive textbooks on diffusion are

available elsewhere [3,4].

2.2.1. Thin Film Diffusion

The thin film diffusion scenario refers to a condition where a thin layer of solute is deposited on
the sample surface that is initially free of solute. If annealing conditions are appropridterand
reactivity between the surface solute and the solid, the solute will diffuse into the substrate. The ke
point in this scenario is the thin initial concentration of solute deposited on the sudjaeall(c
decrease as a function of increasing diffusion time. Under these conditions the resulting diffusior
concentration profile can be described4»6]:

Co ~ X2 ]
c(x) = ‘/ﬁexp{ 4DJ (2-2)

where c(x,t) is the concentration as a function of depth x and/or time t, iartieinitial deposited
surface solute concentration. The resulting concentration profile can then be plotted as In c(x,t) verst
x? which should produce a straight line. The diffusion coeffic@rttan then be determined from the

gradient, m, of that line based on the following equation [6]:

1

D=-
mx 4t

(2-3)
Note: Equation (2-4) can be used instead Bfjuation (2-3)if Log ¢ vs. X is plotted instead of

the natural log, In ¢ vs?x

1
D=- (2-4)
2.303x mx 4t
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2.2.2. Thick Film Diffusion

This diffusion scenario is similar to thin film diffusio®gcton 2.2.1) except the high solute
concentration in the thickly deposited surface layer remains constant over the entire diffusion time
The concentration profile in this case is described by [4,6]:

c(x,t)—¢, :erfc( X j (2-5)
Co—C, 2J/Dt

Where ¢ is the background concentration and erfc is the error function compliment. The resulting

c(x,t)—c,

concentration profile can be used to pt@tcl( Jversus x which will result in a linear

Co—C
relationship if the thick diffusion scenario is correct. D can then be determined from the gradient, m,
of that linear region based on the following equation [6]:

1
D=
m? x 4t

(2-6)

As diffusion is a thermally activated process, it can also be described with the following Arrhenius

relationship [5,6]:

D=D, exp(— IE;) (2-7)

where Dy is a pre-exponential factor, R is the ideal gas constant, T is the temperature.

Combining this Arrhenius relationshigguation (2-7), and the concentration c(x,t) determined
at different temperatures froBbquations (2-2)or (2-5) (depending on the applicable scenario), it
becomes possible to calculate the activation energy , E

Activation energy is the minimum energy required for ionic and electronic defects to migrate from
one lattice position to another. It can be used to determine and compare how energeticallyléavoura
the diffusion of specific solute ions are in a particular lattice. Therefore, determining the activation
energy for a solute in a given lattice system is critical for the correct interpretation of that same solut:

lattice system in relation to segregation.

2.3 Defect Chemistry

Point defects in metal oxides can be basically divided into two groups, intrinsic and extrinsic

defects. Intrinsic defects refer to defects related to the native lattice components and include:
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1. Metal vacancy.This is the case when the native lattice cation is missing from its usual lattice

position, leaving an empty lattice site.
2. Oxygen vacancy.This is the case when the lattice oxygen is missing from its usual lattice

position, leaving an empty lattice site.

3. Interstitial cations. This defect is formed when native lattice cation is transferred from its

lattice position to an interstitial site (between regular lattice positions).

Kréger-Vink [7] notation of point defects (provided in

Table 2-1) will be used in the present work to represent the reactions between defects.

Table 2-1. Krdger-Vink [7hotation of point defects in M&type oxides

Valency Description Kroger-Vink

Notation Notation
Myt M#*ion in a M¥ lattice site with neutral charge M5y
03" O%ionin a G lattice site 05
M3t M3*ion in its lattice site (electron) e’
My Pentavalent foreign (donor) cation on thé*Mation lattice site Dy
|\ A Trivalent foreign (acceptor) cation in the*Meation lattice site Ay
A\’ Cation vacancy Vi
M3t Trivalent foreign cation in an interstitial lattice site D;*
M}t M**ion in an interstitial lattice site D;*

M3+ Pentavalent foreign cation in an interstitial lattice site D
Vo Oxygen vacancy Vo'
(O Single-valent oxygen on its lattice site (electron hole) h*

2.3.1. Defect Chemistry of TiQ

TiO2 is a nonstoichiometric oxide which is generally considered to be oxygen deficignt as

contains predominantly oxygen vacancies and titanium interstitials in its defect disorder [1,8-11]

The presence of either oxygen vacancies or titanium interstitials both result in an apparemt deficit

the oxygen lattice, consequently Bi@ often written as Ti&x or Ti1+xO2 which makes it an n-type

semiconductor. However it was recently shown that Ti vacancies can also be formed after the

imposition of prolonged oxidation [12]. These Ti vacancies are form acceptor-type centres that may

result in p-type semiconducting properties if their concentration and degree of ionisation is
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sufficiently high [12]. Consequently, this scenario may be written as»J@®T1-xO2 which denotes
p-type semiconductivity.

The formation of defects in TgZan be therefore be represented by the following defect equilibria
(using the Krdger-Vink notation, defined in

Table2-1) [9]:

Of & V5 + 2e'+§02(gm)T (2-8)

Tig +205 & T +3¢'+0, .4 (2-9)
Tiy +205 © Tii™ +4€ +0, ., (2-10)
Oz(gasn (—)VTI +4h* + 205( (2-11)

nil <€ +h’ (2-12)

The equilibrium constants for the reactions describétjurations (2-8 - (2-12)can be expressed

as follows [8,9]:

K, =[V5'In*p(0,)* (2-13)
K, =[Ti"*In’p(0,) (2-14)
K, =[Ti* Jn*p(0,) (2-15)
K, =V [p*p(0,) (2-16)
K, =np (2-17)

Where the equilibrium constant is represented by K, the electron and hole charge carrie

concentrations are represented by n and p, respectively, and the oxygen activity istegpise
P(Cy).

2.3.2. Extrinsic Defects in TiQ

Extrinsic defects refer to the presence of either unintentional impurity cations or intentionally

added dopant cations which are different to those of the host crystal lattice. Their poegence
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contribute various effects to the host lattice including, ionic size difference causing localised lattice
strain energy, differences in impurity polarisation compared to the host cations and a difference ir
valence affecting the electroneutrality condition of the lattice, and the generation of cdrays c
(electrons or holes). Furthermore, extrinsic defects have also been shown to affect semiconductir
properties such as the barapgnd Fermi level.

If the extrinsic defects present in the lattice have a valence either greater (donorjamclgstor)
than the host cation, the excess or deficit in valence electrons caused by the extrinsic defect cati
must be compensated within the lattice either ionically or electronically to maintain electroneutrality.

2.4 Adsorption and Segregation

It has been reported that on a very basic level, the same laws and concepts derived for adsorpti
also can also be applied for segregation [13]. Adsorption occurs when a solid is placed in contac
with a gas phase containing atoms that have a tendency to adhere to the solid surface. This leads
the formation of the adsorption layer on the surface, which is enriched with the species present in th
gas phase [14]in a similar fashion, segregation also results in surface enrichment; however, the
species originate from the bulk solid phase rather than the gas phase as $figwei-4. For this

reason segregation is sometimes referred to as adsorption from the solid phase.

[ ]
l ADSORPTION
SURFACE---Q---Q---Q ® O : O
““:."“ | 3 | 3 | : . | N

Figure 2-4 Schematic illustration of segregation and gaseous adsorption.

Despite this similarity, there are several significant differences between adsorption and
segregation:

e The temperature at which thermodynamic equilibrium is established for adsorption and

segregation is different. It has been shown that equilibrium for gaseous adsorption can be

established at relatively low temperatures [13,15]. Segregation on the other hand is rate
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controlled by lattice diffusion. Lattice diffusion requires sufficiently high temperatures for
species in the crystal lattice to become mobile. At the elevated temperatures required fol
segregation, the contribution to surface enrichment from adsorption can be considerec
negligible making segregation induced enrichment the dominant effect [15].

e The energy changes driving the adsorption and segregation phenomena also seem to |
different due to the difference in their resulting enrichment layers [14,16]. Surface layer
enrichment via adsorption is typically limited to the topmost surface (typically a monolayer
or so in thickness), while segregation induced enrichment gradients affect both the surface
and near surface region and can be anywhere from one monolayer in metals, to sever:
hundred lattice layers for non-stoichiometric oxides [13,15].

Based on the above points, the contribution of adsorption to surface and near surface enrichme

can be assumed to be negligible when assessing segregation induced enrichment as is the case in

present work.

2.5 Analysis Techniques

2.5.1. Surface analysis

2.5.1.1. Secondary ion mass spectrometry (SIMS)

The SIMS technique is able to probe the surface region of samples with high resolution and higf
sensitivity. It is a destructive technique in which a low energy (keV) primary ion beam (tygcally
or Cs) is used to continuously sputter secondary ions from the surface of the specimen. Durin
analysis, the rastered primary beam sputters progressively deeper in the sample. The simultanec
detection of the secondary ions during the sputtering process generates atsunigicesrofile,
referred to as a depth profile, for the species of interest in terms of intensity (counts) as a function ¢

analysis time.

2.5.1.1.1. SIMS Matrix Effects

It is well known that SIMS suffers from strong matrix effects which can produce secondary ion
yield variations up to several orders of magnitude caused by differences in sample matrix
composition, rather than reflecting true differences in concentration [17,18]. This makes the
interpretation and quantification of SIMS data in samples of different matrix compositions
complicated. The influence of matrix effects on SIMS depth profiles has been demonstrated by Ga

et al. [18] who analysed a multilayered sample grown by molecular beam gptaky. The sample
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consisted of 5 layers of AbaxAs (0.2 um thick each) with decreasing x values: 0, 0.4, 0.3, 0.2 and
0.1 but all doped with the same concentration of Be (1%»et®ms/cm). Each AkGaixAs layer was

also separated by a 0.1 um thick layer of undoped GaAs. The SIMS depth profile, slfaguran

2-5, shows that the obtained Be secondary ion intensity for each layer, despite having the same E

concentrationis significantly affected by the change in matrix composition.

1000 <

Be' doped Al Ga, Asf
x =04 Gaoetal. (1988)[

8
aaal

Be' lon Intensity [a.u.]
2
aaal

Sputtered Time [a.u.]

Figure 2-5. SIMS depth profile of Beecondary ions in a multilayered sample consisting of five layers@GaAlAs (X
=0.4,0.3, 0.2, 0.1 and 0) equally doped with £Xafoms/cm Be and separated by undoped GaAs. SIMS analysis was
performed with 12.5 keV © primary ions, 130 eV energy window and Be ion intensities normalisdtetandoped
GaAs region [18].

Although there is no way to completely eliminate matrix effects, it has been previously reported
that it can be reduced by utilising the MG@schnique [19,20] which has been utilised in the present

work.

2.5.1.2. X-ray Photoelectron SpectroscopXPS)
XPS is a surface specific analysis technique which involves irradiating a sample with
monoenergetic X-rays. The interaction of dbeX-rays with atoms in the surface causes

photoelectrons to be emitted with a measured kinetic energy of [21,22]:

KE =hv—BE —¢, (2-18)
Where hv is the energy of the X-ray photon, BE is the binding energy of the electrons originating
atomic orbital, ands is the spectrometer work function.
The binding energy can be described as the difference in energy between thediiradlstates
after ejection of the photoelectron. As each element has a unique set of characteristic bindini
energies, XPS can identify and determine the concentration of elements present in the sample surfa

Although the path length of the incident photons into the samples is on the order of micrometers, th
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probability of electron interaction with matter is so high that only photoelectrons located at a
maximum of ~10 nm below the sample surface can escape without energy loss. The electrons whic
leave the surface without energy loss are detected by an electron spectrometer according to the
kinetic energy, KE and produce the peaks in the XPS spectrum. The concentration, N of an elemel
can be determined from the XPS spectra peak intensity as follows [21,22]:
N= aD]i/lAT (219
where N is the atomic concentration of the element, | is the photoelectron peak isréiae

photoelectron cross-sectiddjs the detector efficiency, J is the X-ray flux, L is the orbital symmetry
factor, 1 is the inelastic mean free path, A is the analysis area and T is the analyser transmissio

efficiency.

2.5.1.3. Rutherford Backscattering (RBS)

RBS is a technique capable of non-destructively quantifying the atomic mass of elements and the
depth distribution in the near surface region of a target samfleen a particle of mass, 1Nk
accelerated at an energyinckent Which ensures an elastic collision regime and collides with a
stationary atom of mass,2Nh the target sample, the momentum and energy is conserved and a
transfer of energy occurs between the projectile particle and the target ators. Mo\the incident

particle is backscattered with precisely this energy which can be calculated from [21,23]:

Epackscattered = Eincident-k (2 '20)

where the kinematic factor, kis given by [21,23]:

M12 MZ 2 .2 1/2 ’
k= m cosf + [(E) — Sin 9]

where M is the atomic mass of the incident ion, andi$vthe atomic mass of the atom it collides

(2-21)

with in the target and is the scattering angle.

Based orkEq. (2-20) the energy at which the incident particle is backscattered is dependent on the
initial particle energy, the scattering geometry (i.e. angle of both the incident beam and the detectol
and the atomic mass of the target atom involved in the collision process. Therefore, the energy of tr
incident particles backscattered from atoms present at the surface and near surface regiogeif the ta
sample can used to directly determine the type of atoms preseas, iMistrated irFigure 2-6 (a)
and (b).
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An advantage of RBS is that it can also provide some elemental information related to depth ir
the near surface region. This is due to an additional energyAasshat the incident projectile
particle experiences as it travels both into and out of the sample, sha\in asd4Equ in Figure
2-6 (a) For a thick target, this increasing loss in energy results in a characteristic step-like shape
extending to lower energies in relation to the leading edge energy for that elegwast2-6 (b)

The width of the step|E is proportional to the thickness of a thin layer or depth, d from the surface
[21,23]:

AE = [S]d (2-22)
where [S] is the energy loss factor which depends on the kinematic factor and on tlydasserg
per unit length for a given material [21,23].
[S] is also dependent on the target material density.The error related to RBS thickness
measurement is determined by the energy resolution of the detector.
In backscattered experiments, the detector subtends a solid @ngtethe yield, Y, of detected

backscattered particles from a thin layer of target atoms in the sample is given by [21,23]:

Y = ¢(6)QQNAx (2-23)
whereos(0) is the differential scattering cross section, Q is the total number of incident projectiles,
N is the number of target atoms per unit volume in the layer anrds, the thickness in the target

from which backscattering took place.
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Figure 2-6. Schematic illustration of RBS analysis interaction of (a)eambwith a TiQ@ sample, and (b) the resulting
backscattered ion spectrum.

2.5.2. Bulk Analysis

2.5.2.1. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis is a technique that monitors the mass of a material as a furaction of
controlled temperature ramp (either heating or cooling). TGA essentially consists of a sample pal
supported by a high precision balance, inside a furnace. As the temperature of the sample is ramp
up or down, the corresponding mass of the sample is recorded. The results of TGA are used |

determine specific temperatures at which regimes such as water vaporisation, melting or phas
changes occur.

2.5.2.2. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry is a thermoanalytical technique that is complimentary to TGA.

DSC measures the difference in amount of heat that is required to increase the temperature of a sam
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and reference (with well-defined heat capacity) as a function of linearly increasing temperature. The
basic principle of DSC consists of trying to keep both the sample and reference maintained at near
the same temperature throughout the analysis. In other words, if the sample undergoes a temperat
induced transformation, such as a phase transition, more or less heat will be required to be input to
compared with the reference to maintain both at the same temperature. Depending on whether tt
heat input to the sample is more or less than the reference specimen will determine whether tf

process is endothermic or exothermic, respectively.

2.5.2.3. X-ray Diffraction (XRD)

X-ray diffraction (XRD), sometimes referred to as X-ray powder diffraction, is a non-destructive
technique mainly used for identifying crystalline phases in solid materials. Typically, the solid
material is homogenised by grinding to a fine powder prior to analysis. Consequently, XRD results
in averaged bulk composition and crystallographic structure analysis. XRD is based on the
constructive interference of monochromatic X-rays interacting with a crystalline sample. The

constructive interference is produced whighinteraction conditions satisfy Bragg’s Law [24]:

nA =2dsing (2-24)

where n is the order of reflectioa,is the wavelength of the incident X-rays, d is the interplanar
spacing of the crystal ariglis the angle of incidence.

By scanning the sample through a range@®égles while detecting the diffracted X-rays, all of
the possible diffraction directions related to the various crystalline lattices present in the sample
should be obtained due to the powdered samples random lattice orientation. As every crystallin
material has a unique set of d-spacings, the resulting XRD spectrum can be used to identify th
crystalline phases present in the material by comparing the d-spacings with a database of stande

reference patterns [24].

2.5.2.4. Proton Induced X-ray Emission (PIXE)

Particle (or proton) induced X-ray emission is a non-destructive analytical method based on X-ray
spectrometry. As shown iRigure 2-7, the accelerated particle beam ejects an inner-shell electron
from the atoms present in the target sample which produces a vacancy. When that vacancy is fille
by an outer-shell electron, an X-ray of characteristic energy related to that particular atom is emitte
and detected. A typical PIXE spectrum consists of a number of X-ray peaks superimposed over
broad background peak observed in the low energy region of the spectrum as sk@uneir2-8.

This broad background is caused by Bremsstrahlung processes and gamma rays from nucle
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interactions which are well-defined and can be accurately modelled to perform the necessar
background subtraction. The energy (or position) of the X-ray peaks in the PIXE spectrum are
characteristic of atomic number (Z) of the elements in the sample from which they originated, anc
the yield (counts) of these peaks are directly proportional to the concentration of that element. Thi:

can be expressed as [25]:

_ IZ (EKU:) (2-25)
A A
M.QJI(Ey,)
Where G is the concentration of Z-elemeniBk.) is the number of counts in the principak K
peak of Z-elementy [g/cn¥] is the total mass density of the target, Q [C] is the charge collected
during the analysis and J& [glcm?C] is the value of the sensitivity function at the peak energy

determined from experimental data.
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Incidention

-
.."'-

0

Scattered electron

Figure 2-7. Schematic illustration of inner-shell vacancy creation and sidrgeXj-ray emission due to high energy

particle interaction.
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Figure 2-8. Example of a typical PIXE spectrum.
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CHAPTER 3

Literature Overview

It should be noted that the included papers of this thesis (comprising Chapters 6 to 10) eac
contain their own section in which literature specifically related to the work of that chapter is
assessed. Consequently, some repetition of the literature findings presented in the prese

overarching chapter with that of sections in subsequent chapters will occur.

3.1 Diffusion in TiO>

To date, the most comprehensive report on cation self-diffusion in single crystahdsO
been given by Sasaki et al. [1]. Sasaki utilized the radiotracer-sectioning technique tgateesti
Sc, Cr, Mn, Fe, Co, Ni and Zr as a function of temperature, oxygen activity and crystal

orientation. Sasaki proposed the following conclusions from his results [1]:

e Trivalent (Sc and Cr) and tetravalent (Zr) cations dissolved substitutionally and diffused
via the interstitialcy mechanism.
e Mixed valence (Fe and Mn) cations diffused both as divalent ions along the open
channels and as trivalent ions via the interstitialcy mechanism.
e The charge of the impurity was more significant than size in determining both diffusion
rate and whether a cation diffused along the open channels parallel to the c-axis.
Peterson and Sasaki [2] went on to generalise that divalent cations diffused interstitially,
while tri- and tetravalent cations diffused according to the interstitialcy mechanism.
The diffusion of Zr and Hf in rutile was investigated by Cherniak et al. [3] over the
temperature range 1023 K - 1373 K (in air) using RBS. They determined that Hf and Zr are
likely to dissolve substitutionally for Ti cations in the rutile structure which supports with the

findings of Sasaki et al. [1However Cherniak’s results also suggested that the oxygen activity
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had very little influence on Zr and Hf diffusion which is inconsistent with the findings of Sasaki
[1] and Hoshino [4].

Sheppard and Atanacio et al. [5] studied Nb diffusion in single crystal d¥@r the
temperature range of 10K3- 1573 K in air and determined 244 kJ/mol activation energy and
pre-exponent factor of ~5x¥0m?s®. They also proposed that Nb bulk diffusion in TiO
proceeded via the interstitialcy diffusion mechanism due to the similarity of the data with the Ti
self diffusion results reported by Lundy and Coghlan [6] and Hoshino et afigdfe 3-1
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Figure 3-1. Comparison of Nb diffusion reported by Sheppard et al. ifh] T self-diffusion results from Lundy
and Coghlan [6] and Hoshino et al. [4].

A summary of the activation energy results from literature for cation diffusion in TiO

parallel to the c-axis are presentedrigure 3-2 below.
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Figure 3-2. Summary of reported activation energies for aliovalent catiosidiffin single crystal iIO2[1,5].

3.1.1. Bulk Diffusion Coefficient

The formation of well-defined solid solutions is a key conditioncorrectly examining
segregation. This requires knowledge of the processing conditions (temperature, time, ant
p(Oz)) to achieve specimens in which the dopant is incorporated and distributed homogeneousl
throughout the lattice. Consequently, knowledge of the bulk diffusion coefficient is essential to
correctly study segregation.

The present author and colleagues [5] have recently assessed Nb bulk diffusion in single
crystal TiQ at p(Q) = 21 kPa over the temperature range 10723%73 K using SIMS. The
results suggested that Nb bulk diffusion proceeded via an interstitialcy-type mechanism, similat
to the self-diffusion of“Ti [5]. Moreover, the temperature dependence of Nb bulk diffusion in

single crystal TiQwas determined to be:

— 2444 ' 3-1
Dub-1o, = (47m?s™)x10 ** exp( 244+ 9kJmol j (3-1)

RT
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To the best of my knowledge, no data for In diffusion inzh@s been reported in literature.
Consequently, determination of In bulk diffusion in single crystabTll be addressed in the

present work.

3.1.2. The Effect of TiQ Doping

A large variety of aliovalent cation doped-TBi€ystems and resulting properties have been
reported in literature. These include C [7,8],Ca[9], N[10], Al[11,12], S[13], Ca [9A14\ 5]
Cr [16-19], Mn [14], Fe [12,20], Ni [18], Zn [12,18,21], Cu [14], Y[22], Zr [12], Nb
[12,16,21,23-29], Mo[19,30], Sb [12,31], Ta [12,32], W [33], Ir [34], and rare earths (La, Ce,
Er, Pr, Gd, Nd, Sm) [35]. However, much of the reported results relating to dopgdr€iO
inconsistent and display wide variability. For example, Choi [12] carried out an extensive study
of 21 metal ion dopants and their effect on the photo-reactivity oi. WD the 21 dopants
studied, Fe, Mo, Os, Ru, V, Re and Rh ion were shown to increase the photocatalytic activity tc
varying degrees. Most interestingly Choi also reported thalsat “closed-shell” electronic
configuration dopants Li, Mg, Al, Zn, Ga, Zr, Nb, Sn, Sb, and Ta had little effect on
photoreactivity due to unfavourable electron (or hole) trapping. This contradicts the results of
Trenczek-Zajac et al. [36] who observed that Nb doping irnp Tihsiderable improved the
measured photocurrent and resulting energy conversion efficiency. Similarly, the observations
for carbon doped Ti®reported by Khan et al. [7] and Neumann et al. [8] also contradict each
other as seen iRigure 3-3. Khan [7] reported that carbon substitutionally incorporated into the
TiO> lattice was able to reduce the band-gap significantly from 3 eV to 2.32 eV which in-turn
resulted in a substantial increase in photocatalytic performance. While Neumann [8], studying
seemingly the same carbon-Bi€ystem with a range of doping concentrations, reported that in
all cases the photocatalytic response actually decreased markedly compared with the undope
TiO2. These examples clearly highlight the discrepancies in literature regarding the effect of
doped-TiQ on resulting functional properties. Furthermore, it emphasises the important need
to have well-defined sample processing methods and subsequent surface vs. bull
characterisation techniques in order to correctly identify the relationship between the dopant an
observed functional properties. Without well-defined and characterised samples it become:

almost impossible to compare published results even for seemingly the same oxide systems [37
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Figure 3-3. Comparison of photoreactivity results reported forgaddiQG in literature [7,8].

Consequently, the aim of the present work is to study dopant segregation withdefmedd
processing conditions using an appropriate combination of surface and bulk analysis technique:
To facilitate this, indium (1) was selected as the acceptor dopant and niobiurit)(bib the
donor dopant in our Tigsystems.

3.1.2.1. Indium Doped TiQ

In203 has excellent electrical and optical properties and has been shown to improve the
performance of dye sensitised photovoltaic devices [38], optoelectronic devices [39], and ga:
sensors [40]. Consequently, it is reasonable to anticipate a similar performance enhancement
TiOo.

