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Abstract

Structural and Electronic Properties of Metal Oxides
Anna Regoutz, Trinity College

DPhil

Hilary 2014

Metal oxides are of immense technological importance. Their wide variety of
structural and electronic characteristics leads to a flexibility unrivalled by other
groups of materials. However, there is still much debate about the fundamental
properties of some of the most widely used oxides, including TiO, and In,O3. This
work presents high quality, in-depth characterisation of these two oxides in pure and
doped form, including soft and hard X-ray photoelectron spectroscopy and X-ray
diffraction. Bulk samples as well as thin film samples were prepared analysed. For
the preparation of thin films a high quality sol-gel dip-coating method was devel-

oped, which resulted in epitaxial films.

In more detail the organisation of the thesis is as follows: Chapter 1 provides an
introduction to key ideas related to metal oxides and presents the metal oxides in-
vestigated in this thesis, In,O3, GasO3, Tl,O3, TiOs, and SnO,. Chapter 2 presents
background information and Chapter 3 gives the practical details of the experimen-

tal techniques employed.

Chapters 4 presents reciprocal space maps of MBE-grown In,Os thin films and
nanorods on YSZ substrates. Chapters 5 and 6 investigate the doping of In,O3 bulk
samples with gallium and thallium and introduce a range of solid state character-
isation techniques. Chapter 7 describes the development of a dip-coating sol-gel
method for the growth of thin films of TiOy and shows 3D reciprocal space maps
of the resulting films. Chapter 8 concerns hard x-ray photoelectron spectroscopy of
undoped and Sn-doped TiO,. Chapter 9 interconnects previous chapters by present-
ing 2D reciprocal space maps of nano structured epitaxial samples of In,O3 grown
by the newly developed sol-gel based method. Chapter 10 concludes this thesis with

a summary of the results.

Keywords: metal oxides, transparent conducting oxides, photocatalysis, X-ray

diffraction, reciprocal space mapping, X-ray photoelectron spectroscopy, sol-gel
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1 Introduction to Metal Oxides

1.1 Metal Oxides - Importance and Challenges

Metal oxides exhibit a diverse range of electronic properties, extending across insu-
lators, semiconductors, metallic conductors, and superconductors. Their technologi-
cal importance is enormous. However, the underlying basic electronic and structural

characteristics are still the source of much discussion and in some cases controversy.

This introduction gives an overview of the electronic and structural characteris-
tics of the metal oxide systems investigated in this thesis, with a particular focus
on In,O3 and TiO,, and gives an overview of their technological importance and
possible applications. It concludes with a summary of the scope and organisation

of the present work.

1.2 Electronic Structure of Metal Oxides

The general electronic structure of metal oxides can be understood at different levels
using a variety of models. This introduction will focus on the simple ionic model
and band theory, which can explain the behaviour of metal oxides in a transparent

and practical fashion.
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1.2.1 lonic Model

The ionic model is based on the assumption that the metal-oxygen (M-O) bond is
predominantly ionic and can be rationalised by the transfer of electrons from the
metal ion to the oxygen. It predicts that for a main group metal oxide, the valence
band (VB) will be made up by the highest occupied O level, and the conduction

band (CB) will be made up by the lowest unoccupied metal level.

A
— Ve . ;
0<" i vacuum
: o level
P CB
-
5
& Eg
—_— VB
Mn+ -
0%
(a) (b) (c) (d)

Figure 1.1: Tonic model for metal oxides, showing (a) the free ions and the successive corrections
for (b) the Madelung potential, (c) the polarisation, and (d) the orbital overlap.

Starting from this premise, the free ion metal cation levels M™" lie below the
oxygen anion O% level, because O% is not stable in the gas phase (see figure[L.1](a)).
This ordering of levels differs from that of the free atoms M and O because of the
positive and negative charges. To correct this, the Madelung potential Vj; is ap-
plied. It describes the electrostatic potential between an ion and its surrounding
ions of opposite charge. As V), stabilises the O% and destabilises the M™" level, it

changes the ordering of levels, see figure (b) In a next step polarisation is added,
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which takes account of deviation from perfectly ionic behaviour. This increases the
energy of the occupied O levels and decreases the energy of the unoccupied M levels
(see figure[I.I}(c)). In a last step interactions between metal and oxygen orbitals are
taken into consideration, which gives rise to non-vanishing band widths (see figure

1.1{(d)). Valence and conduction band are now separated by a band gap E,.

In summary, the valence band in metal oxides is dominated by O 2p orbitals, and
is separated by a band gap from a conduction band dominated by metal orbitals. In
post-transition metal oxides, such as In,O3, the energy of the O 2p orbitals lies much
closer to the metal s and p orbitals than in pre-transition metal main group oxides,

leading to increased hybridization and deviation from a purely ionic description.