Karn and Srivastava [41] reported a significantly higher photocurrent of 14 ritAcrtheir
In20s-admixed TiQ photo-electrodes compared with 4 mA:&rfor TiOz. However, their
sample preparation method and subsequent XRD results clearly showed that indium ions di
not incorporate into the Tiattice as a solid solution but instead only formed islands on the
surface of the Ti@[41]. Shchukin et al. [42] studied nanocrystalline FI6,03 powders
prepared by the sol-gel technique as a function of Ti/In ratios. They observed that modifying
TiO2 with In2O3 resulted in significantly improved photo-reactivity. However, similar to the
work of Karn and Srivastava [41], XRD analysis determined a binary phase material consisting
of two crystalline phases: Ti@anatase) anbh>O3 (cubic) with noTi-In mixed phase detected.
Several other studies on binary ph&s£s: TiO> have been reported [43-45] with similarly
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positive photo-response results, however, these data cannot be interpreted and compared wi
the present work in terms of defect disorder due to lack of incorporation of indium ions into the
TiO2lattice as a solid solution. At the very least, they do, however, provide preliminary evidence
thatIn2O3 doped TiQ systems may possess improved photoreactivity properties.

The work of Cerrato et al. [46] demonstrated that doping of TdDatase) with LDs
enhanced its hydrophilic properties and increased its adsorption capacity for water which one
would anticipate as a beneficial property for water splitting.

In summary, the general lack of literature related to well-defimedoped TiQ solid
solutions, combined with the promising reports of improved photoreactivity and water
adsorption in 1803:TiO2 systems [41-45] warrants the need for further research into In-doped
TiOo.

3.1.2.2.  Niobium Doped TiQ

Nb-doped TiQ systems have been studied for use as gas sensors [47,48], as a photocataly
for water splitting [29,36,49,50] or as a photocatalyst for water purification [51].

Atashbar anadco-workers [47] prepared NB®s doped TiQ thin films ushg sol-gel with a
concentration of 0.62 at% Nb to examine for gas sensor applications. They observed that the
Nb-doped TiQ film resulted in a 40% increase in sensitivity to oxygen gas as well as decreasing
the required operating temperature compared with an undoped film.

Ruiz et al. [23] examiedNb-doped TiQ nanopowders over a range of Nb concentrations (0
— 10%) and calcining temperatures (873L173 K) with X-ray diffraction (XRD), Raman
spectroscopy and transmission electron microscopy (TEM). They determined that increasec
doping with Nb diminished the materials response to ethanol gas but improved its sensitivity to
CO detection due to a different reaction mechanism but were unable to specify the specific
influence of niobium.

Kikkawa and collegues [50] examined the photochemical propertidb-dbped TiQ thin
films in terms of firing temperature (67373 K), film thickness (0.2 1.1 pm) and Nb doping
concentration (6- 10 mol%). They observed that the measured conductivity and photocurrent
increased as a function of Nb dopant concentration, firing temperature and membrane thicknes:

The effect of Nb doping on the photoelectrochemical water splitting properties phasO
been studied by Trenczek-Zajac et al. [36]. They reported that the addition of Nb resulted in
increased solar energy conversion efficiency (ECE), with 1 at% Nb doping concentration

providing the maximum ECE. Unfortunately, no attempt was made to characterise the surface
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composition in order for correlation with the observed surface reactivity. While the results are
certainly promising, it is unclear how the surface chemistry, in terms of composition or structure,
differs from that of the bulk.

Wang anato-workers [25] studied the photoelectrochemical properties of pelets doped
with 0.05- 0.9 mol% ofNb2Os. Their samples were prepared by mixing Fi&@hd NbOs
powders in a mortar and pestle, followed by pressing and sintering in air at temperatures rangin
from 1473 K to 1623 K. They observed that the measured photo-currents were greater fol
specimens with lower doping concentration than the specimens with higher doping
concentrations. They postulated that this was caused by the “segregation” of excess Nb cations
in specimens with higher doping concentrations to form recombination centres [25]. The use of
the term “segregation” by Wang et al. [25] seems to suggest an effect related to solubility limit
of Nb in the TiQ lattice. While this explanation is plausible, the following alternative
explanation is suggested based o# définition of “segregation” used in the present work.

During high temperature sintering, Nb segregation from the bulk to the surface occurs, an effec
that has been confirmed previouslyNh-doped TiQ by Sheppard et al. [52]. This segregation-
induced transport effect is driven not by an exceeding of the solubility limit, but by ameed
reduce the excess energy at the surface. Sheppard et al. [52] also observed that segregat
induced enrichment of Nb at the surface was significantly greater for specimens with lower
dopant concentrations. Moreover, surface segregation results in an associated electric field :
the enriched surface that may inhibit charge recombination and result in the improved photo-
current measurements observed by Wang et al. Consequently, the effect of surfacé®egrega
is certainly another plausible explanation, not considered by Wang et al. [25],that could explain
the higher photo-currents observed in their specimens of lower Nb concentration.

The potential of Nb-doped TiOsystems for improved performance in applications such
photocatalytic water splitting is clearly evident in literature. Although the theoretical influence
of Nb in Nb-doped Ti@in terms of bulk defect chemistry is relatively well understood, the
same cannot be said for the surface and near-surface region. Consequently, further studies &
required to characterise the surface vs. bulk properties of Nb-doped pa@icularly, the

phenomenon of segregation.
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3.2 Segregation

The surface properties of solids can be substantially different, in terms of chemical
composition, structure and the related semiconducting propdrboesthose of the bulk phase
as a result of segregation. [53-55].

To date, segregation has mainly been determined for metals and[a8e§8]. However,
the understanding of segregation in metal oxides is much more complex than in metals. Unlike
metal alloys, metal-oxides are not constrained by local charge compensation but charge
compensation can occur over much larger ranges resulting in ionic space charge formatiol
[59,60]. Furthermore, segregation in metal-oxides have been shown to be substantially
influenced by the oxygen activity in the ambient gas phase surrounding the specimen [61].

The main driving forces for segregation in oxides have been postulated by Kingery [62]
Wynblatt and McCune [55] and Yan et al.[63] which include:

(1) A difference in vacancy-formation energies resulting in localised non-stoichiometry

(2) Electrostatic potential difference caused by the localised non-stoichiometric charged
species

(3) Elastic strain energy induced by defect lattice distortion

(4) Effect of the gas phase (oxygen activity)

(5) Effect of surface energy

An extensive series of segregation studies by Hirschwald et al. confirmed the effect of Cr
segregation in the relatively simple metal oxides NiO [64,65] and CoO [66,67]. It has also been
documented that the segregation-induced enrichment of the surface layer of oxides, such as C
doped NIO, is strongly affected by the oxygen activity in the gas phase [65]. Isbhdsean
shown that the segregation-induced surface enrichment may substantially surpass the bul
solubility limit, and in some cases, induce the formation of a lo#wdimensional surface
structure [54,68,69].

In general, thestudies of segregation in oxides indicate that both intrinsic defects, such as
oxygen and cation vacancies, and extrinsic defects segregate to the surface [61]. Consequent
potential interaction between intrinsic and extrinsic defects must be taken into account wher
assessing segregation and its effect on surface properties. This adds additional complexity fc
metal oxides, such as TiQwhich can display such a wide range of nonstoichiometry and defect

chemistry.
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3.2.1. Indium segregatiorin TiO>

Nakamura et al. [70] studied the defect location of.Bidgle crystal ion implanted with In
using RBS channelling. They performed two annealing steps on the implanted sample, one &
650 K and the other at 1000 K. At 1000 K, they observed that the In atoms diffused toward the
surface. This was not the case at 650 K. Moreover, further annealing at 1173 K resulted in the
diffusion of up to 15% of the implanted In ions to the surface. Unfortunately, no information
was provided about the gas phase oxygen activity during annealing and no explanation is offere
for the observed indium diffusion towards the surface as a result of annealing. Nakamura et al
[70] further reported that while the majority (72-88%) of In atoms occupied substitutional sites
as one might expect, 11-24% occupied interstitial sites depending on the implantation dose
Furthermore, the percentage of interstitial site occupancy increased with increasing In
implantation dose. Interestingly, they reported that at high doses (up to SIndchd?) the
implanted In atoms formed clusters or some other type of unidentified second phase in whict
interstitial site occupancy was still observed [70].

Although reports specifically studying the segregation of In in In-doped di®absent in
literature, it is clear from the observations of Nakamura et al. [70], that In surface enrichment,

most likely due to segregation, has been observed and justifies the need for further study.

3.2.2. Niobium segregationn TiO>

A recent review by Nakajima et al. [26] comparing experimental data previously reported for
Nb segregation ihNb-doped TiQ, reproduced ifrigure 3-4, shows a large degree of variability
between surface compositions and related enrichment factors. While they essentially shov
agreement, in terms of confirming segregation induced Nb surface enrichment, they differ
regarding the initial bulk concentration vs. resulting enrichment factor and temperature

dependence.
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Figure 3-4. Comparison of Nb concentrations as a function of distameefeosurface according to several reports
[47,71-73]. Reproduced from Nakajima et al. [26]

A similar variability can be seen when comparing more recently reported experimental data
for polycrystallineNb-doped TiQ reported by Nakajima et al. [26] Sheppard et al. [52,74]
shown inFigure 3-5. The solid lines irFigure 3-5relate to specimens annealed in an oxygen
gas phase and the dashed line represents annealing in the gas phase of argon. ltoaldition
similar bulk concentration vs. enrichment variability seeRigure 3-4, there is also a conflict
between the observed effect of oxygen activity on Nb surface enrichment. The data of Sheppar
et al. [74] shows an inverse relationship between surface enrichment and oxygen activity, with
the Nb surface concentration from 4.3 at% to 7.3 at% as th¢ g¢Creased from 21 kPa to 10
Pa, respectively. On the other hand, Nakajima et al. [26] reported the opposite effect where
enrichment increased from 9.0 at% in p(© 10 Pa to 21.2 at% in pfp>= 21 kPa.
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Figure 3-5. Comparison of Nb concentrations as a function of disherméhe surface according to several recent
studies [26,52,74].

It is clear fromFigure 3-4 andFigure 3-5 that despite the accumulation of reports for Nb
confirming that solutes present as dopants in2 @k phase segregate to the surface, the
variability and conflict in the data indicates that the understanding of segregatibrdivped

TiO2 is still not clear.

3.2.3. Effect of Time on Segregation

For nonstoichiometric oxides, equilibrium segregation is completely determined by the
equilibrium parameters of temperature and oxygen activity and is independent of experimenta
parameters such as heating/cooling rates or previous thermal history [26,75]. The
comprehensive series of studies by Nowotny et al. [76] using electrical conductivity and
thermoelectric power measurements have shown that when either the oxygen activity or
temperature is altered for an oxide in equilibrium, the system assumes a new equilibrium stat
that is related to a modified stoichiometry. Furthermore, they demonstrated that equilibrium at
the surface is established rapidly in the order of hours, resulting in a so-called operationa
equilibrium, while it takes significantly longer (hundreds of hours) to establish the so-called
effective equilibrium in the bulk [76] .

It is therefore critical when assessing the properties of doped oxides that the time required t
achieve equilibrium is determined and established in the sample. Without this knowledge, it

becomes unclear if the resulting properties are related to a well-defined thermodynamic propert
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or is instead representative of kinetic condition in which the observed properties are at some
point within a greater process. Properties related to the latter are extremely difficult, if not

impossible, to reproduce reliably.

3.2.4. Effect of Temperature on Segregation

A strong effect of specimen processing temperature on Nb- and Cr dopgdurféce
enrichment has been documented by Ruiz et al. [17,77] as sh&igure 3-6 andFigure 3-7.
However, based on the provided experimental details it is not clear whether equilibrium
segregation had been acheived in the specimens at both low and high temperatures
Consequently, it is difficult to draw any thermodynamic conclusions as the data may simply
confirm the faster diffusion kinetics that occur at the higher sintering temperature resulting in
comparatively greater surface enrichment during the calcining time of 3h.
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Figure 3-6 Surface enrichment factor of Nb (determined from XPS) vs. nomirl&l Wb concentration for
specimens calcined at 873 K and 1173 K reported by Ruiz et &l. [77
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Figure 3-7. Surface enrichment factor of Cr as a function of®@uttoncentration in for specimens calcined at 873
Kand 1173 K, reported by Ruiz et al. [17]
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3.2.5. Effect of Oxygen Activity on Segregation

The effect of oxygen activity on the segregation-induced enrichment in oxides was first
reported by Black and Kingery [78] for Cr-doped MgO and Fe-doped MgO and Sikora et al.
[79] for Cr-doped CoO.

The observed data of Black and Kingery [78], showrFigure 3-8 revealed that the
segregation of Fe favoured high pJ©@onditions, while no surface enrichment was observed at
low p(Qp). They explained the effect of pfCon Fe segregation in terms of the interaction of
the space charge with the valency of F&¢{Rad Fé").
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Figure 3-8. Fe depth profile showing the effect of oxygen actip(i®.) on segregation in Fe-doped MgO [78]

In contrast, Black and Kingery [78] observed the opposite effect for Cr segregation in the
same MgO systenkigure 3-9 shows a significant decrease in Cr surface enrichment at high
p(O.). They postulated that this effect was due to Cr loss through volatilisation ea€Chigh
p(Cy) [78].
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Figure 3-9. Cr depth profile showing the effect of oxygen agtiw(O,) on segregation in Cr-doped MgO [78]

Additionally, Bernasik et al. [20] studying Fe-doped T@bserved an increase in Fe surface
segregation when the pfQwvas decreased.

The work of Sheppard and co-workers [80], using SIMS analysis, indicated that increasing
the oxygen activity results in increased segregation of Nb to the surfidtedoped TiQ.

The reported results of Hirschwald et al. [65] for Cr doped NiO showigure 3-10suggest
Cr segregation favours the reducing argon gas environment compared with air. However, as th
annealing times of 48h and 1 week differed significantly, it is unclear if the result is indicative

of a kinetic condition rather than thermodynamic equilibrium.
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10 Hirschwald et.al. (1985)
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Concentration of Cr [at%]
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0 2 4 6 8 10 12 14 16
Number of Monolayers

Figure 310. Depth profile of Cr inCr-doped NiO showing the effect of annealing in argon or air gas phase on
segregation [65]
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Nakajima et al. [26] studying Nb segregation in FiGbserved that oxygen activity during
high temperature annealing resulted in increased Nb segregation. The Nb/Ti ratio determined ¢
the surface of the specimen annealed in the oxidising air gas phase (Nb/Ti = 5) was close t
double that of samples annealed in the reducing argon gas phase (Nb/TiFg2u@),3-11
Nakajima et al. [26] postulated from this result that a criti¢@hpcapable of suppressing

segregation entirely may theoretically be possible.
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Figure 311. Depth profiles showing Nb/Ti versus depth in Nb doped,Té® samples annealed in argon and air
[26].

This trend is supported by the findings of Bernasik et al.[20] who observed increased
segregation under increased oxygen activity in the investigation of Fe segregation,in TiO
Figure 3-12
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Figure 312. SIMS depth profile of Fe-doped Ti®ingle crystal annealed in an oxidising and reducing atmosphere
reported by Bernasik et al. [20].
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However, a conflicting effect was reported by Hughes [81] who observed a significant
increase in Y at the surface of ZzrOnder reducing conditions, pfO= 10Pa, compared with

oxidising conditions, p(€) = 21kPaFigure 3-13
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Figure 313. Effect of oxygen partial pressure on surface Y/Zr ratio as a functimyferature [81].

A similar effect was also reported by Sheppard et al.[74Nfedoped TiQ showing an
inverse relationship between Nb enrichment and oxygen activigure 3-14 with an
enrichment factor of f= 11.3 and f = 6.5 in p® 10 Pa and 21 kPa, respectively.
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Figure 314. Effect of oxygen activity, p(&) on Nb surface segregation in polycrystalline 0.65&t84loped TiQ,
as reported by Sheppard et al. [74].

3.2.6. Effect of Dopant Concentration on Segregation

The results reported by Haber et al. [68] for Cr-doped CoO, showkigire 3-15

determined that the Cr surface enrichment factor increased as bulk concentration decreased.
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I[:égivlre 345. Enrichment factor as a function of bulk concentration for CreddpoO, as reported by Haber et al.

A similar effect was also observed by Ruiz and colleagues [17,77] who reported an increase
in surface enrichment with lower bulk concentration, as shown previousigune 3-6 for Nb-
doped TiQ andFigure 3-7 for Cr-doped TiQ.

In general, the reported experimental data seem to agree that specimens with lower bul
dopant concentration result in greater segregation induced surface enrichment than those wit

higher bulk concentrations.

3.3 Summary

The literature review identified several key issues that have been summarised in the following
points:

e To date, the literature examining segregation in oxides in general, apth p@rticular,
are limited and the reported data are not compatible.

e The reported effects on segregation induced surface properties are not reproducible eve
for the same systems. Most likely, the inconsistencies result from:

o The applied experimental processing, such as surface cleaning procedures ant
sample cooling rates, on surface properties. Therefore, data obtained on surface
properties are often governed by the experimental procedures used rather thar
the materials properties themselves.

o The reported studies on surface segregation in oxides failed to recognise that the
segregation induced enrichment depends on oxygen activity.

o It has been documented that segregation can result in significant surface

modification which can extend long distances from the surface toward the bulk
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in metal-oxides, approximately 50 iml00 nm, compared to approximately 1
nm in metallic solids. Consequently, the analysis techniques used must be
capable of characterising not only the topmost surface layer of the metal-oxide
(~1- 2 nm), but the near-surfaeger (2 - 100 nm) and also the bulk phase (~100
nm — 10 um). Only when all three regions have been well-defined can correct
assessment be made regarding the effects of surface segregation on functiona
properties, such as reactivity. The majority of segregation reports to date fail to
appropriately characterise all three critical regions.

o Most of the reported segregation enrichment data do not correspond to
segregation equilibrium. Knowledge of diffusion data is needed to properly

assess the time and temperature required to reach segregation equilibrium.

It is evident that much of the reported segregation data onani@oxide systems in general
cannot be quantitatively assessed with any accuracy due to a general failure to achieve wel
defined test conditions or specimens. This makes the interpretation and correlation of thes
results extremely difficult. Consequently, considerable discrepancies continue to be prevalen
in literature; consequently, the development afy @&onsistent theory for segregation in

nonstoichiometric oxide systems such asz8@ll lags far behind that of metallic systems.

3.4 Research Objectives

The present work aims to address the following general questions:

1. What is the effect of acceptor-type {incation segregation on the surface layer, near-
surface layer and bulk composition of In-doped ;A0

2. What is the effect of donor-type (Rfh cation segregation on the surface layer, near-
surface layer and bulk compositionih-doped TiQ?

3. What is the effect of oxygen activity on segregation-induced enrichment, in the surface,
near-surface and bulk, of acceptor{)rand donor (N cations inin-doped TiQ and
Nb-doped TiQ, respectively?

4. Based on the results, what theoretical models can be utilised or developed which explain:
the effect of I8* and NB* segregation in terms of the surface and near surface chemistry,
including their predominant driving force In-doped TiQ and Nb-doped TiQ,
respectively?
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In addition, the following specific questions should be addressed:

1. What are the optimal processing conditions (time, temperature and oxygen activity,
diffusion coefficient) required to form well-defined®tnand NIB* doped TiQ solid
solutions?

2. What surface analysis techniques are available and appropriate for determining
segregation-induced surface and near-surface enrichment4a TiO

3. What is the segregation-induced enrichment of the outermost surface layer.ah TiO
indium, I** (acceptor) and niobium, Nb(donor) cations?

4. What is the segregation-induced enrichment of indiurif, (cceptor) and niobium,

Nb>* (donor) cations in the neaurface region beneath the topmost surface, i.e. the
region which exhibits a surfade-bulk concentration gradient?

5. What is the effect of bulk dopant concentration on the segregation-induced enrichment?

6. What is the effect of annealing time on the segregation-induced enrichment?

7. What is the effect of oxygen activity pf{0bn segregation-induced enrichment?
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CHAPTER 4

Experimental Procedure

It should be noted that each of the included papers (Chapters 6 to 10) also contair
experimental sections outlining the specific experimental details related to that work. Therefore,
this chapter will provide only an overview of the experimental procedure adopted for this work,
including any additional experimental details not provided in the individual papers due to length
restriction imposed by journals.

The flow diagram, provided iRigure 4-1, summarises the sample preparation and analysis
methodology used in the present work.
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Figure 4-1. Flow diagram of the experimental methodology useshfople preparation and analysis.

4.1 Specimen Preparation

4.1.1. Sol Gel

Indium and niobium doped Tipowders were prepared using the sol-gel technique. The
precursors used included titanium isopropoxide (97%-Aldrich), glacial acetic acid, anhydrous
ethanol, deionised water and either indium (Ill) chloride (99.999%-Aldrich) or niobium (V)
chloride (99%-Aldrich). Specific details on the sol-gel methodology used are provided in
Chapter 8 and 9 (sections 8.3 and 9.3) for indium-doped dn@ Chapter 10 (section 10.3) for
niobium-doped Ti@.
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4.1.2. Powder Calcination

4.1.2.1. Thermogravimetric Analysis (TGA) and Differential Scanning
Calorimetry (DSC)

Simultaneous thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) was used to characterise the thermal properties of the bulk amorpheysoider
synthesised by the sol-gel method.

The TGA and DSC sample analysis was performed in air from ambient temperature to 1073
K (800C) with a heating rate of 10/min. The TGA resultsFigure 4-2, show the most
significant weight loss of ~12.5% occurred betwe& &nd 35CC.
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Figure 4-2 Combined TGA and DSC analysis of sol-gel synthesised amaospFi@ud powder.

From 350°C to 800°C the loss of weight was significantly less with a total weight loss of
15.2% measured at 800°C. It appears the trend is tending toward achieving a minimum at a
temperature above 800°C. The complimentary DSC results, Figure 4-2, shows as a broad
endothermic peak at 150-200°C, which corresponds to the large weight loss seen in TGA and
is associated with water vaporisation. A broad exothermic increase seen between 200°C and
390°C is related to organic impurity elimination, followed by and a sharp exothermic peak at
412°C corresponding to the anatase-rutile phase transformation. A stable flat DSC response is
observed from 450 to 800°C. Based on the TGA-DSC results, a maximum calcining

temperature of 1173 K (900°C) and intermediate temperature dwell points, shown in Figure



A.J. Atanacio Chapter 4 | Page 66

4-3, were selected to achieve water and organic decomposition, as well as complete anatase-
rutile phase transformation.Powder calcination was performed in platinum foil lined alumina
boats in a tube furnace open to atmosphere.

Time [h]
2 0 2 4 6 8 10 12 14 16 18
T T T T T T T T T T T T T T T T T T T T TL 1000
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5 h dwell
- 800
1000
=<, 1 o600
o O] O
= 800+ = o) 3
2 E = o
© { < > @
S 6004 T =
£ 5]
o —
= L200 &
400
5°C/mi
-0
200 T T T T T T T T T T T T
-200 0 200 400 600 800 1000

Time [min]

Figure 4-3. Heating and cooling conditions used for specimen calcining

4.1.2.2. X-Ray Diffraction (XRD)

XRD analysis was subsequently performed to confirm the phase of the powders after
calcination. Details on the applied XRD analysis parameters are provided in Chapter 9 (sectiol
9.3). The obtained X-ray diffraction patterns for undoped and In-dopecpdilders are shown
in Figure 4-4.
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Figure 4-4. XRD patterns of undoped and indidoped TiQ powder calcined at 1573 K for 5 h in air. Peaks
corresponding to the rutile phase are marked with an R.

4.1.3. Sample Consolidation

The calcined powder was pressed into cylindrical pellets (approximately 3mm thick and
10mm in diameter) using uniaxial press (40-50 MPa) and stainless steel die without the
addition of any binding agents. The resulting pellets were vacuum sealed into thin latex tube:s
and subsequently pressed isostatically using a cold isostatic press (CIP) to 400 MPa with a fu
pressure dwell time of 2 minutes. The pellets were then sintered in air at 1773 K for 5 hours tc
achieve densification. An example of the resulting pellet and typical grain structure obtained
with an optical microscope are showrFigure 4-5.

The final stage of specimen preparation involved removing a surface layer (~30-50 um) by
grinding and polishing to ~uIn finish using a series of diamond pads and diamond suspension
liquids (Struers LaboSystem). This was done for two reasons, (i) to remove of any surface
segregation imposed during sintering, so the resulting polished surface is reflective of the bulk
dopant composition, (ii) the depth resolution of surface sensitive techniques such as SIMS ar
diminished by surface roughness. The resulting as polished specimens are considered in tt

present work as reference specimens.
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Figure 4-5. a) Example of pressed and sintered pélet, b) undoped Ti©microstructure c) 0.03 at¥h-doped

TiO2 microstructure d) 0.4 at% In-doped TGi@icrostructure.

4.2 Specimen Processing

The schematic illustration shown KFigure 4-6 summarises the basic experimental set-up
used in the present work for sample annealing in the gas phase of controlled oxygen activity. |
can be seen that a water filled bubbler is located at the end of the experimental set-up to allo

the input gas to be released whilst stopping the backflow of any ambient air into the system.
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Figure 4-6. Schematic illustration of the experimental set-up used to lomxyggen activity during annealing.

4.2.1. Oxygen Activity

It is essential that the gas phase oxygen activity during annealing is well-defined. For this
work a zirconia-based oxygen probe was used to monitor oxygen activity electrochemically. As
shown schematically iRigure 4-7, the oxygen probis made of an alumina (4Ds) tube closed
on one end with a zirconia disc that has platinum contacts attached to both sides and artificic
air (21% of oxygen and 79% of nitrogen) used as the reference gas. The oxygenwasivity

determined using the Nerst equation:

c_kT PO, (4-1)
4 p(O,).;

where E is the voltage (mV) measured on the oxygen sensor voltmeter, k is Boltzman constan

T absolute temperature, and pJCand p(Q)air denote the oxygen activity in the studied gas

flowing through the reactor and the reference gas (air), respectively. The zirconia baged oxy

probe was positioned on the downstream side of the reaction furnace and held at a separa

operating temperature of 1023 K.
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Figure 4-7. Schematic illustration of a yttria-stabilised zirconia electrochemical osggear.

The flow rate of input gas for all processed specimens was controlled at a rate of 200 ml/min

using a mass flow controller (Mass-trak, Sierra instruments Inc.).

4.2.1.1. Reducing Gas Phase Conditions

Reducing gas phase conditions were established during annealing using a hydrogen-argc
gas mixture (1% of hydrogen and 99% of argon). As the oxygen activity in gas mixtures
involving Ho/H20 are influenced by temperature, this gas mixture prior to entering the reaction
furnace was bubbled through deionised water held at close to ~273 K using an ice bath, a
illustrated inFigure 4-6. This minimises variations in p@Pcaused by changes in ambient lab
temperatures, and allows the same 273 K temperature condition for the input gas to be
established reproducibly. The oxygen activity for théAH mixture is approximately p(£ =
10°%Paat T =1273 K.

4.2.1.2. Oxidising Gas Phase Conditions

Oxidising gas phase conditions were established during annealing using pure oxygen ga
(99.9%) or pure argon gas (99.999%). The resulting oxygen activity of these pure gases are n
affected by temperature, therefore, use of the ice bath, shawigure 4-6, was not required
and was by-passed during annealing. The oxygen activity for pure argon and pure osygen ga
is p(@&) = 10 Pa, and p(#= 75 kPa, respectively.

4.3 Specimen Analysis

4.3.1. Bulk Analysis

Determination of both the dopant and impurity concentration is crucial for having well-
defined reference specimens. PIXE analysis was used to determine the bulk elemente

concentrations.
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An advantage of PIXE is that it does not require any specific sample preparation, unlike the
sample digestion step required for the commonly used inductively coupled plasma mass
spectrometry (ICP-MS) technique, which often requires the use of hydrofluoric acid due to the
chemical resistance of TOAs PIXE is non-destructive, it can therefore be performed directly
on the actual pre- and post-annealed polished pellets. Specific details on the PIXE analysi
conditions are provided in Chapter 8 (sections 8.3), Chapter 9 (section 9.3) and chapter 1
(section 10.3).

4.3.2. Surface Analysis

The surface layer of each sample was characterised using a range of analysjaseéecXPS
was the first technique applied on each sample as it is non-destructive; uses low energy X-ray
(1486.6 eV) and requires no additional sample preparation. The samples were then analyse
with RBS which uses significantly higher incident beam energies (~2 MeV) compared with
XPS. The RBS technique is also non-destructive and can be performed directly on the anneale
specimens without any additional sample preparation. SIMS was the final analysis technique
performed on each sample because of its destructive nature and the fact that it require

deposition of a thin gold surface layer to eliminate sample charging during analysis.
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CHAPTER 5

Overarching Statement

The outcomes of the present work are presented as a series of five papers, three of whic
have been published in refereed journals while the other two are presently in submission fo
publication. These papers, which report integral stages of the present PhD research, have be
included directly as individual chapters of this thesis. Each of the following chapters, therefore
contain a separate, Introduction, Definition of Terms, Experimental, Results, Discussion and
Conclusions section related to that specific stage of the research. The following five papers ar

included:

Paper 1 (Chapter6)

Reactivity Between InOs and TiO2 (Rutile) Studied Using Secondary lon Mass
Spectrometry, SIMS. AJ Atanacio, J Nowotny, KE Prince. Separation and Purification
Technology, 91 (2012) 96-102.

This paper assessed the reactivity between Fifgle crystal and a thin layer of.0s
deposited on its surfac#. considers the reaction progress in terms of thermal diffusion of
indium in the rutile phase at one temperature and oxygen activity.

Paper 2 (Chapter 7)

Diffusion Kinetics of Indium in TiO 2 (Rutile). AJ Atanacio, T Bak, J Nowotny, KE Prince.
Journal of the American Ceramic Society, DOI: 10.1111/jace.12244.
The work in this paper determined the self-diffusion coefficients of indium in Jii@le

crystal over a range of temperatures. The determination of this data was essential for selectin
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the optimal processing conditions necessary to form of well-defined In-dopedsdld

solutions.

Paper 3 (Chapter 8)

Effect of Oxygen Activity on Surface Composition of In-doped TiQ at Elevated
Temperatures. AJ Atanacio, J Nowotny, KE Prince. Journal of Physical Chemistry C, 116
(2012) 19246-19251.

This paper determined the effect of oxygen activity on the segregation of indium in In-doped
TiO2 solid solutions as a function of annealing time. The reported data was used to determining
the optimal processing conditions in terms of temperature, time and oxygen activity, required to
reach segregation equilibrium in In-doped 7iO

Paper 4 (Chapter 9)

Effect of Indium Segregation on the Surface versus Bulk Chemistry for Indium-dogd
TiO2. AJ Atanacio, T Bak, J Nowotny. ACS Applied Materials and Intaéa DOI:
10.1021/am301729z.

This paper assessed the enrichment of In in In-dopegiidDced by segregation based on
the processing conditions, temperature, time and)p@3tablished in papers (2) and (3). The
reported segregation data and derived rhodgy be used for the determination of optimal

surface processing conditions.

Paper 5 (Chapter 10)

Effect of Niobium Segregation on Surface Chemistry and the Related Electric Field Light
Induced Charge Carrier Separation in Nb-Doped TiQ. AJ Atanacio, T Bak, J Nowotny. In
submission.

This paper examined the segregation-induced concentration gradients of nioldibm in
doped TiQ in oxidising and reducing gas phase conditions. The obtained data owhialso
assessed in relation to the effects observed f&r it chapter 9 (paper 4). The reported
segregation data and derived model may be used for the determination of optimal surface

processing conditions in both oxidising and reducing conditions.
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CHAPTER 6

Reactivity betweenln>Oz and TiO> (rutile)
studied using secondary ion mass

spectrometry (SIMS)

6.1 Abstract

The present work considers the reaction kinetics between titanium dioxide (ruitile)
single crystal and a thin layer of indium oxide;O3 deposited on its surface. The reported
experimental data are reflective of a chemical reaction involving the diffusive transpoft of In
in the rutile phase. The reaction progress at 1173 K is monitored using the secondary ion mas
spectrometry (SIMS) technique. It is shown that the SIMS depth profiles may be considered in
terms of two distinctly different components, i) related to the surface layes@4 andii) the
rutile single crystal phase beneath. The depth profile of the rutile phase includes regions relate
to bulk diffusion of indium as well as the background composition. The bulk diffusion
coefficient of indium, 18" in single crystal Ti@ (rutile) at 1173K and p(£) = 21 kPa was
determined to be 4.4(x0.2) x 1dm?s?,

6.2 Introduction

Since the pioneering work of Fujishima and Honda in 1972 [1], titanium dioxide HE©
received particular research attention due to its potential application for generating hydroger
gas from water using sunlight. This has the potential to provide a sustainable, clean anc
environmentally friendly fuel alternative to fossil fuels. So far, however, the energy conversion

efficiency (ECE) of commercially available TiOs too low for this technology to be
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commercially viable. It is well known that the functional properties of 2Ti€uch as
photocatalytic activity and electrical conductivity, are related to the materials deésoistry

which includes the presence of aliovalent dopants or impurities in the [§#i6¢
Consequently, there has been significant research effort aimed at improving the functiona
performance of Ti@via a number of methods including the intentional introduction of foreign
dopant species as shown in a recent review [6]. However, often the reported results shov
significant variability and contradiction regarding a dopants effect on functional performance
[4]. A failure to correctly address the reactivity of these solid solutions under well-defined
processing conditions is likely to have contributed to these discrepancies. Without well-defined
specimens it becomes extremely difficult, if not impossible, to correctly assess and compare
results even for seemingly the same dopants. Knowledge of the diffusion coefficient under
specific processing conditions allows prediction of the time required to achieve either a
homogenous distribution of the chosen dopants throughout the specimen; or alternatively tc
impose controlled concentration gradients within the surface layer under specific and
reproducible processing conditions. The diffusion data may be determined from the diffusion-
induced concentration profiles using secondary ion mass spectrometry, SIMS. The correc
interpretation of depth profiles determined by SIMS is a critical issue in the interpretation of
diffusion data.

The intention of the study was to assess the diffusion of a trivalent ion, in this tase In
single crystal Ti@. In2O3 exhibits high electrical properties and has been shown to be a
promising material for dye sensitised photovoltaic devices [7], optoelectronic devices [8], and
gas sensors [9]. Furthermore, the large ionic radius®6{89A) compared to i (61A) may
also have a strong influence on the diffusion (and segregation) driving forces due to an energ
strain contribution. In order to correctly assess the effect®dimthe functional properties of
In-TiO2 solid solutions, knowledge of its diffusion rate is essential.

Karakitsou et al.[10] reported on the effect of a number of aliovalent dopants in TiO
including Ir**, toward photocatalytic water splitting performance. They determined that higher
valence dopants (%, Te*, Nb°*) enhanced water cleavage while dopants of lower valence
(In3*, Zr?*, Li*) reduced the rate of#roduction [10]. This contradicts the findings of Shchukin
et al.[11] who studied Ti@In2.03 powders with various Ti/In ratios against their photocatalytic
activity to degrade 2-chlorophenol in water. They observed greatly enhanced performance o
TiO2-In203 compared to pure Ti&which was explained on the basis of better charge carrier

separation, improved oxygen reduction and increased surface acidity [11]. Wang eta$d12]
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observed enhanced photocatalytic activity éf loped TiQ compared to pure Tivhich was
attributed to the formation of a unique I®-Clx chemical species on the surface. These
conflicting reports highlight the need for further investigation of In-doped.TiO

It is important to note that diffusion requires sufficiently elevated temperatures for lattice
mobility to occur. Therefore, the rutile phase was selected as it is stable in the temperature range
for which both oxygen and dopant diffusion can take place under control oxygen activity
conditions. For the same reason, it is difficult to control oxygen activity in the anatase phase.

The aim of this paper is to identify the physical meaning of diffusion depth profiles obtained
with SIMS in terms of two distinctively different components, one related to the deposited
surface layer ofn2O3, and the other being the rutile single crystal phase beneath. The present
work also demonstrates how the quantitative diffusion coefficient of indium ia Ga® be
determined from the depth profile component related to the rutile single crystal. To the best of
our knowledge, the determination of indium diffusion in Ff@s not been previously reported
in literature. It therefore constitutes new materials data which may be used for engineering well-

defined indium-doped Tigspecimens with controlled composition and functional properties.

6.2.1. Determination of Diffusion Profiles

The determination of diffusion coefficients requires accurate measurement of the diffusing
species concentration into the host lattice as a function of depth from the surface. The radiotrace
technique, commonly used in literature, requires use of a radioactive diffusion species. After
diffusion has occurred, the sample is sectioned sequentially from the surface and chemica
analysis performed on each sectioned piece to determine the concentration of the radiotrace
The resulting concentrations and sectioning depths are correlated to generate dcshtftkce-
concentration profile. Even with the improved sectioning methods currently available, diffusion
depths of several microns are often necessary to achieve accurate results using this method [1
On the other hand, the secondary ion mass spectrometry (SIMS) technique utilises a focuse
low energy (keV) primary ion beam to continuously sputter ions from the surface of the
specimen. The liberated secondary ions are simultaneously analysed in a mass spectrometer
provide a concentration profile as a function of depth. The advantage of the SIMS technique fol
diffusion determination is that it provides high chemical sensitivity without the need for
radioactive tracers, has high depth resolution (2 - 5 nm) and minimal sample damage. Howevel
a critical and often challenging issue with SIMS is the correct interpretation of depth profiles in
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order to separate intrinsic sputtering artefacts (such as pre-equilibrium sputtering and matri

effects) from the data related to actual composition changes in the sample.

6.2.2. Basic Diffusion Model and Equations

Diffusion can occur in solids via a number of potential pathways, including lattice diffusion
grain boundary diffusion and dislocation planes. Often several diffusion pathways contribute to
the overall concentration profile of a diffusion species, which consequently reflects the sum of

the individual concentration profiles related to each different pathway [13]

C(x) = C,(x) +C, (¥) + C5(X) (6-1)

where C(x) is the overall concentration profile angx}; Cx(x) and G(X) represents the
concentration profile for each contributing diffusion pathway. As only the overall concentration
profile can be measured experimentally, it is necessary to correctly identify the individual
concentration profile regions corresponding to the various contributing pathways. This is
schematically represented Higure 6-1 for a system in which overall diffusion occurs by a

combination of lattice and grain boundary pathways [13].

G
(Bulk diffusion regime)

C,and C,
(grain boundary and/or
dislocation diffusion regime)

Log [Concentration]

Background

s level

Depth

Figure 6-1. Schematic illustration of the concentration profile of foreaisp diffusing into a solid via bulk and

grain boundary diffusion pathways [13]

It is important to note that the SIMS technique provides depth profiles in terms of ion yield
(i.e. counts) rather than absolute concentration. However, as the SIMS ion yield is proportional
to absolute elemental concentration, a reasonable estimation of relative concentration can b

made by normalising the intensity of the species of interest against a species whose intensit
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throughout the sample remains relatively stable such as the host (matrix) lattice species [13-15
In the present work, the diffusion species is indium and the matrix species chosen was titanium

Therefore, the concentration of indium can be estimated using:

C|n = (6-2)

where Gy is the estimated concentration of indium, apduhd ki are the SIMS measured
intensity of In and Ti respectively. It is important to note that estimated concentration
determined in this method represents only a relative value not an absolute value. This howeve
is sufficient for the determination of diffusion coefficients as calculations are based upon
relative changes in concentration only, hence knowledge of absolute concentration is no
necessary [13].

According to Crank [16], atinstantancous source” or “thin film source” diffusion condition
occurs when the diffusion species is deposited as a thin layer on the surface of a solid an
annealed at constant temperature for a known time. Under these conditions the diffusior
coefficient can be related to the concentration profile descrijpEbolx

M X2
cx)= (D)2 eXp[_ 4Dt] (6-3)

where C(xt) is the solute concentration at a specific distance and time, M is the surface

concentration of solute at t =0, x is the diffusion distance, t is the annealing time and D is the
diffusion coefficient of the species of interest. Based on this relationship, a plot of In(€) vs. x
(where In is natural Log) of the diffusion data relating to the lattice (bulk) diffusion pathway
will be linear, and the diffusion coefficient of indiumj,xan then be determined from the

gradient, m of this linear plot using the equation:

D, =- (6-4)
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6.3 Experimental

6.3.1. Sample Preparation and Processing

In®* bulk diffusion experiments were performed on undoped high purity polished single
crystal rutile TiQ (Surface Net GmbH). The single crystal was first cut into a small brick-like
specimen approximately 3mm x 3mm x 10mm in size using a diamond kaverick was then
pre-annealed for 72 hours under the same diffusion conditions (1173K af)d=ZTkPa) to
remove any pre-existing surface effects that may have been introduced during
grinding/polishing, and also to ensure the starting samples were in thermodynamic equilibrium
at the given temperature and p{@rior to diffusion [17]. A 6.8 x 1® mol/L indium salt
solution of was prepared by dissolving laQlowder (99.999%-Aldrich) in ethanol. The
undoped pre-annealed brick was then heated to approximately@o+5a hot plate and several
drops of the indium salt solution deposited carefully on to only the polished [001] surface. This
procedure was adapted from the method reported by Sasaki et al. [17] who have used the simil
deposition procedure in their comprehensive study of cation diffusion in T3Q).
Furthermore, this deposition method is less destructive than other methods such as iol
implantation which may contribute additional effects to the composition (nonstoichiometry) of
theln2Oz layer or impart surface damage such as ion tracks to the near surface layers of the TiO
which could influence the diffusion results. The ethanol in the salt solution quickly evaporated
from the heated crystal leaving a visible indium chloride film on the surface perpendicular to
the c-axis. It is important to note that any indium solution that dripped down the sides of the
crystal during deposition was quickly wiped off using an ethanol soaked tissue before it could
dry to avoid formation of additional layers that could contribute as additional indium diffusion
sources. After complete drying of the deposited indium surface layer the sample wdsready
the diffusion anneal.

For annealing, an electric horizontal tube furnace was first preheated to the desired
temperature of 1173K. The sample was placed in a platinum lined alumina boat and insertec
into the furnace hot zone as quickly as possible. After an annealing time of 5 hours at 1173K ir
air (p(@) = 21 kPa, the sample was quenched by quickly pushing the sample boat to a pre
determined position outside of the furnaces central hot zone for 1 minute, before being movec
to the end of the furnace at a steady rate. The aim of this cooling procedure was to quench tf
sample temperature from 1173K to room temperature as quickly as possible without introducing

thermal shock.
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6.3.2. Determination of Diffusion Concentration Profiles

Secondary lon Mass Spectrometry, SIMS (Cameca ims 5f) depth profiles were used to
analyse the resulting diffusion gradients. Prior to SIMS analysis it was necessary for the surfac
of the samples to be coated in a thin layer (~5 nm) of gold to overcome surface cétiegisg
The gold coating also helps to locate the crater for subsequently performed profilometry
measurements. A Cgrimary ion beam of 40 nA beam current and 3 keV net impact energy
was used to sputter the sample surface with a raster size of 250 x 250um. Lens and apertu
settings were used to restrict the analysis of secondary ions to a 55 um diameter circular regio
in the centre of the rastered area to minimize potential crater edge éfacteri, 113n, 13%Cs
and ®’Au elements were monitored using the M@schnique which has been shown to
minimize matrix effects [18-22]. Profilometry (Alpha step 2000, KLA Tencor) was used to
measure the resulting total crater depth as showigiire 6-2. The average SIMS sputter rate

was then calculated by dividing the total crater depth by the total time of analysis.

6.4 Results and Discussion

6.4.1. SIMS Depth Profile Conversion

The raw SIMS depth profile is shown kigure 6-3 as intensity (counts) vs time (s). The
relative indium concentration;{Ccan be calculated from these raw elemental intensities using
Equation (6-2). A sputter rate of 0.25 nm/s was determined by dividing the measured crater
depth Figure 6-2) by the total analysis time. It is important to note that this method determines
an average sputter rate which does not account for the different sputter ratdai@loxide
layer and TiQ substrate. The average sputter rate can then be used to convert the SIMS analys
time to a related analysis depth from the surface. Consequently, the uncertainty related to dept
conversion using this average sputter rate is the assumption of constant sputter rate through ea
layer. The resulting converted depth profile is showRigure 6-4 as a plot of the natural Log
of In relative concentration against depth which can be used for quantitative diffusion

calculations.
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Figure 6-2 Example of a profilometry sputtered crater profile resulting from Sik&ysis of indium doped TiO

specimen.
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Figure 6-3. Raw SIMS intensity vs. time depth profile for indiumudifén in undoped TiPannealed at 1173K in

p(O.) = 21kPa. The insert plots show enlargements of the depth prdiiie mear surface region for Cs, Tiand O.
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6.4.2. SIMS Depth Profile Interpretation

Although SIMS is a relatively simple but powerful surface analysis technique, it can also
present the user with significant data interpretation challenges such as non-equilibrium
sputtering and matrix effects. It is therefore essential understand the influence of these effect
on the resulting SIMS depth profile to avoid incorrect data analysis. A schematic model showing
the key regions identified in a typical SIMS intensity vs. time diffusion depth profile for indium

in single crystal TiQis providedin Figure 6-4.
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Figure 6-4 SIMS Concentration vs. depth plot showing regions correspondinbeaurface deposited laer and

bulk diffusion pathway.
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Figure 6-5.(Top figure) Schematic SIMS diffusion depth profile highlighting four siigaifit regions within the
depth profile. (Bottom series of figures) lllustration of the relafgetinen sputter process corresponding to (1)
pre-equilibrium sputtering; (2) surface and inter-diffusion layer; (8 Giffusion region; (4) background

Region (1): At the onset of SIMS sample sputtering(Rigure 6-5), the incoming CSions

tend to be implanted into the surface at a greater rate than they are being sputtered from tt
surface. This sputtering imbalance has two effects; firstly it produces a layer in the sample
slightly deeper than the sputter depth that is increasingly being enriched with implahted Cs
ions. Secondly, the unstable sputtering characteristic of this region, caused by the imbalanc
between implanted and sputtered ions, distorts the depth profile causing unreliability in the
results. It is therefore imperative that the extent of this transient region be determined so tha
the first reliable data point of the depth profile can be ascertained [23]. This non-steady state
sputtering condition is referred to as pre-equilibrium or non-equilibrium sputtering and

introduces significant complications when attempting to analyse and interpret data obtainec
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from the topmost surface layers of a sample. This preliminary sputter instability can be further
compounded by the presence of the gold surface coating necessary to minimise samptge chargir
as well as any adsorbed surface oxygen present on the sample. The pre-equilibrium sputterir
condition is typically accompanied by a characteristically unstable and often rapidly increasing
Cs' yield to a maximum during the initial stages of the depth profile as shofigtine 6-5.

As a consequence, all of the secondary ion yields related to the other species in the depth profi
between timeot- t1 are questionable. However, as the area of interest in the sample for the
determination of diffusion is the TiXsingle crystal below both the gold ah@dOs layers, a
precise determination of the topmost pre-equilibrium sputtering region is not necessary in the
present work. Equilibrium sputtering is established when the inco@shgputter ions become
equal to the outgoin@s" sputter ions. This typically occurs after a maximum in thespatter

ion yield has been observed as shown betwesmdt i in Figure 6-5 It is also important to note

that the time (or depth) it takes for SIMS to achieve equilibrium sputtering is not always the
same but is influenced by a combination of primary ion parameters (net impact energy, primary
ion mass, current density, impact angle) and the nature of the target sample (mass, densit
crystallinity, topography and surface binding energy) [23]. Consequently, simply assuming a
nominal time or depth value for equilibrium sputtering can result in either overestimation,
causing a loss of useful SIMS data; or underestimation, resulting in the incorporation of
inaccurate SIMS data. Only when equilibrium sputtering is established can the depth profile
data be considered reliable.

Region (2): At t1, equilibrium sputtering has been achieved. Ideally, once equilibrium has
been established, the Cygield betweenitand ¢ should remain at a constant stable level;
however, we instead see that thé @isld is actually falling in the region betwearand . A
corresponding increase in secondary ion yield related to the matrix ion, as well as a large
decrease from maximum of the diffusing ion yield is also observed approaching the film-
substrate interface ab.tThe combination of these features suggests the presence of an
inhomogeneous layer (or interface region) possibly due to inter-diffusion reactivity between the
surface oxide layer and the substrate during annealing. There is likely also a contribution from
ion beam mixing effects.

Region (3): The depth profile within this region corresponds to sputtering within the TiO
single crystal. Data within this region can therefore be used for the determination of diffusion
coefficient.

Region (4):Background level where diffusion of the dopant species has not occurred.
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6.4.3. Bulk Diffusion Determination

Figure 6-4clearly shows the 3 distinct regions displayed in the obtained indium depth profile
illustrated inFigure 6-5. These correspond to the deposited surface layer, bulk (lattice) diffusion
pathway and the background level. As the sT#pecimens used were single crystals there are

no additional contributing diffusion pathways such as grain boundaries.

UsingEquations (6-3)and(6-4), the In bulk diffusion coefficient can be determined using a
plot of In(In) vs. depthfor the region of data corresponding to the bulk diffusion pathway as

shown inFigure 6-6.

T
Undoped Single Crystal TiO,

Indium Bulk Diffusion .
41 Temp. = 173K |

p(O,) = 21 kPa
time =5 hr

Ln [In}[Ti]

0.0 5.0x10™ 1.0x10" 1.5x10"

Figure 6-6. Diffusion profile of natural log(In) vs. depgihowing linear regression used for calculation of diffusion
coefficient.

The presence of a linear region in this plot also confirms the applicability of bulk diffusion
model used. The bulk diffusion coefficient for indium in 7& 1173 K and p(&) = 21 kPa has

been determined as:

D,, = 44(+02)x10**nfs™ (6-5)

As far as we are aware, this is the first reported diffusion coefficient for indium in TiO
hence we are unable to make any direct literature comparison of this result. However, if we

compare the diffusion coefficient of 3n(ionic radii = 80A) with the diffusion coefficients
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reported by Sasaki et al.[17] of 5.90 x¥@7s* and 8.63 x 18" n?s* for CP* (62A) and S

(75R) respectively; it tentatively suggests an inverse relationship of decreasing diffusion
coefficient with increasing ionic radii. On the other hand, if we extrapolate the diffusion data
reported by Sasaki et al.[17] | for tetravalent*Z{72) to 1173K, a diffusion coefficient
approximately 3 orders of magnitude smaller thandobtained even though the ionic radii of

Zr and In are very close. This suggests that the charge of the dopant species has a significant
greater influence on the diffusion coefficient than ionic radii which is in agreement with the

findings of Sasaki et al. [17].