Transition metal oxides can be described by the ionic model, with the difference
that in main group metals the lowest unoccupied metal level is usually an s orbital,
whereas in transition metals the d orbitals are lower in energy. In addition, the d-
band is split by ligand field effects, which have their origin in the interaction between
the d-orbitals of the metal and its surrounding ligands. d orbitals that point directly
at a ligand undergo o interactions, which are much stronger than the 7 interactions
experienced by d orbitals pointing between ligands. This difference represents the
main contribution to the ligand field splitting. The form of the splitting depends on
the geometry of the ligands around the metal centre. In octahedral coordination,
which is found for TiO,, two separate bands form. The band at lower energy con-
sists of three d orbitals, zy, zz, yz, of t5; symmetry, and the higher energy band
consists of the remaining two d orbitals, 322 — (2 + y? + 2?) (often called 2?) and
x? — y?, of e, symmetry. Figure shows a schematic of the ligand field splitting

A for octahedral coordination.



1 Introduction to Metal Oxides
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Figure 1.2: d orbital ligand field splitting A in case of octahedral coordination.

1.2.2 Band Theory of Crystalline Solids

The ionic model predicts a band like structure in oxides, with a valence and a con-
duction band separated by a band gap E,. The highest occupied molecular orbital
(HOMO) is situated at the top of the valence band (VB) and the lowest unoccupied
molecular orbital (LUMO) is at the bottom of the conduction band (CB). In order
to gain a deeper understanding of the band structure, one has to look at the orbitals

in a crystal which form the different bands.

One of the most important characteristics of a crystal is its periodicity. Due to
the ordering in crystalline solids, they can be described by simple Bloch functions

Y (zx) of the form:

b(x) = e*u(z) | (L1)

where u(z) is a periodic function describing the orbitals and e™** is a plane wave
describing free electrons. k is called the wave vector and plots of energy versus k for

the valence and conduction bands give the band structure diagram of a solid. The
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region of k-space used in such plots for one dimension is usually —7/a < k < 7/a,

where a is the lattice parameter. This is known as the first Brillouin zone.

A linear combination of atomic orbitals (LCAQO) approach can be used to extend
the idea of Bloch functions from a general form to a band composed of overlapping
orbitals. Consider the band structure in one dimension, starting from the assumption
that each atom in a linear chain of atoms only has one s orbital in its valence band,
Bloch sums of atomic orbitals can be formulated as follows. A crystal orbital ¥ (z)

can be described by:

) = enxala) | (1.2)

n

where n is the number of an atom, x,, is the wave function of an atomic orbital
of one of the n atoms, and ¢, are coefficients which, using Bloch’s theorem, can be

described by:

cp = e (1.3)

where a is the lattice spacing.

This approach using Bloch sums can be extended to other orbitals in the valence
band. In the case of p orbitals, o and 7 interactions can take place depending on
the orientation of the orbital relative to the wave vector k. Figure [1.3|shows groups
of p orbitals oriented in bonding and anti-bonding fashion perpendicular or parallel

to the wave vector k.
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k=0 WIHVIOUIPU 1B
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1338 381

Figure 1.3: p orbitals oriented (a) parallel (o-bonding) and (b) perpendicular (7-bonding) to the
wave vector k. In both cases a bonding B and an antibonding AB state exist.

The situation in two- and three-dimensional crystals is more complicated than in
the simple model presented here. Each orbital is still described by a Bloch func-
tion, but the Brillouin zone now extends over three dimensions. High symmetry
points are indexed using Greek capitals, with the centre k = (000) always being de-
noted as I'. Instead of showing energy levels for all £, typical band structures show

the change in energy along restricted high symmetry directions in the Brillouin zone.

The molecular orbitals forming bands in solids are very closely spaced with their
density varying across the bands. This is expressed by the density of states (DOS).
The DOS is defined as the number of allowed energy levels per unit volume over an

energy range. The DOS is zero in the band gap.

In band theory the band gap £, is a fundamental characteristic of a material.
The gap is called direct if the valence band maximum (VBM) and conduction band
minimum (CBM) are both found at the same point in reciprocal space, most usu-
ally the I' point. The gap is indirect if the CBM and VBM are at different points
in k space. Figure [1.4] shows the calculated band structures of rutile and anatase
illustrating the difference between a direct and an indirect band gap. Rutile has a

direct band gap with the VBM and CBM both being at the centre of the Brillouin
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zone I'. Anatase shows an indirect band gap with CBM and VBM being at different
symmetry points. However, the band gap of anatase has been considered as approx-

imately direct due to the energy levels at I' being only less than 0.2 eV lower than
the VBM.