6.5 Conclusion

This work studied the progress of solid state reaction betweersifi@le crystal and a thin
layer of indium oxide deposited on its surface. It is shown that the depth profilé*of In
determined by SIMS allows one to distinguish between the components relatedrgOthe
surface layer and the diffusion-induded” concentration in the Tiphase beneath. The latter
profile may be considered in terms the bulk diffusion &f in the TiO single crystal. The data
obtained in this work may be used in the assessment of the physical meaning of depth profile
corresponding to solid-solid reaction in oxides and the related diffusion data. The determinatior
indium diffusion coefficient constitutes new materials data which may be used to process well-

defined TiQ with controlled dopant composition and functional properties.
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CHAPTER 7

Diffusion Kinetics of Indium in TiO 2 Single

Crystal

7.1 Abstract

The present work determines the self-diffusion coefficients of indiufii(s single crystal
(rutile) in the temperature range 1073 - 1573 K. Diffusion concentration profiles of indium were
imposed by annealing high purityfO: single crystal in air with a thin covering layer of 18Cl
The diffusion-induced concentration profiles of indium as a function of depth were determined
using secondary ion mass spectrometry (SIMS). These diffusion profiles were used to calculat
the self-diffusion coefficients of indium in both the polycrystallingd; surface layer and the
TiO; single crystal. The temperature dependence of the respective diffusion coefficients, in the

range 1073 K- 1573 K, can be expressed by the following formulas:

Dln—lnleog =19x10™" em(wj[m2sl]

RT

and

—316kJ I
D10, = 74x10° eXp(— fmo j[mzsl]

RT

The obtained activation energy for bulk diffusion of indium in rutile (316 kJ/mol) is similar
to that of zirconium in rutile (325 kJ/mol). The determined diffusion data can be used in selection

of optimal processing of Ti&In-Os solid solutions.
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7.2 Introduction

The formation of well-defined solid solutions requires diffusion data related to their mass
transport kinetics. The formation of solid solutions has been widely applied in TiO> to form
Ti0O»-based systems with enhanced solar energy conversion performance.

The discovery of Fujishima and Honda [1], showing that TiO; is a promising candidate for
photo-electrochemical water decomposition, generated an interest in this compound. Since then,
intensive studies aim at the modification of its properties in order to enhance the performance
in solar-to-chemical energy conversion. These studies include investigations on the effect of
composition on the performance-related properties [2-8]. The ultimate aim of the research
strategy 1s the formation of TiO:-based semiconductors with enhanced performance as
photoelectrodes for photoelectrochemical water splitting and photocatalysts for water
purification. Modification of semiconducting properties can be achieved through a change of
chemical composition using (1) oxidation or reduction or (i1) doping:

Oxidation/Reduction. Oxidation or reduction of TiO; results in a change of nonstoichiometry
and the related Fermi level. However, imposition of well-defined oxygen activity requires
knowledge of the chemical diffusion coefficient [9].

Doping. Incorporation of aliovalent ions, forming donors and acceptors, results in a change
of Fermi level. However, the formation of well-defined solid solution requires knowledge of the
diffusion coefficients of the dopant ions.

Commonly reported processing procedures are often related to arbitrarily selected processing
conditions, such as temperatures and time of annealing or sintering which may not necessarily
lead to the formation of well-defined systems in terms of dopant distribution within the oxide
matrix. For this reason their properties cannot necessarily be readily compared. Consequently,
knowledge of the diffusion data for the doping elements is essential in order to select the time
and the temperature of the process. In certain cases, doping aims at the imposition of interface
concentration gradients. Also in this case, knowledge of the diffusion data is needed.

The aim of the present work is to determine the self-diffusion coefficient of indium in single
crystal TiO,. The diffusion-induced concentration profiles are determined by secondary ion
mass spectrometry, SIMS. The experimental part of the study is preceded by a brief overview

of the diffusion data reported in the literature for TiO> (rutile) and a definition of terms used.
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7.2.1. Brief literature overview

The crystal structure of rutile exhibits anisotropy, including mass transport. This structure,
which exhibits open channels parallel to the c-axis, is responsible for anisotropy of TiO».
Therefore, the transport of small cations along these channels is faster than in the direction
perpendicular to the c-axis, while oxygen diffusion is faster perpendicular to the c-axis [10-
12].

According to Lundy & Coghlan [12], the self-diffusion #Ti in rutile in the direction
perpendicular and parallel to the c-axis as a function of temperature is given by the following

respective expressions:

D”C _ 4.6><1076 exp(—sg.gk\] / mo'j[mzsl] (7-1)
RT
D, =24x107 exp(—_ 48'5:1‘? ! mo'j[mzsl] (7-2)

As seen, the activation energy of diffusion in the direction perpendicular to the c-axis,
represented by D, is larger than that of diffusion in the direction parallel to the c-axis,
represented by [2. According to Hoshiner a/. [11], the activation energy of diffusion in the
direction parallel to the c-axis and also in the direction perpendicular to the c-axis are similar:

D, = 65x10°* exp(%{_]/mmj[mzsl] (7-3)

D, =455x10" exp(—_ 268k3/mol )[mzsl] (7-4)

RT

Diffusion data reported by Lundy and Coghlan [12], Hoshking. [11], Venkatu and Poteat
[13] and Akse and Whitehurst [10], are showfrigure 7-1 In general, there is good agreement
between the reported diffusion data in terms of the absolute values of the diffusion coefficients

and their temperature dependence.
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Figure 7-1. Arrhenius plot of the diffusion coefficient of titaniumsingle crystal of Ti@(rutile), according to
Lundy and Coghlan [12], Hoshino et al. [11], Venkatu and P§i8ktand Akse and Whitehurst [10].

All these data indicate that diffusion in the direction perpendicular to the c-axis is faster than

parallel to the c-axis. Therefore:

D.>D (7-5)

lle
According to Sasalker al. [14], the effect of anisotropy is more substantial for the diffusion
of cobalt in Al-dopedr'iO.. The effect of anisotropy ifiiO, has also been considered by Millot
et al. [15].
Sasaki et al. [14] as well as Peterson and Sasaki [16] reported the self-diffusion coefficients
for a wide range of cations, including °Co, *Ni, *°Fe, **Mn, °'Cr, *Sc, *Zr, 'H", in rutile. The
related diffusion coefficients in the direction parallel to the c-axis are shown in Figure 7-2
Figure 7-2 also compares the data for titaniuffiTi, oxygen, 80, and the self-diffusion
coefficient of*Nb [17]. Sasaker al. [14] claimed that tri- and tetra-valent ions diffuse via the
interstitialcy mechanism. The diffusion coefficients for cationi@, were also reported by
Jahnson [18], Johnsaoer al. [19] and Wittke [20]. Extensive studies have also been reported for
oxygen tracer diffusion ifiO, [21-27].
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Figure 7-2. Arrhenius plot of the self-diffusion coefficient for sal/grtrinsic and extrinsic ions in TiQaccording
to Sasaki et al. [14], Hoshino and Peterson [11] and Sheppard eflal. [17

Theself-diffusion coefficients shown inFigure 7-2for **Ti and '*0 indicate that the transport
of titanium ions is faster than that of oxygen diffusion. Oxygen ions are transported according
to the vacancy mechanism and their diffusion rate is determined by the concentration of oxyger

vacancies.

The reported effect of anisotropy for oxygen transpojsD, = 02 [25]. However, the
interstitial transport of titanium ions is comparatively faster by approximately one order of
magnitude. The reporteaffect of anisotropy for titanium i®, : D, = 25 [12].

In summary, the diffusion rate of cations is dependent on their size, valence state and diffusiot

mechanism.

7.2.2. Definition of Terms

Diffusion coefficients for oxide crystals depend on oxygen activity when the transport occurs
via defects since their concentration is closely related to oxygen activity, p(O2). The effect of
both temperature and oxygen activity on the diffusion coefficient may be expressed by the

following:
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D=D,p(0,)"" em(_ Eaj (7-6)

RT

where m is the(0O.) exponent that is related to the valence of the defects involved in the
transport and &s the activation energy for diffusion.

A commonly applied technique for determination of diffusion kinetics in oxides is based on
the deposition of a tracer-containing surface layer and annealing for well-defined time intervals.
The resulting diffusion concentration profiles can be determined either by removal of several
layers by grinding (sectioning) and subsequent determination of tracer concentrations in each
section. Alternatively, the diffusion concentration profile can be determined using surface-
sensitive techniques, such as secondary ion mass spectrometry (SIMS). This technique has been
applied in the present work.

It is important to note that the SIMS technique provides depth profiles in terms of ion yield
(i.e. counts) rather than absolute concentrations. However, as the SIMS ion yield is often
proportional to absolute elemental concentration, a reasonable estimation of relative
concentration can be made by normalising the intensity of the species of interest against a
species whose intensity throughout the sample remains relatively stable, such as the host
(matrix) lattice species [17,28,29].In the present work, the diffusing species is indium and the
matrix species chosen for normalisation purposes was titanium. The concentration of indium

can be estimated using

(7-7)

where Cj, 1s the concentration of indium, [, and /7; are the SIMS measured intensity of indium
and titanium, respectively, and Fi, is the relative sensitivity factor. It is important to note that
the physical meaning of the sensitivity factor is complex as it depends on both the element of
interest and the sputtering conditions. Moreover, the concentration determined in this method
represents only relative values, not absolute values, since the relative sensitivity factor is
unknown. This, however, is sufficient for the determination of diffusion coefficients as diffusion
calculations are based upon relative changes in the concentration only.

According to Crank [304n “instantaneous source” or “thin film source” diffusion condition
occurs when the diffusing species are deposited as a thin layer on the surface of a solid and
annealed at constant temperature for a known time. Under these conditions the diffusion

coefficient can be related to the concentration profile described by [30]:
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M X (7-8)
C(X’t)_(ﬂDt)% ex‘{ 4Dt]

where C(x,t) is the solute concentration at a specific distance and time, M is the surface

concentration of solute at ¢ =0, x is the diffusion distance, t is the annealing time and D is the
diffusion coefficient of the species of interest. Based on this relationship, a plot of In(C) vs. x°
(where /n is natural log) of the diffusion data relating to the lattice (bulk) diffusion pathway will
be linear, and the diffusion coefficient of indium, D;, can then be determined from the gradient,

m of this linear plot using the equation:

1 (7-9)

7.3 Experimental

7.3.1. Specimen

The specimen used in the present study was a 2 x 3 x 10 mm tablet of high purity TiO> single
crystal provided by SurfaceNet, Germany. The diffusion concentration profiles of "*In were
imposed by deposition of a thin layer of InCl; on the surface normal to the c-axis so that diffusion
proceeds along the c-axis. The deposition procedure involved the preparation of 0.1501 g InCl;
dissolved in 10 ml of ethanol. The resulting solution concentration was 0.0679 mol/L. This
solution was then dropped on the polished surface of the TiO2 specimen. The InCls layer was
allowed to dry at 50°C. The specimen was subsequently annealed at elevated temperatures in air
to allow indium penetration into the lattice and the imposition of a diffusion gradient. Each
specimen was used at only one temperature of annealing. Four independent specimens were
used to generate diffusion profiles at four temperatures in the range 1073 K - 1573 K. The
annealing times were selected in order to impose comparable diffusion-induced concentration
gradients. These were: 1440 min, 300 min, 15 min and 10 min at 1073 K, 1173 K, 1373 K and

1573 K, respectively. These conditions were based on preliminary diffusion experiments.

7.3.2. Surface Analysis

The resulting diffusion concentration profiles were determined with secondary ion mass

spectrometry, SIMS (Cameca IMS 5f). In order to minimize sample charging, a thin layer of
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gold (~20 nm) was first deposited on the sample surface. A Cs* primary ion beam of 3 keV net
impact energy and 80 nA current, was rastered over an area of approximately 250 x 250 um. A
sputter rate of 0.57 nm/s was calculated using the known total analysis time and the resulting
crater depth for a representative analysis. As all subsequent samples have the same matrix, and
analyses were performed under the same SIMS conditions, it is reasonable to assume that the
same sputter rate applies to each. The crater used for determining the sputter rate is shown in
Figure 7-3. The area of the square-shaped crater image is slightly larger than 250 x 250 um.
The light spots are likely to be related to the islets of gold introduced prior to SIMS analysis.
The total depth of the crater, measured accurately using a high precision profilometer, was

applied to calibrate the sputtering time versus depth.

24 Single Crystal TiO, Rutile

0 4 N )

Sputtered Crater Depth
~11 pm

Depth [um]

-84 SIMS Analysis Conditions:

Cs" Primary Beam Current: 70nA
Net impact energy: 3 keV
Sputter Rate: 0.57 nm/s
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T M T M T M T M T M T M T M
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Distance [um]

Figure 7-3. Typical crater generated by SIMS primary ions sputtering.

7.4 Results and Discussion

The raw SIMS spectra of indium diffusion in TiO2 along with the profiles of oxygen, titanium
and cesium for the specimen annealed at 1073 K, is shown in Figure 7-4in terms of the intensity

of secondary ions vs. sputtering time.
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Figure 7-4. The secondary ion intensities for Cs, Ti, O and In (inte@en second) in Tiannealed at 1073 K in
air.

It takes some time in the initial stages of SIMS analysis for equilibrium sputtering to be
established. For this reason, the data recorded at the commencement of the analysis is not well-
defined and cannot be considered reliable enough for calculating concentration gradients in the
lattice. Consequently, the initial abrupt changes of ion yield intensities, related to non-
equilibrium sputtering, have not been taken into account in the analysis.

Identification of the transition region between non-equilibrium and equilibrium sputtering in
the spectra is highly subjective. However, this assessment is essential for determining the
diffusion coefficient correctly.

The depth profiles related to **Cs, **Ti, '°0 and '’In are shown in Figure 7-4. As seen, these
profiles exhibit the following characteristic features:

e The profiles related to '3Cs exhibit a sharp initial decrease, subsequent step-like
change and a stable value following the step.

e The profiles related to **Ti exhibit a sharp initial rise followed by a stable value. As
seen, the stability range corresponds to the time of sputtering larger than the time of

the step.
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e The profiles related to '°O exhibit a sharp initial decrease followed by a stable value.
In analogy to the profile of **Ti, the stability range corresponds to the time of
sputtering larger than the time of the step.

The shape of the profile of !'*In depends on the annealing temperature and time. However,
the character of the changes in !'’In vs. time, which is schematically represented in Figure 7-5
may be considered in terms of the following four regimes:

Regime I. This regime is related to non-equilibrium sputtering. The intensity profile in this
regime shows a rapid initial rise, reaching maximum, and subsequent rapid decrease.

Regime II. This regime, which corresponds to the flat part of the '*Cs (before the step-like
change) is related to the surface layer that is formed by the reaction between the deposited InCls
layer and the TiO: (rutile) surface, which seems to be an InoTiOs like structure.

Regime I11. This regime is related to bulk lattice diffusion of In in TiO».

Regime IV. This regime represents the background composition of In in TiO».

Cs
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Figure 7-5. Schematic representation of the intensity vs. time profiles Withiregimes + IV (described in text).
The isothermal depth profiles of indium annealed in air, including the regimes II-1V, are

shown inFigure 7-6in terms of the intensity ratiofll+i) vs. distance from the surface. As seen,

these depth profiles involve three parts with distinctively different shapes:
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The steepest part is related to the surface in the form of an indium titanate like phase (regime
IT). The second part, which exhibits a smaller slope, is related to the diffusion-induced

concentration gradient of indium in the rutile structure (regime III). This part may be considered

is terms of the background composition (regime IV).
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Figure 7-6. The ratio of intensity profiles If(l1) vs. distance from the surface.

The depth profiles associated with lattice diffusion, plotted in terms of In(Ii/It;) intensity
profiles vs. square of the distance for the surface layer of In,TiOs (regime II), are shown in

Figure 7-7.
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Figure 7-7 The ratio of intensity profiles Ingfl+) vs. square of the distance from the surface for In-dop&iOg

As seen, the parts of the profiles related to lattice diffusion can be described by a linear
dependence. These depth profiles were used for the determination of the diffusion coefficient o
indium in titanium-doped indium oxide using Equation (8).

The depth profiles associated with lattice diffusion, plotted in terms af/Injlintensity
profiles vs. square of the distance 160- (regime Ill), are shown ifigure 7-8. As seen, also
in this regime the parts of the profiles related to lattice diffusion can be described by a linea
dependence. These depth profiles were used for the determination of the diffusion coefficient o

indium in rutile usingequation (7-8).
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Figure 7-8. The ratio of intensity profiles In(l1) vs. square of the distance from the surface for In-dopegd TiO

The obtained diffusion coefficients, determined at four temperatures, are shéiguie

7-9.
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Figure 7-9 The Arrhenius plots of the self-diffusion coefficient of inditmboth InTiOs and TiQ.

These diffusion data may be expressed by the following functions of temperature:

Divoin ,TiOs — 19x10™ eXp[_ MJ[ rr‘2571]

RT

16kJ/mol
Diyro, = 74x10° exp(— %)[rﬁs—l]

(7-10)

(7-11)

It is important to note that the diffusion data and associated function (7-10) for the diffusion

of indium in indium titanate requires further experimental verification for a system that is well-

defined.

According to Peterson and Sasaki [ref], tri-valent ions, such as scandium and chromium, are

incorporated into the rutile structure substitutionally (into titanium sites) and are transported

according to interstitialcy mechanism. Their transport is associated with the simultaneous

transport of interstitial titanium ions. The same mechanism is expected also in the case of indium

diffusion. The interstitialcy transport mechanism is consistent with the report of Nakamura et

al. [ref] who observed that indium is incorporated into the rutile structure partly into titanium

sites and partly into interstitial sites.

7.5 Conclusions

The present work determined diffusion-induced concentration-related profiles for indium in a

TiOz lattice of rutile. It is shown that assessment of the physical meaning associated with the

intensity vs. depth profiles requires careful analysis of the character of the profiles for titanium
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and oxygen as well cesium. The obtained intensity profiles were used to determine the
diffusion coefficient of indium in high purity TiO» single crystal in the range 1073 K - 1573 K
in air. This diffusion data, involving eight independently determined data points, obeys a
linear relationship very well. The obtained data indicate that the activation energy of diffusion
is profoundly influenced by ionic radius. As seen, the activation energy for indium (316
kJ/mol) and zirconium (325 kJ/mol) are similar as they have similar ionic radii (0.081 nm and
0.080 nm, respectively). On the other hand, the activation energy for titanium (251 kJ/mol)
and niobium (244 kJ/mol) are substantially lower as the ionic radii are smaller (0.068 nm and

0.070 nm, respectively).
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CHAPTER 8

Effect of Oxygen Activity on Surface
Composition of In-Doped TiO, at Elevated

Temperatures

8.1 Abstract

The present work reports the effect of oxygen activity on segregation-induced indium surface
concentratiomn In-dopedTiO; annealed at 1273 K for different annealing time intervals (5-120
h) and p(Q) = 21 kPa and p(§ = 10%° Pa It is shown that equilibrium segregation of indium
in oxidising conditionsp(0,) = 21 kPa, is established within 20 h. However, annealing in
reducing conditiongy(02) = 10'° Pa, could not establish equilibrium segregation due to indium
evaporation, which becomes substantigl(@k) < 1.8x18 kPa. In these conditions, annealing
results in an initial rise of surface concentration due to segregation followed by a subsequen
decrease due to evaporation. The data may be used for modification of the surface vs. bul

composition of In-dopediO: in a controlled manner.

8.2 Introduction

The interest in Ti@based systems continues to increase due to its promising photocatalytic
and photoelectrochemical properties. The research is primarily aimed at the formation of high-
performance photocatalysts for water purificatigdi-3] and photoelectrodes for
photoelectrochemical water splittifg-6]. These two applications are closely related to the

photoreactivity of TiQ with water.
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A critical step in the photoreactivity of the TiGurface with water is charge transfer. The
mechanism and kinetics of photoreactivity at the -M@ter interface (i.e. Ti©surface) is
dependent on surface properties. The surface properties can be entirely different to that of th
bulk phase as a result of segregation [7]. Therefore, the effect of doping, which consists of the
incorporation of aliovalent ions as donors and acceptors [8], should be considered in terms o
both bulk and surface properties. Consequently, the phenomenon of segregation may be applie
as a method for controlling the surface concentration of dopants. Although segregation in oxide:
is still not well understood, it has been shown that segregation-induced surface enrichment i
metal oxides strongly depends on oxygen activity during segregation [7,9,10]. Therefore, the
imposition of a gas phase with variable oxygen activity may be used to tailor the surface
concentration of dopants in a well-defined and reproducible manner.

The present work aims to understand the effect of oxygen activity on the segregation of
indium in polycrystalline In-doped TiQluring prolonged annealing in a gas phase of controlled
composition. The ultimate aim is to assess the time required to reach equilibrium segregation &

elevated temperatures.

8.2.1. Brief literature overview

8.2.1.1. Segregation

The surface properties are different from those in the bulk phase, in terms of both chemical
composition and structure, as a result of segregation. Therefore, there has been an increasi
interest in studies on the segregation of oxides, including [liG14]. However, most of the
segregation-related data reported so far, does not correspond to gas/solid equilibrium anc
therefore, are not well-defined and not reproducible.

Bernasiket al. [11] studied the effect of oxygen activity on iron segregatidreidopedTiO»
single crystal using SIMS. Their data stemthat the segregation-induced surface enrichment
of iron is enhanced by the imposition of increased oxygen activity in the gas phase during
annealing at 1673 K.

Gulino et al. [12] reported Sb segregation in polycrystalline specimens of Sb-dopeat TiO
1273 K. Their data determined that the segregation-induced enrichment factor increase:
substantially with a decreasing bulk content of Sb.

Ruizet al. [14] studied chromium segregation in polycrystalline Cr-dopiéd at 873 K and
1173 K in air using XPS surface analysis. They observed that the segregation-induced surfac

enrichment of chromium at 1173 K was two times larger than that at 873 K.
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Conflicting data have also been reported for the segregation of niobNdoped TiQ in

a recent review by Nakajima et al. [13].

8.2.1.2. Effect of indium doping on properties of TiQ

Karakitsou et al. [15] reported on the photocatalytic water splitting performance for In-doped
TiO2 as well as other aliovalent ions of higher and lower valence cations sucht,asel
Nb>*, In®*, Zr?* and Li. They observed that donor cations with valence higher thign Ti
enhanced the photocatlytic water splitting performance, while lower valence cations, including
In®* had the opposite effect.

Shchukin et al. [16] examined the photocatalytic propertieg@ds-TiO2> bicomponent
powders of varying ratios and reported greatly enhanced photocatalytic activity compared with
undoped TiQ. They attributed this to increased surface acidity as well as favourable band-gap
modification which improved charge separation. Studies by Wang et al. [17] found that In-
doped TiQ improved photo-generated charge separation as well as photocatalytic activity. They
determined that this was due to the formation of uniquie-Ol chemical species at the surface.

It is certainly evident from the conflicting literature reports, that the need for further
investigation of indium doped Tids warranted.

It has become increasingly clear that the surface plays a critical; even controllingthele in
resulting functional properties of oxides. However there is often a failure to recognize that the
surface composition can be entirely different from that of the bulk phase due to the phenomenoit
of segregation. Consequently, the contribution of surface segregation must also be taken int
account when deriving theoretical models relating to the effect of dopants on functional
properties.

The aim of the present work is to determine the effect of indium segregation on the surface
composition ofin-doped TiQ. The main effort is centered on establishing the effect of

annealing conditions (time and oxygen activity) on indium segregation.

8.2.1.3. Effect of Indium on Defect Disorder of Ti@

The effect of foreign ions on the properties of 7i€an be described by defect chemistry
models [8]. The mechanism of indium incorporation into thexTa@ice in reducing conditions

may be represented, using the Krdger-Vink notation [I8ble 8-1) by the following reaction:

In,05 & 2In}; + 30, + V5* (8-1)
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As seen, the reaction results in the formation of both negatively charged indium ions and

positively charged oxygen vacancies (relative to the lattice). Consequently, the resulting defec

disorder is governed by the following ionic charge compensation:

[Ing;] = 2[V5°]

(8-2)

On the other hand, the incorporation of indivmoxidising conditions is different:

1
In,05 + 5.0, © 2Ing; + 2h° + 40§

(8-3)

The defect disorder in this case is governed by the following charge compensation:

p = [Ingy]

(8-4)

Therefore, the rightward shift of reaction (8-3), which is associated with oxygen consumption

by the oxide lattice, is favoured at higher oxygen actiWigactions (8-1)and(8-3) show that

the effect of oxygen activity on indium incorporation may be explained using the concepts of

defect chemistry. The aim of the present work is to assess the effect of oxygen activity on the

segregation-induced surface enrichment of rutile in indium.

Table 8-1. The Kroger-Vink [18] and the traditional notations of point deifiedigO,

Traditional o Kroger-Vink
. Description ,
Notation notation
Tigy Tit} ion in the titanium lattice site Ti%;
Tid} Ti3f ion in the titanium lattice site (quasi-free electron) e
Vi Titanium vacancy v
Tid* Ti3* in the interstitial site Ti;*
Ti}* Tit* in the interstitial site Ti;***
03" 0%~ ion in the oxygen lattice site 0§
Vo Oxygen vacancy \%%)
(08 Op ion in oxygen lattice site (quasi-free electron hole) h*
8.3 Experimental
8.3.1. Powder preparation

Indium doped TiQ powder was prepared via the sol gel technique using the following

precursors: (i) titanium isopropoxide, TI[OCH(@k4 (97% Aldrich), (ii) indium chloride,
InCl3 (99.999% Aldrich), (iii) anhydrous ethanol, (iv) Milli-Q water and (v) acetic acid. The
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volume of titanium isopropoxide was calculated based on the required final masspdWwder

(25 g). The required amount of Inqlowder was then calculated to achieve the desired nhominal
0.03 at% dopant concentration. The volume of acetic acid (necessary to slowdown gelation
and Milli-Q H>O was determined from the GEIOOH:Ti and HO:Ti ratios of 1.5:1 and 4:1
respectively according to the work of Doeuff et al. [19]. Finally, the total volume of anhydrous
ethanol was determined to achieve a final solution concentration of 0.8 mol/L.

To prepare the sol-gel, a small amount of the total calculated ethanol volume (typically ~50
ml) was first combined with the InE€powder in a beaker (B1) under vigorous stirring for at
least 30 mins until the In€lvas completely dissolved in solution. In a separate beaker (B2) the
Ti[OCH(CHz)2]4 was combined with the acetic acid under vigorous stirring for 1 hour (covered
with a plastic film to minimise any moisture absorption from atmosphere). In a third separate
beaker (B3) the remaining ethanol was combined with t@ &hd placed under constant
stirring. After 30 mins theB1) solution was slowly added to thB2) solution and allowed to
continue stirring for 1 hour. After 1 hour, thB3) solution was added drop-wise to the B2
solution and left to stir until the viscosity of the gel formation hindered rotation of the stirring
bar. At this stage the stirrer was stopped and the beaker of gel placed on acéaoatpla
approximately 88C and left in the fume hood to dry for 2-3 days. The resulting crystals were

then ground into a fine (talc-like) powder using an agate mortar and pestle.

8.3.2. Powder consolidation

The ground Ti@ powder was placed in a Pt lined alumina boat and calcined in air at 1173K
using a tube furnace to remove any water and organics as well as inducing thetanatdse-
phase transition.

The calcined samples were then pressed uniaxially into cylindrical pellets using a 10 mm
diameter hardened stainless steel die at ~50-60 MPa without the addition of a binding agent
The pressed pellets were then carefully vacuum sealed into thin latex tubes and cold isostaticall
pressed (CIP) to a pressure of 400 MPa with dwell at full pressure for 2 minutes. The resulting
pellets were sintered in air at 1773 K for 5 hours for densification into a polycrystalline solid.
After sintering, ~30 - 50 um of the sample surface was removed by mechanical grinding anc
polishing, using a series of diamond pads and diamond suspension liquids (Struers
LaboSystem). The aim of this was to eliminate any segregation enriched surface layers forme:
during the sintering process and return the surface to the bulk dopant concentration. The samp

at this stage will be referred to as “as-polished”. A precision diamond saw was then used to
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section each as-polished pellets into the brick-like shapes used in the different annealing
conditions examined in the present work. A micrograph of the as-polished specimen is showr

in Figure 8-1

- : 2 -, + i SN

Figure 8-1. Micrograph of the polycrystalline as-polished sample-dbped TiQ

8.3.3. Annealing

Reducing Conditions: The gas phase involving 2PAHgas mixture was used to impose the
p(Qy) of 10° Pa. This was achieved with gas flow rate of 100 ml/min velocity. This gas was
initially put through a dual bubbler system submerged in a thermally insulated ice box filled
with ice and water. The small ice box was used to maintain a consistent and reproducible parti
pressure related to water vapour. The first bubbler in the ice box was fitted with an aerator anc
filled with Milli-Q water while the second bubber was left empty and used primarily as a
condensation trap. The gas was then flowed through a gasket sealed tube furnace (react
vessel) held at 1273 K and containing the doped $pg@cimen. The p(of the reactor vessel
output gas was continuously monitored using a zirconia oxygen probe held at 1023 K after whict
the gas exited through a final water filled bubbler used to stop any back flow of air into the
system. Samples were inserted into the tube furnace by removing the gasket seal (on th
downstream gas flow side); rapidly pushing the sample into the heat zone and replacing the
gasket seal. After the required annealing time had been reached, the downstream gasket w
again removed and the sample pulled from the central heat zone as quickly as possible to a pr
defined position near the end of the tube (but not directly to room temperature) in order to
guench the sample whilst not imposing thermal shock.

Oxidising Conditions: The oxygen activity of pfO= 21 kPa was achieved by flowing

artificial air through the tube furnace during annealing.
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8.3.4. Sample characterisation

8.3.4.1. X-ray Diffraction (XRD)

XRD (Siemens D500) analysis was performed on the calcined samples using @,£0 K
radiation source and a graphite monochromator. Data was collected in the angular r&nge of &
to 80 with a D step size of 0.05 and a five second dwell time. All data was analysed using the
PANalytical XRD analysis package (High Score Pro) to identify the crystalline phased relate
to the obtained peak positions. As seefkigure 8-2, all of the X-ray diffraction peaks for the
studied specimen of In-doped Ti€elate to the rutile phase. This pattern indicates that indium
incorporation into the Ti@lattice resulted in the formation of a solid solution as no additional

peaks, which would suggesting the formation of another phase has been observed.

10.03 at% In-Ti02 (PC) As-polished sample

] Sintered: T =1773 K, p(O,) =21 kPa,t=5h
R

|R - rutile-related peaks

R R
i R R
] l Rl R | RR

10 20 30 40 50 60 70 80
2 Theta [degrees]

Intensity [a.u.]

Figure 8-2. The X-ray diffraction pattern of In-doped T@wder calcined in air at 1173 K. The presence of only

rutile peaks confirms the incorporation of indium3f)rions as a solid solution.

8.3.4.2. Proton Induced X-ray Emission (PIXE)

PIXE analysis was used to perform elemental bulk phase analysis of the $tudogxed
TiO2 specimen. The analysis was performed using the 2MV STAR tandem accelerator at the
Australian Nuclear Science and Technology Organisation. A 2.6 MeV proton beam of 10-15nA
beam current and collimated to 3 mm was applied at a normal angle of incidence to the as
polished sample surface for analysie X-rays were recorded using a Si(Li) detector fitted

with 25 um thick Be window at the 4&ngle. Due to the limitation of the Si(Li) detectors ability
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to cope with very high count rates resulting from solid samples, an additional pin-hole filter
(1700 um thick acrylic) with 2% hole area, was used. The pin-hole filter was placed over the
x-ray detector to minimise pile-up and dead time during sample analysis. The pin-hole filter was
also fitted with an additional 4pm thick mylar film to further decrease the intensity of the low
energy X-rays excited with high cross-sections. The collected chargetger®rdhe ion beam
for each sample was 30uC. The acquired X-ray spectra were processed using the GQUPIXWI
software package (Version 2.1.4, University of Guelph, Canada) to determine the elementa
concentration.

The PIXE spectrum of thaspolished In-doped Ti®@annealed at 1773 K for 5 h in air is
shown inFigure 8-3 The quantitative analysis of the indium-related peak indicates that the
content of indium in the bulk phase is 0.03 + 0.004 at%.

107_;0.03 at% In-Ti02 (PC) As-polished sample
iSintered: T = 1773 K, p(O,) = 21 kPa, t =5 h

10° - 10°

In
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Data fit
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Figure 8-3. Proton-induced X-ray emission (PIXE) spectraf@spolished sample of In-doped titanium dioxide.

8.3.4.3. Secondary lon Mass Spectrometry (SIMS)

The SIMS technique is one of the most sensitive surface analytical tools, however, it only
provides the depth profiles in terms of qualitative ion intensity rather than absolute concentratior
unless matrix matched reference materials are available. The SIMS sputtering technique
essentially enables laybx-layer lattice removal from the specimen. Therefore, variations in
ion intensity can be detected within the individual lattice layers. The thickness of the removed
layers is dependent on the sputtering rate which is related to the primary ion beam and net impa
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energy used. The maximum penetration depth, to which the SIMS depth profile is limited,
depends on the geometry of the incident beam. Beyond this certain depth the results of th
analysis may be influenced by the top edge of the crater wall. In the present work themaxim
analysis depth is ~10np

Depth profiling was performed using secondary ion mass spectrometry, SIMS (Cameca ims
5f). A Cs™ primary ion beam of 5nA current and 5 keV net impact energy was rastered over a
250 x 250 pm area to sputter secondary ions from the sample surface. Lens andssgpentyse
were used to restrict secondary ion analysis to a 55um circular area within the rastered regio
and analysis kept below 10nto avoid any influence of crater edge effects on the results.

The SIMS analysis is applied in the present woretetermine the indium depth profile after
different annealing times in the gas phase of controlled oxygen activity.

8.3.4.4. X-ray Photoelectron SpectroscopXPsS)

Quantitative surface concentration was determined using XPS (ESCALAB 250 xi). The
spectra were induced with a monochromatic Al Ka (1486.6 e¢V) excitation source operated at
15 kV and 160 W. The Xay spot was approximately 0.5 mm in diameter. A take-off angle of
9 relative to the sample surface was used for all analyses which results in aisategth of
approximately 6 nm. A pass energy of 100 eV was used for survey scans and 20 eV for lkelement
region scans. A 20 second argon sputtering etch was required prior to XPS analysis of the a:
polished sample to remove surface carbon likely remaining from the polishing/lubrication
medium used. The energy of the*Aon beam used for the sputtering etch was 3 keV. The
etching rate was approximately 0.4 nm/s calibrated using@s/lla reference sample. XPS
analysis was used in the present work to determine the quantitative indium surface concentratio

at certain stages of the annealing process.

8.4 Results and Discussion

The raw data representing the effect of annealing time on the SIMS depth profiles are showr
in Figure 8-4 (a)-(b)in terms of indium intensity (counts) vs. depth profiles as a function of
imposed annealing time. This figure also includes the profile of the gold surface layer, which
was deposited (by evaporation) onto each sample prior to SIMS analysis to eliminate sample
charging.
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Figure 8-4. Effect of annealing time in oxidising and reducing comdités 1273 K on SIMS profiles in terms of
(a)-(b) intensities vs. depth and (c)-(d) intensity ratio for In-ddfied.

The related zero of the depth scaleéFigure 8-4 has been associated with the part of the
depth profile at which gold drops rapidly to the background level. In other words, the part of the
profile, which is related to the gold surface layer should not be taken into account in quantitative
analysis of indium segregation.

A negative characteristic of SIMS analyses are experimental uncertainties which occur at the
initial stages of analysis due to non-equilibrium sputtering conditions. These uncertainties may
be minimized when the depth profiles are plotted in terms of the intensity ratiosi]] which
are shown irFigure 8-4 (c)-(d) In other words, the absolute values of the intensity profiles
within the oxide lattice may be normalised to a host lattice ion such as Ti or one of the

predominant cations which form the lattice, whose concentration is relatively stable as a functior
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of depth within each samples and also expected to be of consistent intensity across differer
samples, such as titanium.

Figure 8-4 (c)-(d)represents the depth profiles, in terms of the/ [ki] ratio, at different
time intervals of annealing ranging between 5 h and 120 h as wellaspbkshed specimens,
in both oxidising and reducing environments related to)p21 kPa and p(£) = 10%° Pa,
respectively. The data for as-polished specimen serves as a reference. The intendityarati
shown inFigure 8-4(c)-(d) and free from non-equilibrium sputtering fluctuations, will be
analysed further in the present work. The associated penetration depth was determined fror
calibration using the relationship between the total sputtering time and total crater depth. The
total depth of the crater generated by the sputtering process was measured accurately using hi
precision stylus profilometer (Alpha step 2000, KLA Tencor).

The depth profiles ifrigure 8-4 (c)-(d)have benconsidered within the following ranges

(1-(5):

(1) The first range, demarcated by the solid line (1) corresponds to the initial part of the
intensity profile related to the gold surface layer. Therefore, the line (1) is considered
to correspond to the zero level of the depth scale. Consequently, the indium intensity

profile on the left side of the solid line (1) is not taken into account.

(2) The second range is demarcated by the dotted line (2). This range exhibits the
maximum intensity of the profile, which corresponds to approximately 1.5 nm depth.
As seen irFigure 8-4(c)-(d), the indium intensity of the as-polished specimen

remains constant within across the entire analysis depth.

(3) The third range is demarcated by the lines (2) and (3). The latter corresponds to d = 4
nm. This layer exhibits the strongest indium concentration gradient.

(4) The subsequent ranges (4) and (5), selected arbitrarily, correspond to d =10 nm and d -

20 nm depth from the ATIO: interface, respectively.

Figure 8-4 (c) represent the depth profiles of In-doped J#&Dnealed at p#) = 21 kPa
during different periods of time, including 5h, 48 h, 72 h, 96 h, and 120 h, respectively. The
intensity ratios at the solid line (1), which is related to the depth at which the gold profile drops
to background, are associated with the concentrations at the outermost surface layer.

The intensity profiles for In-dopetiO, annealed in strongly reducing conditiopg(©>,) = 10
10pa, during 5h, 48 h, 72 h, 96 h, and 120 h, respectively, as well as the as-polished specimer
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of In-dopedTiO; are shown irFigure 8-4 (d). As seen, the intensity profiles related to the
surface layer in reducing conditions, denoted by solid line (1), are markedly lower than at the

same point irFigure 8-4(c).
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Figure 8-5. Effect of annealing time at 1273 K in oxidising and redwga@sgohase on the concentration of indium

for In-doped TiQ at different depths.

The effect of annealing on the concentration of indium at specific depths from the surface, in
both oxidising and reducing environment, is showRigure 8-5in terms of the intensity ratios
vs. annealing time at 1273 K in both oxidising and reducing environments (upper and lower
part, respectively). The associated surface concentration values determined by XPS are show

in Figure 8-6.
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Figure 8-6. The effect of annealing in oxidising and reducing envieatsrat 1273 K on surface concentration of

indium for In-doped TiQalong the data for as-polished specimen.

These two sets of data representedrigure 8-5andFigure 8-6 canbe used to derive a

general picture on the effect of segregation in both oxidising and reducing environments.

8.4.1. Oxidising Conditions

As seen inFigure 8-5, the outermost surface layer, related to approximately 1.5 nm, in
oxidising conditions assumes a stable concentration within approximately 20 h and then remain
constant as a function of time. The shape of the annealing curve associated with the deepe
layer (4 nm) is similar. According to the XPS analysis, the surface concentration of indium in
this case is 1.53 at% indicating that the segregation-induced enrichment of the surface layer |
approximately f = 50. It is interesting to note that even polishing the surface results in an
enrichment of f = 3. Furthermore, the annealing curves corresponding to deepentigats

that segregation still takes place att > 80 h.
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8.4.2. Reducing Conditions

As is also seen irFigure 8-5, the profiles corresponding to p@10%° Pa assume
maximum at approximately 10 h and then the intensity ratio value decreases as the annealin
time increases. This correlates well with the results showsgare 8-6, where the surface
indium concentration after 96 hours in reducing environment is below the detectability limit of
the XPS analysis. This effect may be considered in terms of two possible scenarios:

(1) The segregation driving force of indium in low oxygen activity is either reduced to
zero or indium has the tendency to desegregate resulting in an impoverishment of the
surface layer.

(2) The segregation driving force of indium is still high enough to produce indium
segregation; however, the surface concentration of indium is diminished by
evaporation.

The increasing trend of the intensity ratio vs. annealing time curve fey p(M° Pa within
the first 10 h, indicates that the segregation driving force is strong enough. However, the
subsequent decreasing trend indicates that the reduced surface indium content is most likely dt
to the evaporation din20s. This observed effect of oxygen activity on indium evaporation is
consistent with the report of Valderrama-N and Jacobs [20]. They have documented that at lov
oxygen activityin,Os in converted into highly volatile phase ot They have shown that the
decomposition pressure ;O3 at 1373 K is 13 Pa. Therefore, one should expect that indium

oxide will evaporate in the reducing conditions applied in the present work.

8.5 Conclusions

The present work reported segregation-induced concentration profiles for indinthoped
TiO2 annealed in both oxidising environment, (G 21 kPa, and in strongly reducing
environment, p(@ = 10° Pa. The obtained data allow the following points to be made:
¢ Indium has the tendency to segregate to the surface of In-depectutile). The time
required to reach ~90% of the equilibrium concentration at the surface in oxidising
conditionsp(02) = 21 kPa, at 1273 K is 20 h. The segregation-induced enrichment in
these conditions is f = 50.
e Annealing In-dopedliO; in highly reducing conditions does not allow equilibrium

segregation to be reached due to strong effect of indium evaporation from the. surface
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The reported effects of oxygen activity on dopant segregation may be used as aggchnolo
for imposing specific surface chemistry and related chemically-induced electric fieldf, whic

have an essential role in separation of light-induced charge carriers.
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CHAPTER 9

Effect of Indium Segregation on Surface vs.
Bulk Chemistry for In-Doped TiO >

9.1 Abstract

This work reports the effect of indium segregation on surface vs. bulk composition of In-
doped TiQ. The studies are performed using proton-induced X-ray emission (PIXE), secondary
ion mass spectrometry (SIMS), X-ray photoelectron spectroscopy (XPS), and Rutherford
backscattering (RBS). The PIXE and XfeSults indicate that annealing 0.3 aft%doped TiQ
at 1273 K in the gas phase of controlled oxygen activity Jp€075 kPa and p(£) = 10 Pa]
results in surface enrichment of 2.95 at% In and 2.61 at% In, respectively. The obtained
segregation data are considered in terms of the transport of indium ions from titanium sites ir
the bulk phase to the surface where these ions are incorporated into interstitial sites. The effe
of oxygen activity on segregation-induced surface enrichment results in the formatior2of a 1-
nm low-dimensional surface structure and a sub-layer, which are charged negatively. The latte
formed as a result of strong interactions between titanium vacancies and interstitial indium ions
leading to the formation of defect complexes. The data obtained in this work may be used for
engineering of Ti@based semiconductors with enhanced performance in solar energy

conversion.

9.2 Introduction

TiO2 is a promising candidate for photocatalytic removal of toxic organic contaminants from

water [1,2] and photoelectrochemical generation of hydrogen fuel from water [3]. The first
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successful experiment of Fujishima and Honda [3] on photoelectrochemical water splitting has
resulted in intensive researelimed at modifying TiQin order to enhance its performance. The
ultimate goal of the research is to form a Fléased system which is able to perform at the level

of efficiency that is required for commercialization.

The most common way to modify the perforroarelated properties of oxides including
TiO2, such as electronic structure, flat band potential and surface properties, is by incorporatior
of aliovalent ions into the TiPlattice (doping)4-8]. The process of doping, which results in
the formation of donor and/or acceptor centres, leads to a change in the concentration o
electronic charge carriers and the related semiconducting properties in a controlled manner. S
far, the effect of doping on the properties of oxides has been mainly been assessed in terms
bulk properties. Awareness is growing, however, that the mechanism of incorporating foreign
ions and the resulting properties in the bulk and surface phase can be entirely d&té&jnt
Clarification of this effect is crucial for correctly understanding the effect of doping on the
performance of photoelectrodes and photocatalysts, which is determined by surface vs. bull
properties. So far, however, little is known in this matter.

There has been an accumulation of reports indicating that solutes present in the bulk phas
segregate to the surface, however, the reported enrichment data are conflictingdiEgjver,
awareness is growing that solute segregation in metal oxides is profoundly influenced by
intrinsic defect disorder and the related oxygen actiy@ll]. Therefore, there is an
increasingly urgent need to understand the effect of segregation on both the bulk and surfac
properties of oxides and, specifically the effect of oxygen activity on segregation-induced
enrichment.

The present work is a part of a larger research program to investigate the effect of segregatio
on surface properties of photosensitive oxide semiconductors, including chemical composition
and the associated performance-related properties of o solutions with donor- and
acceptor-type ions.

Our previous work for In-doped Tihas revealed that the effect of indium segregation on
surface composition is a compromise between indium evaporation and segregatiorhgit4].
work resulted in the following conclusions:

Equilibrium Segregation. The determination of equilibrium segregation requires knowledge
of the time needed to establish equilibrium. It was shown that equilibrium segregation of indium

in the TiQ lattice in oxidising atmosphere can be reached within 20 h at 1273 K.
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Evaporation. Annealing of In-doped Ti&in a strongly reducing environmergmot achieve
equilibrium segregation due to indium evaporation. In this case the resulting surface
concentration of indium is a compromise between the rate of segregation and the rate o
evaporation. Knowledge of these effects may be used to set-up appropriate processin
conditions for the formation of well-definebh-doped TiQ in terms of surface vs. bulk
composition.

The purpose of the present work is, using the experimental framework established previously
[14], to determine the effect of indium segregation on surface vs. bulk composition of In-doped
TiO2 in an oxidising environment. In this environment the segregation-induced surface
composition is not affected by evaporation. In order to establish the effect of segregation on the
local indium concentration within the surface layer, it seems appropriate to use the following
range of analytical tools, which exhibit different sensitivity to surface vs. bulk composition:

Secondary ion mass spectrometry, SIMSThis destructive method is extremely sensitive to
chemical compositiont is able to analyse the composition-related intensity of species within
lattice layers of approximately 1 nm in thickness and removed baykyer up to 10 um in
depth from the surface. However, quantitative assessment of the SIMS intensity data in term:
of absolute elemental concentration vs. depth requires calibration, which is awkward
Furthermore, SIMS can be strongly influenced by matrix-related effects which add further
complexity. Consequently, SIMS is typically utilised for qualitative depth profiling.

X-ray photoelectron spectroscopy, XPSThis method, which is non-destructive, provides the
absolute concentration of the surface layer composition within 4-6 nm depth from the,surface
depending on angle of incidence.

Rutherford backscattering spectroscopy, RBSThe analysis depth of this method, which is
also non-destructive, is of the order of tens of nanometers and, therefore, is larger than that c
SIMS and XPS. In the case of RBS the smallest analysis depth can be as low as 200 nm a
the probing depth is on the order of several micrometers depending on the incident particle
energy and target matrix. Therefore, RBS is a comparatively less surface sensitive techniqu
than SIMS and XPS.

Proton-induced X-ray emission, PIXE The analysis depth of PIXE is of the order of tens
of micrometers and provides no information in relation to elemental concentration as a function
of depth. Therefore, compared with SIMS, XPS and RBS, PIXE is considered to be mainly

sensitive to the composition of the bulk phase.
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Since these techniques have varying sensitivities to the surface composition, the combinatiol
of data may be used for deriving a reliable model of the effect of segregation on gsiurtad&
composition. The experimental part of this work is preceded by a brief analysis of literature
reports and definition of basic terms.

9.2.1. Literature Reports

There have been several attempts to understand the effect of indium on a wide range of TiO
properties.

Nakamura et al. [15] reported the effect of indium introduced into the [Eitfice by
implantation. They observed that implantation and subsequent annealing results in the formatio
of titanium interstitials. This effect suggests that indium is incorporated predominantly into
titanium sites forming acceptors, which in turn are compensated by titanium interstitials and
oxygen vacancies. They claim that when the concentration of indium in titanium sites surpasse
a certain critical limit (72%-88%), the remaining fraction of indium ions are incorporated into
interstitial sites.

Chandra Babu et al. [16] reported that the formation of a $ald solution within2Oz (by
powder sintering during 24 h at 1273 K) results in a change of a wide range of properties,
including (i) reduction of the band gap, (ii) shift in the flat band potential, (iii) increase in surface
area, and (iv) enhanced photo-assisted hydrogen evolution.

Sasikala et al. [17] observed that co-doping ofzM@h indium and nitrogen results in band
gap narrowing due to mixing of energy levels and leading, in consequence, to enhancec
photocatalytic activity. On the other hand, Wang et al. [18] reported that indium doping does
not result in a change of the band gap of-Ti@stead, they observed the formation of a surface
chemical structure M-Clx, with the energy level 0.3 eV below the conduction band. They
claim that this structure allows more efficient utilisation of visible light and enhancement of
charge separation.

Rodriguez-Gonzales et al. [19] studied two mixed oxide systems; (i) one formed by mixing
TiO2 andIn20s by sol-gel (calcined at 773 K), and (ii) the otl@Os/TiO, system formed by
impregnatingTiO- gel (calcined at 773 K) with a solution of indium acetylacetonate-acetone.
They observed that the mixed and the impregnated systems exhibit the band gaps of 3.5 eV ar
3.1 eV, respectively. They also observed that the mixed system, involving highly dispersed
In203, exhibited higher photocatalytic activity, which they attributed to better charge separation.
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Similar effects were reported by Rangel-Porras et al. [20] who reported that indium incorporatec
during the formation of Ti@by sol-gel, resulted in a highly mesoporous microstructure.

Using the Periodic Plane Wave Density Functional Theory, Iwaszuk and Nolan [21]
determined that the incorporation of indium into the lattice of, T&3ults in the formation of
acceptor centres that are compensated by oxygen vacancies. The substitutional mechanism
indium incorporation into the bulk phase has been confirmed by recent studies on the effect o
indium on semiconducting properties in terms of both electrical conductivity and thermoelectric
power data. [22]

In summary, the literature reports indicate that indium in the bulk phase of i§iO
incorporated predominantly into titanium sites, leading to the formation of acceptors. However,
the experiment of Nakamura et al. [15] suggests that a small fraction of indium is incorporated

into interstitial sites.

9.2.2. Definition of Terms

9.2.2.1. Defect Disorder

This section considers TiOdefect disorder using Kroger-Vink [23] notation, which is
defined inTable 1 The related defect equilibria are defined able 2[1].

It is known that the photoreactivity of oxide semiconductors, such asan®closely related
to defect disorder. Therefore, their photoreactivity and the related performance can be modifiec

by shifting the defect equilibria.

Table 9-1. The Krogr-Vink [23] and traditional notation of defects fdiO-

Traditional o Kroger-Vink
) Description )

Notation notation

Tigi Titf ion in the titanium lattice site Ti%;

Tid} Ti3f ion in the titanium lattice site (quasi-free electron) e’

Vri Titanium vacancy Vg’

Tid* Ti¥* in the interstitial site Ti;**

Tif* Tit* in the interstitial site Ti;***

03" 03" ion in the oxygen lattice site 0%

Vo Oxygen vacancy Vo'

O, Op ion in oxygen lattice site (quasi-free electron hole) h*
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Table 9-2. Basic defect equilibria in Ti{1] described using the Kroger-Vink [23] notation.

. o AHO° ASP
Defect reaction Equilibrium constant

[kd/mol]  [J/(mol.K)]
1 0% & V5" +2¢' +1/,0, K, = [V5In2p(0,)Y/2 493.1 106.5
2 Ti&+205 e Tii™ +3e +0, K, = [Ti;**In3p(0,) 879.2 190.8
3 Ti¥ 4205 © Tii*" + 4e’' + 0, Ks = [Ti;***In*p(0,) 1025.8 238.3
4 0, © V{{" + 4h* + 20% K, = [Vi{"1p*p(0,) ! 354.5 -202.1

5 nil © ¢’ +h° K; = np 222.1 44.6

InK = [(AS®)/R] — [(AH®)/RT]

The effect of indium on the semiconducting properties ot Ti€pends on the mechanism of

its incorporation. The incorporation of indium into Bi@ay be represented by the reaction:

In,0, - 2In, +30 +V’ (9-1)

This defect disorder is governed by the following ionic charge compensation of In:

[Iny] =21V (9-2)
Combination of the equilibrium constants &nd K, and the relation described by Equation
(9-2) results in the following relationship between the concentration of electronic charge carriers

and oxygen activity:
1/2
In. (9-3)
p- K([;K]] PO
1

The incorporation of indium into the TiQattice in high oxygen activities leads to the

formation of electron holes:

In,0, +%o2 —> 21N, +2h" + 40 (9-4)
Consequently, this regime is governed by the following charge compensation:
[In;l=p (9-5)

The effect of acceptor-type ions, such a¥,lon the bulk defect disorder @iO, can be
considered in terms of a Brouwer-type defect diagram [24].
The relationships expressediguations (9-1 — (9-5) represent the theoretical background

for the effect of indium doping on bulk properties of TifD terms of defect chemistry.
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However, the effect of indium doping on surface properties of Mm@y be entirely different

than that of the bulk due to the effect of segregation. The aim of the present work is to determin
the effect of indium segregation on the bulk vs. surface composition ef Ti@is will be
achieved by the determination of indium concentration in the bulk phase and at the surface usin
a range of complimentary analytical techniques: SIMS, XPS, RBS and PIXE. The related date
will be considered in terms of defect chemistry independently for the bulk phase and the surface

layer.

9.2.2.2. Diffusion of Indium in TiOz (Rutile)

The effect of doping with a foreign ion is well-defined only when the transport kinetics of
this ion, resulting in its lattice incorporation, is well-defined. Therefore, this work was preceded
by the determination of the diffusion kinetics of indium in the sTlgitice [25]. The obtained
diffusion data can be used in assessing appropriate annealing conditions that allows

homogeneous distribution of indium in the specimen.

9.2.2.3. Segregation

Surface segregation is the diffusion of certain lattice elements from the bulk phase to the
surface leading to surface enrichment in these elements. The driving force of segregation is a
excess of surface energy.

The studies of segregation in oxides, such as NiO and CoO, indicate that both intrinsic defect:
such as oxygen and cation vacancies, and extrinsic defects such as dopants, segregate to
surface [11]. Therefore, interaction between both types of defects should be taken into accour
when considering the kinetics of segregation and its effect on surface properties. It has bee
documented that segregation-induced enrichment of the surface layer of oxide solid solutions
such as Cr-doped CoO, may substantially surpass the bulk solubility limit [26]. In certain case
the segregation-induced enrichment of the surface layer results in the formation of low-
dimensional surface structures [10,27This is the case when the local concentrations surpass
certain critical limits. The critical concentrations depend not only on the surface structure,
which is different than that of the bulk phase as a result of the broken crystalline periodicity, but
also depends on the intrinsic defect disorder. The latter, in the case of metal-oxides, is als

profoundly influenced by oxygen activity.
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The purpose of the present work is to assess the segregation-induced surface concentrati
of indium in In-doped Ti@ understand the predominant driving force of segregation, and

determine the effect of oxygen activity on segregation.

9.3 Experimental

9.3.1. Specimens

In-doped TiQ was prepared by the sol gel technique using titanium isopropoxide, indium
chloride, acetic acid, ethanol and water. The amount of acetic acid, water and titanium
isopropoxyde were calculated to achieve the final molar ratio of acetic acid to titanium 1.5:1
and water to titanium 4:1 [28]The total amount of ethanol was calculated to achieve 0.8 mol/L
in the final solution [28].The total amount of InGlpowder was calculated to achieve several
concentrations of indium in the range 0.02 at% - 2.5 at%.

The InCk powder was mixed with a small amount of the total calculated ethanol volume in
beaker (B1) and stirred until fully dissolved. The titanium isopropoxide was combined under
stirring with acetic acid (used as a chelating agent) in separate beaker (BRjirdnsaparate
beaker (B3), the remaining amount of ethanol was mixed with the deionised wateB1Jhe (
solution was slowly added to the (B2) solution under stirring and after 1 hour the (B3) solution
was added (drop-wise) to solution (B2). The resulting liquid formed a viscous gel after
approximately 30 minutes after which it was placed on a hot plat€)&ad left to dry for 3
days. The crystal-like solid product (solid solution) was then ground into a fine powder using
an agate mortar and pestle, placed in a Pt lined alumina boat and calcined in air augihg3 K
a tube furnace. The calcined powder was subsequently pressed into cylindrical pellets, initially
using a uniaxial press (~40 MPa) followed by a cold isostatic pressing (CIP) to a pressure of
400 MPa. The pressed pellets were then sintered in air at 1773 K for 5 hours. As a final step,
surface layer (~50 pm) was removed by grinding and polishing to a ~1um finish. The resulting
as-polished specimen was considered to be the reference specimen.

The aspolished specimens were then annealed at 1273 K for 24 hours in a gas phase of well
defined oxygen activity to induce segregation:

e Pure oxygen, p(&) = 75 kPa
e Pure argon, p(&) = 10 Pa
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The required oxygen activity was imposed by flowing appropriate gases through the tube
furnace with a continuous flow rate of 100 ml/min. The oxygen activity of the gas leaving the
tube furnace was monitored electrochemically during the entire experiment using the yttria-
stabilised zirconia oxygen probe.

9.3.2. Bulk Analysis

X-Ray Diffraction, XRD. The XRD analysis (Siemens D500) was performed using a Co
Kay2radiation source and graphite monochromator. Data was collected over an angular rang
of 5° to 8¢ with a D step size of 0.05 and a five second dwell time. The PANalytical software
package (High Score Pro) was used for identification of the crystalline phases. The obtained X
ray diffraction patterns are shownhigure 9-1.As seen, the peaks in the spectra are reflective
of the rutile structure for In-doped TiQip to 0.4 at%of indium. As also seen, traces of the
In2O3 phase are detected at both 1 at% and 2.5 at%. This data suggest that the solubility c
indium in rutile is between 0.4 at% and 1 at% of indium. It is important to note that this solubility

limit is related to the bulk phase.
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Figure 9-1 X-ray diffraction patterns for In-doped TiOThis pattern, showing the peaks related to an alternative
phase than rutile, indicates that the solubility range of indium in rutilepi®gimately 1 at%.

Proton-Induced X-Ray Emission, PIXE. PIXE analysis was performed at the Australian
Nuclear Science & Technology Organisation using the 2MV STAR tandem accelerator. The
technical specifications for the PIXE analysis were as follows:

e Sample Charge.The charge collected for each sample was 30 puC.

e Detector. The X-rays were recorded at®4dngle using a Si(Li) detector fitted with a
25 um Be window and multichannel energy analyser.

e Filter. An additional pin-hole acrylic filter, 1700 um thick, with a 2% hole area and
4 um thick mylar film, was used to decrease the intensity of low energy X-rays
excited with high cross sections in order to minimise pile-up and dead time during

analyss.
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e Data ProcessingThe PIXE spectra were processed using the GUPIXWIN (Version
2.1.4, University of Guelph, Canada) software package for the determination of
elemental concentrations. The quantitative analysis of the indium peaks is related to
a depth of 42 um (based on the proton penetration range ind&@rmined using
the SRIM software program [20]

9.3.3. Surface Analysis
9.3.3.1. Secondary lon Mass Spectrometry (SIMS)

Depth profiles were determined using secondary ion mass spectrometry (Cameca - IMS 5f)
A Cs' primary ion beam of 5nA current and 5 keV net impact energy was used to raster an are:
of 250 x 250 um from which secondary ions were sputtered. Sample charging during analysi:
was controlled by the deposition of a thin layer of gold (~5 nm) on the sample surface. The
depth of the crater after analysis (measured using a stylus profilometer) was used for tc
determine the average sputter rate. The sputter rate was 0.012 nm/s. SIMS electronic gatir
settings were used to restrict secondary ion analysis to a 55um circular area within the rastere
region to avoid any influence of crater edge effects on the results.

The SIMS technique provides depth profiles in terms of ion intensity (counts). The absolute
concentration values can be determined from the intensity of the species of interest divided b
those for species whose intensity remains relatively constant throughout the specimen such &
the host (matrix) species (TiO). The atom proportion of indiattitanium can be determined
from the peak height proportion 6fIn/(*®Ti+€0) in the mass spectrum, according to the

following formula:

CIn _ IIn KT+|O i0 (9-6)
CTiO |TiOKIJéhln

where | is the ion intensity, s the secondary ion yield (defined as the number of secondary

ions produced per incident primary ion of mass m and chatgeand h is the isotopic
abundance.[30] Equation ((9-6) may be reduced to the following form:
I (9-7)
[Cln]:_lFln
TiO
where m is a calibration factor (also known as a relative sensitivity factor). The calibration

factor is not solely related to the species of interest, but is also influenced by a complex
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contribution of the host matrix composition and structure (including density, crystal orientation
or grain boundaries) as well as SIMS sputtering conditions used (including primary ion, beam
current and impact energy). Consequently, determination of the calibration factor typically
requires generation of a calibration curve using reference samples containing known
concentrations of the species of interest in the same matrix as the unknown samples and analys
under the same SIMS conditions. However, without the calibration factor, the SIMS depth

profiles can still be used for semi-quantitative analysis.

9.3.3.2. X-Ray Photoelectron SpectroscopXPS)

XPS analysis was performed using a Thermo Scientific ESCALAB 250 xi instrument. A
monochromatic Al Ka source of 1486.6 eV X-ray energy, operating at 15 kV and 160 W, was
applied for collecting the XPS spectra. The X-ray spot was approximately 0.5 mm in diameter.
A take-off angle of 90relative to the sample surface was used for the analysis, resulting in an
analysis depth approximately 6 nm. The spectrometer pass energy filter was set at 100 eV fc
survey scans and 20 eV for elemental regional scans. A 20 second argon sputtering etch wz
required prior to analysis of as-polished samples to remove surface carbon. The energy of th
Ar™ ion beam was 3 keV and the etching rate was approximately 0.4 nm/s calibrated using ¢
TaOs/Ta reference sample. The relative surface concentrations of different species were
determined by integrating their related peak areas above the linear background.

For SIMS analysis, the intensity data corresponds to the local concentration at a specific
depth, while in the case of XPS analysis the data is reflective of the average concentration withil

the analysed depth of 6 nm.

9.3.3.3. Rutherford Backscattering (RBS)

The STAR 2MV tandem accelerator (Australian Nuclear Science and Technology
Organisation) was used for RBS analysis. 2MeV ldas were applied at a normal angle of
incidence to the sample surface in the form of a 3 mm diameter collimated beam. The
backscattered ions were detected at an angle df d$i@g a silicon surface-barrier detector
(4mm diameter active area) and multi-channel energy analyser. A charge o3 ja€quired
for each sample. The RBS data corresponding to a region of interest (ROI) depth of
approximately 84 nm (from the surface) was fit using multilayer models generated by SIMNRA
software (Version 6.05, Max-Planck Institut Fur Plasmaphysik, Germany). Consequently, the

RBS results relate to an average indium concentration over this 84 nm depth.
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9.4 Results and Discussion

9.4.1. Proton induced X-ray Emission (PIXE)

The results of PIXE analysis are shown Rigure 9-2, for the as-polished specimen
containing 0.3 at% In in the bulk. The insert on this drawing is an enlargement of the indium-
related peak. It is important to note that the analysis depth of PIXE is on the order of micrometer:
and the resultant peaks reflect the average concentration within that analysis depth
Consequently, the method is predominantly sensitive to the bulk phase and the relatec

concentration data are considered as bulk related.

10’
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Figure 9-2 X-ray yield vs. energy for the In-doped Ti(®.3 at%) specimen annealed in the gas phase of p(O
75 kPa (the insert shown the indium-related peak).

9.4.2. Secondary lon Mass Spectrometry (SIMS)

The SIMS spectra, represented in the form of intensity ratio of indium to TiO, are shown in
Figure 9-3.The data can be considered in the following terms:
e Equilibrium vs. non-equilibrium depth profile
e Bulk composition

e Surface composition
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Figure 9-3 SIMS depth profile for In-doped TiQincluding the specimen containing 0.3 at% In (a) and 0.02 at%
In (b), in terms of the intensity ratio of In/TiIO secondary ionsftineas-polished (the reference specimen), and
specimens annealed in the gas phase of)p{@5 kPa, and p(fp= 10 Pa.

Equilibrium vs. non-equilibrium depth profile. The data on the left side of the vertical line
at depth = 0 nmHKigure 9-3) can be considered as non-equilibrium data, which are mainly
reflective of the gold layer deposited for the purpose of suppressing surface charge that is forme
during sputtering. The intensity profiles to the right of this line are reflective of the segregati
induced enrichment of indium (gold profiles are shown as well).

Bulk composition. The spectrum irFigure 9-3 relating to the as-polished specimen is
relatively flat, and essentially corresponds to the bulk phase composition annealed in air during
sintering. Therefore, the intensity data for these samples are considered in the presaat work

reference data which reflect the bulk phase. The observed insignificant increase of the intensit
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near the surface suggests some minor indium segregation induced by the applied surfac
polishing procedure and is considered to be non-equilibrium segregation.

Surface composition.As seen inFigure 9-3 the segregation-induced intensity of indium
depends on oxygen activity. The 0.3 at% specimen annealed for 24 h)af7p(KPa and 1273
K, exhibits the strongest surface enrichmenflflo=~1C). The specimen annealed at lower
oxygen activity (10 Pa) exhibits lower surface enrichmest{b=~1.2x13). As seen, in both
cases a steep initial decrease of the intensity is followed by a change of the/Atpps. l[depth
at 2 nm. The initial part of the intensity vs. depth slope, within 1-2 nm, @ncbesidered in
terms of a local surface structure, which is different from the rutile structure beneath. For the
latter case the slope is less steep. The two differing intensity vs. depth slopes observed in th
SIMS profiles may also be related to the different matrix structures.

As seen, the enrichment-related profiles converge with the bulk-related profile at 40-50 nm.
This value is reflective of the thickness of the surface layer enriched by segregation.

The effect of oxygen activity on indium segregation observed for the 0.3 at% In specimen is
confirmed for the specimen of 0.02 at%, although the related maxima of the intensity ratios are
lower.

The indium enrichment factor in the outermost surface layer may be determined from the
intensity ratios between the levels related to the maxima and the level related to the bulk phas
(reference specimens). As seemable 9-3 the enrichment factors for the 0.3 at% specimen
assume 486 and 85.3 at higher and lower oxygen activity, respectively. The related enrichmer
factors for the 0.02 at% specimen are even larger. These factors are consistent with the tenden
of the surface layer to assume specific composition, independent of the bulk content.[10]
However, the enrichment values obtained for the outermost surface layer with SIMS are
markedly larger than those related to XPS. The difference between the two sets of data may &
explained in terms matrix effects between the low-dimensional surface structure, forming one
matrix in the outermost surface layer, and the rutile matrix beneath. In this case, the matrix effec
difference which influences the SIMS analysis does not afieckPS analysis.

Taking into account the results of the previous work [14], the low-dimensional surface
structure is stable in oxidizing conditions. However, imposition of strongly reducing gas phase

environment results in its evaporation.
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9.4.3. Photoelectron Spectroscopy (XPS)

The XPS spectra for the In-doped ti§pecimens, including the as-polished specimen, and
the specimens annealed in oxygen and argon, are shdvguie 9-4.The related
concentration data are shownTiable 9-3 These data indicate that the surface of the as-
polished specimen is slightly enriched in indium to the level of 0.4 at%. This effect, which is

known as non-equilibrium segregation, is related to the applied polishing procedure.
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Figure 9-4 XPS intensity vs. binding energy spectra for In-doped T&3B at% In), including the survey scan for
(a) as-polished (reference specimen), and elemental region scahd &s-folished (reference specimen), (c)
annealed in the gas phase of §(©75 kPa, and (d) annealed at g(© 10 Pa.

Annealing of the 0.3 at% specimens at H(O75 Pa and p(§) = 10 Pa (T=1273 K) results
in surface enrichment to the level of 2.95 at% In and 2.61 at% In, respectively. The respective
enrichment factors (10.2 and 9.0) are substantially smaller than those resulting from SIMS (484
and 128, respectively). The difference between these two sets of data reflect a very dubstanti
concentration gradient within the surface layer, which is consistent with the postulated structure
consisting of a low-dimensional surface structure within the outermost surface layer and the

rutile structure beneath.
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9.4.4. Rutherford Backscattering (RBS)

The RBS spectra are shownFRigure 9-5 for the as polished reference specimen as well as
the specimens annealed in the oxidising gas phase of controlled oxygen activity. The
backscattered energy regions of the spectra, which are related to indium, have been enlarged f

better clarity.
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Figure 9-5RBS yield vs. energy spectra for the following In-doped, {3 at%) specimens: (a) as-polished (the
reference specimen), (b) annealed in the gas phase £f${3 kPa, and (c) annealed in the gas phase oj p(O
10 Pa.

The as-polished specimen exhibits 0.38 at% of indium. This value, which is slightly lower
that that related to the XPS analysis (0.4 at% In), is consistent with the larger RBS analysis
depth of 84 nm.

Annealing the specimen at p{)G= 75 Pa and p(§) = 10 Pa (T = 1273 K) results in surface
concentration 2.2 at% and 1.8 at%, respectively. These factors are substantially smaller tha



A.J. Atanacio

Chapter 9 | Page 140

those related to XPS. Again, the difference is consistent with the depth resolution of XPS (6 nm’

and RBS (84 nm).

In summary, the determined enrichment factors are influenced by the surface sensitivity of

the applied analytical techniques and the related depth resolution.

Table 9-3. Collection of PIXE, SIMS, XPS and RBS data on indium concentratia@ir(rutile) and the related

enrichment factors.

Concentration of indium [at%]
Bulk 0(02) Enrichment factor SIMS
content [Pa] f= [In]Surface/[In] PIXE [I In /1 TiO]
PIXE XPS RBS
As 0.40 + 0.08 0.38 +0.08 15
oolished 0.30 +0.02 =13 f =13
3 0.29+0.02 2.95+0.6 2204 729.1
0.30 at% 75x10 eI =D fipg= 10.2 fogs= 7-6 fos =486
10 0.99  0.02 2.61+£05 1.8+0.4 128.0
920, f o= 9.0 fops= 6.2 fops = 85-3
As 0.02 £ 0.01
polished 0.004
0.02 ot 3 14.2
.02 at% 75 x10 fSIMS =1420
3.9
10 —
fSIMS =390
9.4.5. Theoretical Model

It has been documented in the present work that anndalidgped TiQ in an oxidising
environment results in indium segregation to the surface. All applied surface sensitive tools
clearly show that segregation-induced In enrichment is enhanced by increased oxygen activity
The most obvious questions that should be addressed at this point are:

e Why does indium segregate to the surface otTiO

¢ \Why indium segregation is favoured by an increase in oxygen activity?

9.45.1.

In the first approximation, segregation in oxide solid solutions may be described by the

Segregation Driving Force

following commonly assumed model, based on a regular solution model [12]:
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X5 X5 —AHg, (9-8)

—==—=€
XS X! P KT

where X is the equilibrium concentration (in mole fraction) of the i-th component at the
surface (s) and in the bulk phase (b), AHsegdenotes the heat of solute segregation and (1) and
(2) corresponds to solvent and solute, respectively. The principal contributions to the heat of
segregation involve the surface energy contribution and the elastic strain energy contribution
This approach seems plausible since there is a substantial mismatch between ionic Fddii of In
and Tf*ions (0.081 nm and 0.068 nm, respectively). While the mismatch explains the tendency
for the removal of indium from the bulk due to strain energy, it does not explain why indium

segregation is enhanced by an increase of oxygen activity.

9.4.5.2. Effects of Oxygen Activity on Indium Segregation

If indium is incorporated into the cation sublattice of Fi@he indium ions are charge
negatively as expected IBquation (9-4). The segregation of negatively charged indium may
be enhanced by increased oxygen activity, if associated with an increase of a pbartee
This is not the case, sinem increase of oxygen activity results in an increase of a negative
charge associated with the following two effects:

1. The formation of negatively charge titanium vacancies, which are located in the
outermost surface layer [1], and

2. Negatively charged chemisorbed oxygen species, which are located in the
adsorbed layer.

The effect of oxygen chemisorption on segregation at elevated temperature may be ignore
because the reactivity between oxygen and the Efice in these conditions results in the
formation of titanium vacancies. Therefore, only effect (1) can be taken into consideration. This
effect is represented schematically by the surface modeFigare 9-6 showing the
concentration of indium vs. distance from the surface. This model involves (i) a negatively
charged low-dimensional surface structure, which consists of predominantly of indium and
oxygen, (ii) a negatively charge sub-surface layer oh Briched in indium, and (iii) a bulk
phase of In-doped TiD
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Figure 9-6. The model representing the surface vs. bulk concentrétlordoped TiQ, in terms of the low-
dimensional surface structure, the sub-surface layer enriched in iratidnthe bulk phase.

9.4.5.3. Formation of Titanium Vacancies

It has been documented that titanium vacancies are formed at #i@:liferface following
the reaction described by equation ((9-47 able 9-2.However, these vacancies are quenched
within the outermost surface layer due to the kinetics reason. Taking into account the relatec
diffusion data, the diffusion distance of titanium vacancies during the annealing time used in the
present work (24 h at 1273 K) is limited to a thin surface layer, while their concentration in the
bulk is substantially lower. However, the presence of titanium vacancies at the surface may
result in indium segregation only when the effective charge of indium ions is positive. The effect
of oxidation on surface vs. bulk equilibration of the Fil@ttice with respect to titanium

vacancies is representedrigure 9-7 [31].



A.J. Atanacio Chapter 9 | Page 143

Tio,

-3.87 - T=1123K
[ sureace |
-4.04 LAYER i
iﬁ - 3
= 42- ] ;
o0 b i
L = !
4.4- P a
: 3' Change I ! §
L\ of p(0,) 10 1ime [y 2° |
-4.6- B ;
L )L ;
0

10(30 ZOIOO 30
TIME [h]

Figure 9-7. The effect of Tioxidation on the concentration of titanium vacancies at the surface #ralbnlk
phase as a function of time at 1123 K [31]
9.45.4. Surface Mechanism of Indium Incorporation

The reported experimental data indicate that indium is incorporated substitutionally into the
bulk phase of the Tig@lattice resulting in the formation of negative species. However, the work
of Nakamura et al. [15] has shown that a small portion of indium is incorporated into interstitial
sites. In the latter case, the incorporation mechanisms may be represented by the followin

equilibria:
2In,0, — 4In™ + 3V, +60, (9-9)
In,O, - 2In™" + 6e'+g o} (310
The respective charge neutrality conditions require that:
4[N ] =3V, ] (-1
AIn™]=12n (9-12)

As seen, the mechanism represented by expreg8i®), which is plausible in the
experimental conditions applied in the present work and the associated ionic charge

compensation, does not lead to a change in the concentration of electronic charge carriers. C
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the other hand, indium incorporation according to the mechanism represented by equilibrium
(9-11), which is plausible in reducing conditions, results in the formation of electrons.

According to Nakamura et al. [15] only a small fraction of indium (11% - 24%) incorporates
into the bulk phase according to the mechani8). We postulate in the present work that
this mechanism is the predominant within the surface layer due to the excess of surface energ
and the related deformations of the surface layer [LOWW&]believe that this is plausible taking
into account the effect of excess of surface free energy on the crystal field and relatedl|structure
deformations.

It has been reported that defect disorder of the surface layer of metal oxides may be entirel
different than that in the bulk phase [10,11]. For example, it has been documented that lithiur
ions are incorporated into cation sites in the bulk phase of NiO, forming acceptors. On the othe
hand, lithium is incorporated into interstitial sites forming donors within the surface layer of
NiO [11]. Similarly, it has been shown that cobalt ions may be present in interstitial sites within
the surface layer of CoO, forming donors, while in the bulk such defects are not stable at all
[11].

The solubility limit has been commonly considered as a material-related property. This is the
case as far as the bulk phase is concerned. The analysis of the effect of segregation on diffusi
indicates that the term solubility limit for foreign ions in metal oxides must be considered as the
property that is the function of the distance from the surface [Ih¢ studies of surface vs.
bulk properties for Cr-doped CoO have shown that the solubility limit of Cr in the bulk phase at
1000 K is 1 at% while its solubility within the surface layer is 14 at% Cr [27].

In summary, due to the excess of surface energy and the related structural deformations, tt
surface layer may accommodate extraordinary defect disorder and related properties. Thi
experimental data obtained in the present work indicate that the interstitial mecl@®sm
should be considered to explain the effect of indium on the properties of the surface layer of
TiO2. At the same time, the substitutional mechanisms, described by the re{8tibnand
(9-4), is valid for the bulk phase, the process of segregation can be considered as a transition
indium from the titanium sites in the bulk to interstitial sites at the surface. This can be describec

by the following reaction:

(Inr)g = (I0™)s + (Vi )s (9-13)
The incorporation mechanisms represented by react®fs- (9-13) assume that that the

defects in the Ti@lattice are isolated and form an ideal solid solution. However, according to
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Stoneham [32], increasing the defect concentration above the level of 0.1 at% results ir
substantial defect interactions leading to the formation of larger defect aggregates. In the cas
of the present work, the predominant defects at the surface are negatively charged titaniur
vacancies, which are formed in oxidising conditions, and positively charged indium ions. These

defects are expected to react and lead to the formation of defect complexes:

I VS > {InVey (9-14)

These complexes have a tendency to form a negatively charged low-dimensional surface
structure. The surface composition data according to SIMS analysis, as well as other technique
indicate that the low-dimensional surface structure, which is formed at the outermost surface

layer, is an oxide structure that in the first approximation may be considered as Tird@ped

9.455. Surface vs. Bulk Properties

The present work indicates that the mechanism of indium incorporation in the bulk is
different than that at the surface. The predominant bulk mechanism results in the forrhation o
acceptor-type centres, which lead to a decrease of Fermi level in the bulk phase. On the othe
hand, indium segregation to the surface layer leads to the formation of donor-type ions.

The bulk solubility limit of indium in TiQ s in the range 0.4 at% - 1 at% at 1273 K. The
determined enrichment data indicates, however, that indium solubility within the surface layer
is markedly larger than that in the bulk phase. The substantially enlarged enrichment factol
obtained with SIMS and attributed to matrix effects suggests the presentead@edin,Os-
type low-dimensional surface structure (1-2 nm thick). This layer is negatively charged.

The nearto-surface layer, just beneath the low-dimensional surface structure, is a solid
solution of indium in the rutile structure. Its solubility limit seems to be enhanced at the surface
above the level of approximately 1 at% In. The predominant intrinsic defects in this layer are
titanium vacancies and indium incorporated into interstitial sites. The resulting interactions
between titanium vacancies and indium ions results in the formation of defect complexes, whick
have a net negative charge. The thickness of the surface layer enriched with indium is

approximately 40 nm.

9.5 Conclusions

It has been shown that the surface composition of In-dopegiFiéntirely different from

that of the bulk phase as a result of segregation. The phenomenon of segregation leads to tl
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formation of a strong concentration gradient of indium, which is profoundly influenced by
oxygen activity- the larger the oxygen activity the larger the segregation-induced enrichment
of indium.

Indium incorporates into titanium sites of the 7i@ittice leading to the formation of
acceptors in the bulk phase. The related solubility limit of indium in the bulk is in the range 0.4
at% - 1 at%. Indium has a strong tendency to segregate to the surface when annealed in «
oxidising gas phase environment. The process of segregation involves the removal of indiun
ions from their titanium lattice sites where they are transgddny the interstitialcy mechanism
towards the surface and incorporated into interstitial sites.

The solubility of indium in the surface layer is enhanced to the level of approximately 3 at%.
The segregation-induced enrichment of the outermost surface layer results in the formation of
low-dimensional surface structure, which is approximately 2 nm thick, and a sublayer involving
defect complexes and larger defect aggregates. Both the low-dimensional surface structure ar
the sublayer are charged negatively compared to the bulk phase. This negative surfat® charge
the predominant driving force of indium segregation.

The data reported in the present work show that doping of theldtii@e by indium results
in different effects for the bulk phase and the surface layer. While the photoreactivity.of TiO
based semiconductors and the related charge transfer is determined by the surface propertie
knowledge of the difference between the bulk and the surface is essential in engineering o
appropriate electric field that is need for charge separation.
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CHAPTER 10

Effect of Niobium Segregation on Surface

Chemistry and the Related Electric Field

Light-Induced Charge Carrier Separation
In Nb-Doped TiOz

10.1 Abstract

This work studied the effect of niobium segregation on the surface and near-surface
composition of Nb-doped Ti£)0.18 at% Nb and 0.018 at% Nb). The studies were performed
using a range of analytical techniques of different depth resolution, including secondary ion
mass spectrometry (SIMS), X-ray photoelectron spectroscopy (XPS), Rutherford backscattering
(RBS), and Proton-Induced X-Ray Emission (PIXE). According to the XPS analysigajingne
the 0.18 at% Nb specimens at 1273 K in oxidising conditions results in segregation-induced
niobium surface enrichment of 2.83 at% and 2.35 at% in)p{@® kPa and p(§= 10 Pa,
respectively. However, annealing in strongly reducing conditions of)${0'° Paleads to
impoverishment of niobium at the surface down to 0.05 at% (desegregation). Thel derive
theoretical model considers that (i) the predominant driving force of niobium segregation in
oxidising conditions is a negative surface charge associated with the formation of titanium
vacancies in the surface layer, and (i) the effect of desegregation is indwgealityve surface
charge related to a Magneli-type surface structure formed in strongly reducing conditions. The
derived theoretical model shows the effect of surface vs. bulk composition on the formation of
chemically-induced electric field for separation of light-induced charge carrierestdigished
influence of oxygen activity on niobium segregation/desegregation may be used as a technolog
for the imposition of (i) chemically-induced electric field required for charge separation and (ii)
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controlled surface composition required to achieve the desired performance 0fagiO

photocatalytic electrode for solar energy conversion.

10.2 Introduction

Titanium dioxide (TiQ) is a candidate material for the conversion of solar energy into the
chemical energy via water oxidatiofil-3]. Its performance, which is determined by
photoreactivity of TiQ with water, is closely related to surface properties. Therefore, the
performance of Ti@in solar energy conversion may be modified by changing its surface
properties. Consequently, intensive research efforts have beedaidentifying the specific
surface properties responsible for the reactivity and photoreactivity efwit® water.

The surface properties of solids are substantially different from those of the bulk phase as :
result of segregation. The difference concerns chemical composition, structure and the relate
semiconducting properti¢4-6]. To date, the theory of segregation has been derived for metals
and alloyg7-9]. However, the picture of segregation for metal oxides is more complex. First,
segregation-induced enrichment in oxides depends on oxygen activity in the gas phase
environment [10]. Moreover, unlike metallic solids, the surface charge compensation in oxides
can occur over a long distance from the surface, approximately 5QL6hnm, compared to 1
nm in metals. As a consequence, the thickness of the surface layer enriched by segregation
oxides is substantially larger than that in metallic solids [10].

Knowledge of the effect of segregation on surface properties is essential for correctly
understanding the functional properties of oxides. The present work shows that the effect o
segregation may be used for tailoring the surface composition in order to impose the specific
properties that are needed to achieve the desired performance, including reactivity anc
photoreactivity.

So far, little is known about the effect of segregation on the surface vs. bulk chemistry of
metal oxides and the reported segregation data in oxides are scarce and often conflicting. Tt
main reason for the reported discrepancies is that quantitative analysis of segregation-induce
enrichment in oxides is complex. Furthermore, segregation-induced concentration gradients ir
metal oxides are only well-defined when the studied specimen is equilibrated with the gas phas
of controlled oxygen activity, and subsequently cooled down from the equilibrium temperature
to analysis temperature in a controlled manner. Such experimental details are usually no

provided in reports on segregation in oxides.
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The present work is a part of a larger research program studying the effect of segregation o
both acceptor- and donor-type ions on surface composition afari@its solid solutions. The
overall aim of the research is to use the phenomenon of segregation as a surface engineeril
technology in the formation of electrodes, photoelectrodes and photocatalysts with enhance
performance. In other words, the phenomenon of segregation may be used for imposing
controlled chemical composition within the surface and near-surface layer. Segregation may
also be used for the imposition of a chemically-induced electric field at the surface for increasec
charge separation in solar energy conversion. In the latter case, the recombination related ener
losses may be reduced substantially.

The reported studies on the effect of niobium on the properties efiéN2 been limited to
the determination of bulk properties [11-13] and so far, little is known on surface properties of
Nb2Os-TiO2 solid solutions. The aim of the present work is to address this matter and examine
the effect of niobium segregation on the surface and near-surface composition of Nb-deped TiO
annealed in the gas phase of controlled oxygen activity. The main effort of this work is the
imposition of segregation-induced concentration gradients in well-defined conditions of
temperature and oxygen activity. The outcomes are expected to have implications on sever:
applied aspects in processing FH@ased systems for the conversion of solar energy into
chemical energy related to both the partial and total oxidation of water.

The difference between partial and total water oxidation is associated with the number of
electrons removed from water molecule. Partial water oxidation results in the formation of

hydroxyl radicals, HO*, according to the following reaction:
H,0-€ < HO +H* (10-1)

whereg denotes an electron. These radicals have the capacity to oxidise contaminants presel
in water. Total water oxidation results in the formation of protofisaétording to the following

anodic reaction:

2H,0-4€ >0, +4H" (10-2)

Segregation-induced effects have a substantial impact on the photoreactivity ahd@ithe
recombination-related energy losses in the relation to both processes.

In a former work, the authors studied the effect of indium segregation on surface properties
of In-doped TiQ [14]. Typically, indium ionization results in the formation of tri-valent ions.

It has been shown that the mechanisms of indium incorporation into the bulk and the surface
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layer of TiQ are different. In the bulk phase, indium incorporates into titanium sites leading to
the formation of acceptors. On the other hand, indium at the surface is incorporated
predominantly into interstitial sites leading to the formation of donors. It was shown that indium
exhibits a very strong segregation driving force in the rutile structure. The substantial
segregation-induced enrichment of the surface layer results in substantial interactions betwee
point defects leading to the formation of a new low-dimensional surface structure, which
exhibits outstanding properties [14].

The aim of the present work is to assess the effect of niobium segregation on surface vs. bul
chemistry of Nb-doped Ti©

10.2.1. Brief Literature Overview

Niobium is a strong donor in the Tiattice when incorporated into titanium sites as well as
interstitial sites [11-13]. Therefore, as pure Ti®a good insulator, niobium doping has been
widely used to enhance the charge transport 05.TiO

Several attempts have been made to determine niobium segregation in Nb-daopd-TiO
20]. However, the reported data are conflicting in terms of the niobium surface enrichment
factor and its temperature dependence. Analysis of these reports indicates that the studie
specimens are not well-defined in terms of the processing conditions and subsequent coolin
process. The observed discrepancies are commonly related to:

e Lack of equilibrium. In other words, the reported data correspond to the kinetic
regime rather than thermodynamic equilibrium.

e Annealing in the gas phase that is not well-defined in terms of oxygen activity.

e A cooling process that is not well-defined in terms of the cooling rate and the gas
phase composition.

Awareness is growing that the key factor in the formation of segregation-induced
concentration gradients of solutes in metal oxides is oxygen activity [21-24]. The effect of
oxygen activity on segregation-induced enrichment in oxides has been reported by Black an
Kingery [21] for Cr-doped MgO and Fe-doped MgO as well as Sikora et al. [2€}fdoped
Co0O. Bernasik et al. [23] reported that Ti@xhibits iron segregation mainly in reducing
conditions of p(Q) = 2 Pa. The studies of Sheppard et al. [24], using the SIMS analysis, indicate
that increased oxygen activity results in decreased segregation of niobium in Nb-doped TiO

An extensive overview on surface properties of oJi@cluding both rutile and anatase, has
been reported by Diebold [25]. This report mainly considers the surface properties determinec
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in vacuo for specific crystal orientations. It is shown that titanium interstitials play an important
role in reactivity with gaseous oxygen.

Recently Sheppard et al. [26] reported a study on niobium segregation in Nb-doped TiO
using secondary ion mass spectrometry (SIMS). These authors observed that the surface
depleted in niobium in reducing environment. However, no explanation for the reported effect
of oxygen activity on segregation was offered. The reducing environment was imposed using
the gas mixture involving 99% of argon and 1% of hydrogen. The authors claim that the resulting
oxygen activity, p(@= 10*° Pa, is independent of the applied temperature in the range 1173 K
- 1673 K. The latter effect is in conflict with the mass action law.

The bulk solubility range dlb2Os in TiO2 at 1000 K is approximately 19 at% [14].

10.2.2. Postulation of the Problem

The present study aims to determine well-defined data on Nb segregation in Nb-doped TiO
The critical issues in addressing this aim include (i) the formation of solid solutions, which are
well-defined, and (ii) imposition of segregation-induced concentration gradients by annealing
in the gas phase that is well-defined. In order to achieve this, the following points must be
addressed:

1. Processing
Equilibrium
Oxygen activity
Cooling

A

Chemical analysis

10.2.2.1.  Processing

The aim of processing is to form well-definlb,Os-TiO2 solid solutions, which are free of
concentration gradients within the bulk phase. Selection of appropriate processing condition:s
requires knowledge of the Nb diffusion rate in Ti@dditionally, the temperature of the process
must be high enough to allow homogeneous distribution of the solute (niobium) within the entire

lattice of solvent (TiQ).

10.2.2.2.  Surface vs. Bulk Equilibrium

The surface layer is not autonomous. It remains in continuous interactions with the bulk phase
on one side and the gas phase on the other side. Therefore, the chemical composition of tt
surface layer is well-defined only when the entire gas/solid system is in thermodynamic

equilibrium. Consequently, segregation-induced concentration gradients are well-defined only
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when in equilibrium and the electrochemical potential of the lattice species, X, within the

specimen remains constant:
n, (d) =const (10-3)

where 1 denotes the electrochemical potential and d denotes a distance from the surface. The

electrochemical potential for the species X can be expressed as:
My =ty +€2¥y (10-4)

where |« and yx denote the chemical potential and the electrical potential, respectively; e is
the elementary charge and z is the valence. Therefore, the excess of surface enexgy aesult
change of both y(d) and yx(d), leading to the formation of a chemical potential gradient and

related electrical potential gradient at the surface as represented schematiagliyariiO-1

3 |\ SURFACE . BULK PHASE
5 LAYER
_ 3 L u(d)
© !
£3 ! 1, (d)
. =1 !
8 = : Y, (d)
£ , X-doped MO

Distance from the surface (d)

Figure 10-1. Schematic representation of the chemical potential, electrochemical potential &rwthedadcal
potential as a function of the distance from the surface enriched in Xspecie

The segregation-induced concentration gradient, which can be assessed using surfac

sensitive techniques, may be used in the determination of the related chemical potential:
Uy =ty +KTInc, (10-5)

where ¢ denotes concentration, k is Boltzman constant and T is the absolute temperature

The resulting electrical potential barrier is:

\PX (d) — 7x _éuzx (d) (10—6)
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The quantities nx, px(d) andyx(d) are well-defined only when in equilibrium. The time and
the temperature required for equilibration should be determined using the diffusion data,
including self-diffusion data related to the incorporation of niobium and the chemical diffusion
data associated with oxygen penetration in the lattice.

The surface analytical tools applied in this work operate at room temperature. Therefore,
there is a need to cool down the system from the temperature of equilibrium to room temperatur

in reproducible manner, including the cooling rate and the associated gas phase composition.

10.2.2.3.  Oxygen Activity

The defect disorder of metal oxides and the associated properties are closely related to oxyge
activity. The latter may be imposed when the oxide specimen is equilibrated with the gas phas
of well-defined oxygen activity, which must be monitored during the entire experiment,
including annealing and cooling. The equilibration process results in imposition of the required
oxygen activity at the surface followed by its propagation into the oxide lattice umgiva

equilibrium is established.

10.2.2.4. Cooling

The specimen equilibrated with the gas phase at elevated temperature must then be coolg
down from the equilibrium conditions to the temperature of the chemical analysis. The cooling
must be performed in a controlled manner in terms of the cooling rate and the associated ge
phase composition. Again, oxygen activity should be monitored during the entire cooling

process.

10.2.2.5.  Chemical Analysis

The reported segregation profiles are complex as the shape of the concentrdiemtsgra
exhibit a change with the distance from the surface. The largest changes occur in the butermo
surface layer and enrichment/depletion drops with the distance from the surface. The shape c
the concentration gradient depends on equilibrium conditions. The determination of this
concentration gradient is not a simple matter and cannot be properly assessed using a sing
surface sensitive technique. Therefore, the present work applies a range of analytical tools c
different depth resolution and sensitivity.

The commonly used surface sensitive tool, X-ray photoelectron spectroscopy (XPS), usually
informs only of an average chemical composition within a certain thickness, which, depending
on the applied angle of incidence is-4 nm. Therefore, while XPS is surface sensitive, this
technique does not allow the determination of depth profiles.
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The surface sensitive technique that allows the determination of concentration-related
intensity profiles vs. time of sputtering is secondary ion mass spectrometry (SIMS). However,
the determination of quantitative depth profiles, in terms of the chemical composition, requires
complex calibrations of the SIMS intensity data against concentrations using precise referenc
standards. If quantitative calibrations are not performed, SIMS can still be utilised for
qualitative analysis. Both SIMS and XPS applied independently provide complementary
information.

An alternative technique of larger depth resolution is Rutherford backscattering (RBS). This
technique, which provides information on elemental composition, is less surface sensitive thar
XPS and SIMS.

The analytical technique which is predominantly bulk-sensitive in elemental analysis i
proton-induced X-ray emission (PIXE). The analysis depth of this technique is approximately
50 pm.

Consequently, the most reliable approach for determination of surface vs. bulk chemical

composition is through application of all of the above analytical techniques.

10.2.2.6. Recommended Research Strategy

The determination of well-defined data on segregation in metal oxides requires the criteria
(1) — (5) (in section10.2.9 to be addressed. Only then can the segregation-induced data be
considered as material-related data.

The aim of the present work is to determine well-defined data on Nb segreg&timdaped
TiO2 using a range of complimentary analytical techniques, which exhibit different depth
resolution and sensitivity; SIMS, XPS, RBS and PIXE. The related analysis penetration depths
are represented schematicallyFigure 10-2
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Figure10-2. Schematic representation of approximate penetration of depth of SIMS, XPS, RBE&nd P

10.2 3. Definition of Terms

10.2.3.1.  Defect Disorder

It has been documented that the semiconducting properties ofaiéCclosely related to
defect disorder [10,27]. The defect disorder for pure l8@epresented by the defect equilibria
in Table 10-1

Table 10-1. Basic defect equilibria in TEO(n and p denote the concentration of electronic and electron holes,
respectively) [3].

AH° o
Defect reaction Equilibrium constant AS
[kJ/mol] [J/(mol.K)]
1 0% & Vo' +2¢' +1/,0, K, = [Vg'In2p(0,)/2 493.1 106.5
2 Ti% +208 © Tij" + 3¢ +0, K, = [Ti;**In®p(0,) 879.2 190.8
3 Ti% +208 © Ti" +4e +0, K5 = [Ti{***In*p(0,) 1025.8 238.3
4 0, © Vi + 4h* + 205 K, = [V§{'Ip*p(0,)~* 354.5 -202.1
5 nil © ¢’ +h* K; =np 222.1 44.6

InK = [(AS®)/R] — [(AH®) /RT]

The incorporation of niobium into the TiOattice in oxidising conditions may be
represented, using the Kroger-Vink notation [28], by the following reaction leading to the

formation of titanium vacancies:
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2Nb,O, — 4Nb; +VT';" +1(D§ (10-7)
Consequently, this regime is governed by the following charge compensation:
4Vy]=[Nb;] (108)

The relationship between the concentration of electronic charge carriers and oxygen activity

in this regime is:

(10-9)

- 1 V4
_ [ Nb Ti ] ~y4
n= Ki(—4K4 j P(G;)

where n is the concentration of electronsjKthe intrinsic equilibrium constant and I§
the equilibrium constant of the reaction between,Ta@d oxygen resulting in the formation of
titanium vacancies.

The incorporation of niobium in reducing conditions results in the following reaction leading

to the formation of electronic defects (electrons) and the release of oxygen:
Nb,O; — 2Nby, + 264405 + ¥ O, (10-10)
The resulting defect disorder is governed by electronic charge compensation of niobium:
n=[ Nb'r ] (10-12)

The charge neutrality expressed by Equatidir1l)indicates that electrical conductivity in
this regime is controlled by the concentration of niobium incorporated into thdakitoe and
is essentially independent of the p(O

In the case of Nb-doped Tin strongly reduced conditions, the concentration of oxygen
vacancies becomes significantly larger than the concentration of niobium ions. Consequently
the effective contribution of Nb ions can essentially be ignored and the defect disorder

represented by the following defect reaction:

O, VS + 2e'+% Q (10-12)

The simplified charge neutrality condition therefore assumes the following form:

2[\/5.] -n (10-13)
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Equationg10-7)— (10-13)represent the bulk defect disorder of Nb-doped;NMi@hin a wide
range of oxygen activities.

It is essential to note at this stage that the effect of oxygen activity on the concentration of
defects should be considered independently for the bulk phase and the surface layer.

10.2.3.2.  Segregation

The phenomenon of segregation can be described as a thermal diffusive transport of selecte
lattice species from the bulk phase to interfaces, such as the external surface and grai
boundaries. The driving force for segregation is the difference in free energy between the bulk
phase and the interface. Therefore, segregation results in a decrease of the freef ¢hergy
system. In some cases, annealing oxide specimens result in the transport of selected species frt
the surface into the bulk phase leading to a depletion of the surface layer in these species. Th
is termed desegregation.

Both adsorption and segregation can be described by the same concepts and laws. The mze
difference between the two processes is the kinetics related to mass and charge transport. T
process of adsorption is fast and its equilibrium may therefore be reached at room temperatur
relatively fast. On the other hand, segregation equilibrium, involving the transport of
ionic/atomic species in crystalline solids, can only be established at elevated temperatures e

which the mobility of these lattice species is high enough.

10.3 Experimental

10.3.1. Specimens and Procedure

The Nb-doped Ti@polycrystalline specimens, of nominal concentrations of 0.2 at% Nb and
0.02 at % Nb, were prepared using the sol-gel method. The basic reactants included titaniur
Isopropoxide (97%-Aldrich) and Nb§XP9%-Aldrich) of appropriate proportions. The resulting
solid solution was ground to a fine powder and calcined at 1173 K in air. The powder was ther
pressed into cylindrical pellets with a uniaxial press (50 MPa) followed bysositic pressing
(CIP) at much higher pressure (400 MPa). These pellets were then sintered at 1773 Kfor5h i
air. The specimens was then ground and polished to remove at legath+fin the surface
The resulting as-polished specimens were used as a reference. The as-polished specimens w

subsequently annealed at 1273 K for 24 hours in order to induce segregation.
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The specimens were annealed in the gas phase of controlled oxygen activity, which was
monitored during the entire time of annealing using an electrochemical oxygen probe based ol
yttria-stabilised zirconia.

This probe is essentially composed of an alumina tube closed on one end with a zirconia dis
as it is schematically representedFigure 10-3 Platinum is attached to both sides of the
zirconia disc. Artificial air (21% of oxygen and 79% of nitrogen) was used as a reference gas.

Oxygen activity was determined from the Nernst equation:

c_KT . PO, (10-14)
4 p(oz)air

Where k is Boltzman constant, T absolute temperature, ang @@ p(Q)air denote the
oxygen activity in the studied gas flowing through the reactor and the reference gas (air),

respectively.

ALUMINA TUBES ¥TTRIA-STABILISED POROUS PLATINUM
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| | T
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~_ WOLTMETER

Figure10-3. Schematic representation of the zirconia-based electrochemical oxygen sensor

Specimen annealing took place in the following gas phases of controlled oxygen activity:
e Pure oxygen. Its oxygen activity determined electrochemically is) p{@5 kPa.
e Pure argon. Its related oxygen activity is g(©10 Pa.
e Argon-hydrogen mixture, involving 1% of hydrogen and 99% of argon. The oxygen

activity of this mixture at 1273 K is approximately p{@ 10%° Pa.

10.3.2. Bulk vs. Surface Chemical Analysis

10.3.2.1.  Proton-Induced X-ray Emission (PIXE)
The PIXE technique was used to determine the elemental composition of the bulk phase
PIXE was performed using a 2 MV tandem accelerator. Analysis was performed with a 3mm

collimated proton beam, with 2.6 MeV energy and 10 nA beam current, applied at normal angle
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of incidence to the sample surface. The X-rays were detected at an angle of 45 ttegne
normal with a Si (Li) detector fitted with at 25 um thick Be window. A 10 uC charge was
acquired for each sample. A pin-hole filter (1700 pum thick Acrylic with 2% hole area) fitted
with an additional 4pm thick mylar film was utilised to further decrease the intensity of the low
energy X-rays excited with high cross-sections in order to control dead-time and pile-up during
analysis. The PIXE spectra were processed using GUPIXWIN software (Version 2.1.4,

University of Guelph, Canada) to determine the concentration of elements in the sample.

10.3.2.2.  Secondary lon Mass Spectrometry (SIMS)

The surface vs. bulk depth profiles were determined by SIMS (Cameca IMS 5f). Sample
charging was reduced by the deposition of gold ceanh(n). A Cs primary ion beam of 5 keV
net impact energy and 5 nA beam current rastered the area of approximately 250 pm x 250 pm.
Insturment settings were applied to limit the analysis of secondary ions to a 55 um circular ares
within the rastered region to avoid contributions from crater edge effects. The crater depth,
measured by stylus profilometer (Alpha-Step 1Q, KLA-Tencor), was used to determine the

average sputter rate (0.012 nm/s).

10.3.2.3.  X-ray Photoelectron Spectrometry (XPS)

XPS analysis was performed using a Thermo Scientific ESCALAB 250 xi instrument. The
spectra were collected using a monochromatic Al Ko source of 1486.6 eV X-ray energy operated
at 15 kV and 160 W. The X-ray spot was approximately 0.5 mm in diameter and the take-off
angle of 90 relative to the sample surface was used for all analyses which results in an analysis
depth of approximately 6 nm. A pass energy filter of 100 eV was used for survey scans and 2
eV for elemental region scans. A 20 second argon sputtering etch was required prior to analysi
of as-polished samples to remove surface carbon likely remaining from the polishing/lubrication
medium used. The Abeam energy was 3 keV and the related etching rate (approximately 0.4
nm/s) was calibrated using a,0a/Ta reference sample. The relative surface concentrations of

the different species were determined by integrating their respective XPS peak areas.

10.3.2.4.  Rutherford Backscattering (RBS)

RBS analysis was performed on a 2MV tandem accelerator (Australian Nuclear Science anc
Technology Organisation). 2 MeV Héons were used at normal angle of incidence to the
sample surface with backscattered ions being detected at an anglé€.dk t60imated 3mm
diameter beam of approximately 10nA beam current was used for analysis and a charge of 4
pnC was acquired for each sample. The backscattered ions were detected using a siliasn surfa
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barrier charged patrticle detector (4 mm diameter active area) and englggedmusing a multi-
channel analyser. The RBS spectra were processed using SIMNRA software (Version 6.05

Max-Planck Institut Fur Plasmaphysik, Germany).

10.4 Results and Discussion

10.4.1. Proton-Induced X-Ray Emission

The PIXE spectrum for the as-polished specimen, including the insert for the niobium-related
peak, is shown ifrigure 10-4 According to this analysis, the bulk concentration of niobium is
0.180 at%. The PIXE analysis shows that the concentration of niobium in the second specimel
is 0.018 at%. The results are showit@ble 10-2 As seen, niobium concentration is practically
the same for the specimens annealed in different oxygen activities. This data indicates that th
effect of niobium evaporation can be ignored. The concentration of niobium resulting from the

PIXE analysis has been assigned as the reference concentration related to the bulk phase.

Table10-2. Collection of PIXE, SIMS, XPS and RBS data on niobium concentration and thel retatehment
factors

Bulk Concentration of niobium [at%] SIMS
Nb p(O02) Enrichment factor, f= [Nb] /[Nb]
surface PIXE
[Pa] | SA N
[at‘%] Nb TiO
PIXE XPS RBS
A lished 0.180 + 0.004 0.17 £ 0.03 0.19 + 0.04 0.19
S polishe . T U. .
p Jips =09 Jres=1.1
3 0179 + 0.004 283106 0.31 + 0.06 4.1
75x10 . T U _ _ —
018 Jyps=15.7 Jres= 1.7 Joms = 21.6
' 0 0177 + 0,004 235405 0.32 + 0.06 2.3
S frps=13.1 fips=18 fams =121
10 0.181 + 0.004 0.05 £ 0.01 0.16 £ 0.03 0.16
1x10 . v fips=0.3 Srgs= 0.9 Joms = 0.84
As polished 0.018 + 0.001 0.03
75x10° 7
0.018 Jss =233
10 0.04
Joms = 1.33
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Figure10-4. PIXE X-ray yield vs. energy spectra for Nb-doped (@18 at%)aspolished specimen.

10.4.2. Secondary lon Mass Spectrometry

The SIMS spectra are represented as the intensity ratio of niobium to TiO (matrix) species in
Figure 10-5 These spectra were determined for the specimen of Nb-dopeddmtaining
0.18 at% Nb and 0.018 at% Nb after polishing as well as after annealing at 1273 K in the ga:
phase of controlled oxygen activity. The data for aéls@olished specimen is considered as
reference data reflective of the initial surface and bulk composition.

The spectra for the specimen containing 0.18 at% Nb are shdviguire 10-5aalong with
the spectrum of gold. The data related to non-equilibrium sputtering (associated with the gold
layer and demarcated by the solid vertical line) has not been taken into account. Thergfore, onl
the part of the spectra to the right side of the vertical line is considered as meaningful and ir
terms of the oxide lattice. Consequently, the depth scale is related to the solid vertical line tha

is marked as d = 0.
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Figure10-5. SIMS depth profile for Nb-doped TiQincluding specimens containing 0.18 at% (a) and 0.02 at% (b)
Nb, in terms of the intensity ratio of Nb/TiO secondary for the as-paligteference) specimen, and specimens
annealed in the gas phase of §(© 75 kPa, p(® = 10 Pa and p(£) = 10%° Pa (the profile for Au has also been
indicated).

The depth profiles shown Figure 10-5indicate that:

e The highest intensity ratio of Nb/TiO at the surface (d = 0) is observed for the
specimen annealed at pjG 75 kPa. The related enrichment factor, in terms of ion
intensities, is f = 21.6. This intensity ratio converges with the spectrum for the as-
polished specimen (reflecting bulk composition) at d = 30 nm. This can be considered
as the thickness of the segregation-induced surface layer at 1273 K ahd g
kPa.

e The Nb/TIO intensity ratio for the specimen annealed ap)peQl0 Pa atd =0 is
slightly lower. The related enrichment factor is f = 12.1. As seen, the segregation-
induced enrichment is reduced to the bulk level at d = 30 nm.

e The Nb/TiO depth profile for the specimen annealed a3)ptQ0° Pa indicates that
the surface layer is impoverished in niobium. The related enrichment factor of f=0.3

is reflective of the reduced concentration of niobium at the surface.
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The SIMS depth profile for 0.018 atb-doped TiQ (Figure 10-5b), essentially

confirms the effects established for the specimen involving 0.18 at% Nb.

10.4.3. X-Ray Photoelectron Spectroscopy

Figure 10-6 represents the XPS spectra for the Nb-doped $g@cimen containing 0.18
at% Nb, including the reference (as-polished) specimen and the annealed specimens. The relat
concentration data are shownTiable 10-2 As seen, the specimen annealed in oxygen and in
argon exhibit a surface enrichment factor of f = 15.7 and f = 13.1, respectively. Otiné¢nhe
hand, the concentration of niobium in the surface layer of the specimen annealed in strongly
reducing conditions is 0.05 at%. The related enrichment factor (f = 0.3) indicates that the surfac

is impoverished in niobium. As seen, the XPS data are in a good agreement with the SIMS dat

in terms of the effect of oxygen activity on surface enrichment with niobium.
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Figure10-6. XPS intensity vs. binding energy spectra for Nb-doped {0Q.8 at% Nb) including the survey
scan for (a) as-polished (reference) specimen, and elemental regisriac@) as-polished specimen, (c)
annealed in the gas phase of §(©75 kPa, and (c) p@= 10 Pa, and (d) p@= 10 Pa.
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10.4.4. Rutherford Backscattering

Figure 10-7 represents the RBS spectra for the Nb-dopead T0C1L8 at% Nb) specimens.
Each of the spectra show the full backscattered energy range for the specimens annealed in t
gas phase of different oxygen activity as well as the reference specimedatBhpoints
represent the experimental data and the solid lines represent the simulated data fits obtained wi
SIMNRA (the backscattered energy steps at 740 keV, 1440 keV and 1690 keV correspond tc
oxygen, titanium and niobium, respectively). The insert plots provide an expanded view of the
energy region related to niobium. The region of interest (shaded areas) corresponds to the dep
of 61 nm. As seen iRkigure 10-73 the niobium concentration for the as-polished specimen is
0.19 at%. This concentration is consistent with the bulk content of niobium determined by PIXE
(0.18 at%). As seen irigure 10-7bandFigure 10-7¢, the niobium-related peaks in the shaded
areas indicate that niobium concentration for the specimens annealed)at {®kPa and
p(Oz) =10 Pa is elevated to the level of 0.31 at% and 0.32 at%, respectively. On the other hanc
annealing in strongly reducing conditions, p(® 10'° Pa Figure 10-7d), results in a slight
impoverishment of niobium to the level of 0.16 at% (the related concentration datdabéein
10-2. While the RBS data are less accurate than those related to XPS and SIMS, these resul

are well consistent.
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Figure10-7. RBS yield vs. energy spectra for Nb-doped;TiD18 at% Nb) specimens: (a) as-polished
(reference), (b) annealed in the gas phase of)p{@5 kPa, (c) annealed in the gas phase of 10 Pa, (d) annealed
in the gas phase of 10Pa.

10.4.5. Segregation Induced Enrichment Comparison of
Niobium and Indium

The comparison of segregation data for niobium, studied in this work, and indium, studied
previously [14], may be considered in terms of the effect of charge and size of these two ions
Niobium in the lattice site of Tighas a positive charge. However, indium may be incorporated
both in the lattice sites and interstitial sites. Then its effective charge is negative and positive
respectively. The ionic radii for niobium (R and indium (I8 are 0.07 nm and 0.081 nm,
respectively, while the ionic radius for titanium {Tiis 0.068 nm. Therefore, indium is
expected to have much stronger driving force for segregation due to the miscibility reason.

According to SIMS data, the thickness of the surface layer enriched in niobium is in the range
of 20 nm- 30 nm Figure 10-5. On the other hand, the thickness of the segregation-enriched
surface layer for In-doped Tids 60 nm. The SIMS-related enrichment of Ti@niobium is f
= 21.6 and f = 12.1 in oxygen and argon, respectively. However, the respective enrichmen
factors for indium are substantially larger (f = 486.1 and f = 85.3). These enrichment factors,

which are reflective of the outermost surface layer, are consistent with the ionic radii of niobium
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and indium compared to that of titanium. The observed huge enrichment factor of indium in the
outermost surface layer is considered in terms of a low-dimensional surface structure for In-
doped TiQ and associated SIMS matrix effect. The enrichment factor for Nb-dopedisTiO
substantially smaller, however, the related concentration of niobium in the surface layer (> 2
at% Nb) is substantially larger than the critical concentration of 0.1 at% above which defects
form larger aggregates [29].

The XPS average enrichment of niobium within 6 nm=sl6.7 and f = 13.1 at 75 kPa and
10 Pa, respectivelyF(gure 10-6. At the same time, the XPS-related enrichment for indium is
comparablef(= 10.2 and f = 9.0, respectively).

The RBS-related enrichments factors are markedly lowed (7 and f= 1.8 at 75 kPa and
10 Pa, respectively) indicating that the concentration of niobium exhibits a substantial drop
within 60 nm distance from the surfadéigure 10-7). The enrichment data obtained in the

present work for niobium are summarized-igure 10-8
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Figure10-8. The effect of oxygen activity on the segregation-induced enanhfactor of niobium reflective of
different analytical techniques.

10.4.6.  Theoretical Model
10.4.6.1. Effect of Defect Disorder on Niobium Segregation

The reported effects related to niobium segregation may be considered in terms of defec
disorder and the related charge neutrality requirement of the Nb-dopddice in the bulk

and at the surface.
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It has been documented that the full charge neutrality condition for Nb-dopedGidres
compensation of negatively charged defects (titanium vacancies and electrons) by positively

charged defects (niobium ions in titanium sites and oxygen vacancies):
4Ny 1+ n=[Nb;]+2[V5] (10-15)

where n denotes the concentration of electrons (the concentration of electron holes can b
ignored in this case). The increase of oxygen activity results in a rapid imposition of an thcrease
concentration of titanium vacancies [30]. These defects are initially localized at theesurfa
However, due to their extremely slow diffusion rate, these defects do not penetrate the bulk
phase within the time frame of the experimental conditions reported in this work (24 hours, 1273
K) [30]. Therefore, these defects may be considered as quenched at the surface resulting in tt
formation of a quasi-isolated surface layer that is charged negatively (compared to the bulk
phase). In consequence, the increase of oxygen activity in the gas phase leads to the impositi
of a negative surface charge. The resulting electric field is the predominant force driving the
segregation of positively charged niobium ions.

The bulk phase of Nb-doped Ti@nay be considered as an ideal solid solution involving
niobium ions distributed randomly. However, the observed enrichment of the surface layer in
niobium results in substantial interactions between the defects within this layer leading to the
formation of larger defect aggregates [29]:

NG,V > (AN (1016

These complexes are the precursors for a new low dimensional surface structure, which i
formed when the concentration of defects surpasses a critical concentration [29]. The effect o
surface charging by the imposition of titanium vacancies at the surface is represé&injeden
10-9a

The decrease of oxygen activity, resulting in imposition of a strongly reducing environment,
leads to a decrease in the concentration of titanium vacancies and a decrease in ndgative su
charge. Consequently, the surface layer in a strongly reducing environment is mainly enrichec
in oxygen vacancies. Strong interactions between these defects are expected to result in tf
formation of a low-dimensional surface structure, similar to Magneli type structures [31]. The

effect of this structure on desegregation of niobium is showngure 10-9h
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Figure10-9. Schematic representation of niobium surface segregation in oxidisiimgrenent (a) and
desegregation in strongly reducing environment (b)

10.4.6.2. Depth Resolved XPS Analysis in Strongly Reducing

Conditions

The surface analysis of In-doped %id strongly reducing conditions indicate that while
indium segregates to the surface, resulting in initial strong surface enrichment, prolonged
annealing (> 24 h) leads to a slow decrease in the segregation-induced enrichment due f
evaporation [32,33].Therefore, in strongly reducing conditions the segregation equilibrium
cannot be reached due to indium evaporation. Consequently, the segregation-induce
enrichment for In-doped Tids a compromise between evaporation and segregation, the latter
phenomenon having much stronger effect on surface composition at low oxygen activities.

The effect of evaporation on surface composition of Nb-doped appears to be much
smaller because the partial pressure of niobium oxide vapour over its solid phase is substantiall
lower (Figure 10-10 [34]. As seen, the difference at 1273 K is approximately 10 orders of
magnitude. Nevertheless, it seems interesting to determine the effect of the strongly reducin
environment on the concentration of niobium at the very initial stage of annealing in order to

assess the extent of the desegregation phenomenon.
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Figure10-10. The temperature dependence of the partial pressure of indium and nties [33,34].

The effect of annealing in a strongly reducing environment on surface composition was
examined using XPS surface analysis for the 0.18 at% specimen after only 30 min of annealin
at 1273 K and again after a surface layer of 20 nm thick was removed bguiering. As seen
in Figure 10-11, a substantial effect of desegregation is observed already within 30 min. This
result indicates that desegregation is induced by low the oxygen activity in the strongly reducing
conditions. In other words, the imposition of strongly reducing conditions does not result in an

initial increase of the solute concentration as has been observed for In-doped TiO
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Figure10-11. The results of XPS analysis of the Nb-doped;B@ecimen involving 0.18 at% Nb after 30 min
annealing at 1273 K and after subsequent removal of 20 nm thickeslajae with Ar sputtering.
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10.4.6.3. Impact on Applications

The established effects related to niobium segregatibiiidoped TiQ have an impact on
a wide range of applications, which are directly or indirectly related to solar energy conversion.
It has been documented that the conversion efficiency solar energy into chemical energy i
determined by several key performance-related properties, including, (i) charge transport, (ii)
electronic structure and band gap, (iii) flat band potential and (iv) reactivity-related surface

active sites [27].
10.4.6.4. Charge Transport

Pure TiQ is theoretically an n-type semiconductor. However, its conduction level at room
temperature is so low that Tinay also be considered as a good insulator. Consequently, its
performance in energy conversion is low due to substantial energy losses related to charg
transport. This performance may be enhanced substantially by dopiagvitiQdonors, such
as niobium. Since the donor level of niobium is close to the bottom of the conduction band, its
ionisation leads to a substantial increase in conduction. The effect of niobium on the electrica
conductivity of TiQ is shown inFigure 10-12 As seen, the effect of niobium on conduction is

substantial.
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Figure10-12. Arrhenius plot of the electrical conductivity of both pure J&d Nb-doped Ti@[13].

10.4.6.5. Electronic Structure

The incorporation of a high concentration of niobium into the;Téitice results in the
formation of a local band. As a result, the light-induced ionization occurs via the apparent banc
gap between the valence band and the niobium-related band. Yang et al. [35] have shown th:
the incorporation of niobium into Tgdesults in band gap reduction from 3.1 eV for pure>TiO
to 2.9 eV for Nb-doped Ti®X5 at% Nb).

10.4.6.6. Flat Band Potential

The segregation-induced enrichment of Nb at the surface is substantial. The resulting
electrical potential gradient can be determined from the following relation:

10-1
% =exp ezl /KkT) ( 7

2

where C1 and C2 denote the surface and bulk concentration, respectively, e is the elemental

charge, y is electrical potential, z is the valence, k is Boltzman constant and T is the absolute
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temperature. The effect of the segregation/desegregation-induced enrichment factor, determine
by XPS and SIMS, and the related electric field are showrlile 10-3 The sign + and are
reflective of the field polarity.

Table10-3. The enrichment (depletion) coefficients of the surface layer in moand the related electric fields

XPS SIMS

F V/m f V/m
15.8 -2.9x 106 21.6 -3.2x 106
13.8 -2.7x 106 12.1 -2.6x106
0.3 1.2x106¢ 0.84 1.8x 105

The effect of the segregation-induced electric field on charge separation depends on surfac

vs. bulk electric charge and the related direction of this vector quantity. The surface compositior

effect on surface vs. bulk polarity is schematically representddgure 10-13 within the

following scenarios:

The surface is enriched in titanium vacanckgyre 10-133. This scenario, which

is valid in an oxidising environment, results in the formation of a negative surface
charge. The latter is the driving force for niobium surface segregation and the
transport of electron holes towards the surface. Therefore, the surface of Nb-doped
TiO2 in oxidising conditions exhibits anodic properties assuming that the applied
annealing procedure results in the imposition of titanium vacancies while the
transport of niobium is quenched.

The imposition of segregation equilibrium in oxidising conditions leads to surface
enrichment in niobium. This results in the imposition of a positive surface charge. In
this case, the resulting electric field is the driving force for the transport of electrons
to the surface and electron holes towards the bulk phase as shémguara 10-13h

The surface layer formed in these conditions exhibits cathodic properties.

The imposition of reducing conditions results in niobium desegregation and
impoverishment of the surface in niobium compared with the bulk phase as
represented b¥igure 10-13c The resulting negative surface charge is the driving
force for the transport of electron holes towards the surface leading to imposition of
an anodic potential.
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CONCENTRATION OF TITANIUM VACANCIES

| NIOBIUM CONCENTRATION

Y

DISTANCE FROM THE SURFACE
I 3
o i S

:-I

I —

(c)

Y

Figure10-13. Schematic representation of three scenarios for surface vs. bplries and the related electric
field for Nb-doped TiQ (a) the surface enriched in titanium vacancies in oxidising consglitibefore niobium
segregation, (b) surface enriched in niobium in oxidising conditand(c) surface depleted in niobium in
strongly reducing conditions.

10.4.6.7. Reactivity-Related Surface Active Sites

The prerequisite for Ti@surface reactivity with water requires the adsorption of water
molecules. It has been shown that titanium vacancies are the active sites required for th
formation of the active complex [36].

10.5 Conclusions

Niobium has a strong tendency to segregate to the surface pfnTaRidising conditions.
The predominant driving force for positively charged niobium segregation is a negatively

charged surface layer predominantly enriched in titanium vacancies. It has been documente
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that the imposition of strongly reducing conditions results in the impoverishment of niobium at
the surface (desegregation). The predominant driving force for desegregation is the positive
surface charge related to a Magneli-type surface structure. The resukicigoshtic
interactions lead to the departure of positively charged niobium ions toward the bulk phase. The
obtained data indicate that annealing in the gas phase of controlled oxygen activity may be use
to engineer the surface composition of Nb-dopib.
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CHAPTER 11

Summary of Conclusions

The present thesis studied the phenomenon of segregation irfoFid** and NB* as
acceptor-type, and donor-type dopants, respectively. Specifically, it assessed thef éfiect
processing conditions, in terms of time, temperature and oxygen activity, on the enrichment of
In®* and NB* dopants at the topmost- and near-surface layers of T$ig the range of
complementary analysis techniques XPS, SIMS, RBS and PIXE. The comprehensive study
reported as a series of 5 papers, can be summarised by the following key points:

e The minimum time required to establish equilibrium concentration at the surface of In-
doped TiQ under oxidising conditions, pP= 21 kPa, at 1273 K, was determined to
be 20 h.

¢ It has been established that under the highly reducing gas phase conditions, IO
10 pg gas/solid equilibrium conditions cannot be established in In-dopeddTi©toa
substantial amount @fidium evaporation from the surface.

e The results of XPS, SIMS, and RBS analysis demonstrated that indium segregation to
the surfacein oxidising gas phase conditions, @G 21 kPa and 10 Pa, is very
substantial. It results in the removal of indium frabartium sites in the bulk phase
where they are acceptor-type centres, and transports them to the surface where they a
incorporated into interstitial sites, resulting in the formation of donor-type centres at the
surface.

e The predominant driving force for the segregation of positively charged indium ions in
In-doped TiQ was postulated in a derived model to be a negative surface charge causec
by titanium vacancies formed within the surface layer in an oxidising gas phase

environment.
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e The derived model indicates that the segregation-induced surface concentration of In in
In-doped TiQ in oxidising conditions is so high that interaction between the
predominant point defects, titanium vacancies and indium interstitial ions, form
negatively charged defect complexes which result in the formation of a low-dimensional
surface structure and sub-surface layer. This structure exhibits outstanding properties.

e In the case of Nb, unlike indium it was established that Nb does not evaporate and
equilibrium can therefore be established in both oxidising and reducing gas phase
environments.

e |t has been shown that in oxidising gas phase conditions, substantial Nb surface
enrichment occurs in Nb-doped TiCHowever, in reducing conditions Nb is instead
transported from the surface into the bulk phase. This effect has been termed
desegregation.

. The driving force for Nb desegregation under highly reducing gas phase conditions is a
positive surface charge related to a Magneli-type surface structure. The resulting
electrostatic interactions drive the departure of positively charged niobium ions toward
the bulk phase. The experimental data indicate that annealing in the gas phase o
controlled oxygen activity may be used to modify the surface composition and related

properties oNb-doped TiQ in a controlled manner.

The outcomes of this project, presented as a series of five individual but interrelated
manuscripts contribute significantly to the understanding of segregation, particulafiaridn
Nb°*, on the surface vs. bulk chemistry of FiQhe results of this well-defined segregation
study may be utilised for selecting the optimal processing conditions, in terms of temperature,
time and oxygen activity, to generate specimens with specific acceptor- or donor-tygoe surf
vs. bulk compositions and related properties for improved performance in applications such a:

solar energy conversion or water purification.
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