AV

5 mi .0/
N

(I !
WA
i

o B I DA S e D o N i T R S
3 SIS J =
-0 - Q = — -
B /\ ?— 4
(&) ] &= i
S S 1 L
T i rl
0 )
| L Tiy | Total DOS "l ] %., Tig [Total DOS
8 <= = —
'rX RZ I M A 2 Dos L XP N T Dos
(a) (b) (a) (b)
(a) Rutile (b) Anatase

Figure 1.4: Band structures and density of states for (a) the rutile and (b) the anatase polymorph
of TiO,. Adapted from F. Labat et all

Table summarises the band gaps of a number of polymorphs of the metal ox-

ides investigated in this thesis.

Table 1.1: Band gaps E, for the metal oxides investigated in this thesis.

oxide polymorph  E, / eV type
In,Os3 cubic bixbyite  2.93%  direct forbidden
corundum 3.024  direct forbidden
Gay04 o 5.085 direct
15} 5.03 indirect
Tl,03 cubic bixbyite — 0.33% direct
TiO, rutile 3.03%  direct forbidden
anatase 3.20° indirect
SnO, rutile 3.60%  direct forbidden

A further important feature in a band diagram of a solid is the Fermi level Er,
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which for insulators and intrinsic semiconductors lies within the band gap between

VB and CB. Ef is the energy level described in the Fermi-Dirac distribution f(E):

FB) = — s (1.4
1+ e *BT

where kp is the Boltzmann constant and 7' is the temperature. At absolute zero,
the Fermi-Dirac distribution shows a sharp cut-off between electron filled and un-
filled levels at the Fermi energy. With increasing temperatures it is smeared out,
meaning that most valence levels below Er are partially empty, and a few electrons
are thermally excited to conduction band states above Er. Although the Fermi
function has some intensity in the band gap due to the smearing out of Eg, this
does not mean that electrons are present in the band gap since the occupation is
the product of the Fermi function and the density of states. As mentioned above,
the DOS is zero within the gap, meaning that there are no allowed energy levels

available within E,. Figure shows a schematic drawing of the changes in the

Fermi level at different temperatures for an intrinsic semiconductor.

CB

band gap

VB

0K

Figure 1.5: The Fermi function f(FE) at three different temperatures 0 K, Ty, and T, where
0 K <Ty <T,. f(E) gets increasingly more smeared out the higher the temperature.
The energy of the Fermi level Er increases with increasing temperature and is in all
three cases positioned inside the band gap E; between the valence band (VB) and the
conduction band (CB).

In extrinsic semiconductors the position of the Fermi level is determined by donor
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or acceptor state densities. Donor levels are located close to the CBM giving an n-
type semiconductor, whereas acceptor states are located just above the VBM giving

a p-type semiconductor.

1.3 Crystal Structure of Metal Oxides

This section explores the fundamental structural properties of the metal oxides in-

vestigated in this thesis.

Oxides in general have more complicated crystal structures than many conven-
tional semiconductors, which has a significant influence on possible fabrication tech-
niques as well as their physical properties. Therefore, knowledge of the crystal
structure is intrinsic to any further study of their behaviour and eventual use in
technological applications. The images of crystal structures in this chapter were

prepared using the CrystalMaker software package.

1.3.1 Iny03

In its crystalline state the thermodynamically stable phase of In,O3 has a body-
centred cubic bixbyite structure with a unit cell containing 80 atoms, which is shown

in figure 1.6
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Figure 1.6: Unit cell of the bixbyite structure of InoOs. The pink spheres represent In, whilst the
red spheres represent O.

The bixbyite structure of InyOg3 is based upon that of fluorite. Its space group is
Ia3 and the lattice parameter is 1.0117 nm.” It represents a 2 x 2 x 2 superstructure
of fluorite, but with an ordered array of vacancies on a quarter of the anion sites
and subsequent relaxation of atomic positions.® The unit cell contains 32 In atoms
in two non-equivalent sites (Wyckoff positions 8a and 24d), and 48 oxygen atoms in
one set of equivalent sites (Wyckoff position 48e). The oxygen atoms are in distorted
tetrahedral sites, with four different In-O bonding lengths of 2.133, 2.161, 2.187, and
2.247 A.

(a) (b)

Figure 1.7: In environments in the bixbyite phase of InoO3: (a) trigonally compressed octahedral
site, (b) highly distorted octahedral coordination. The pink spheres represent In, whilst
the red spheres represent O.

One quarter of the indium atoms (8a) are in trigonally compressed octahedral

sites, with an In-O bond length of 2.161 A (see figure (a)). The other three

10
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quarters of the In atoms (24d) are in highly distorted octahedral coordination, with

different In-O bonding lengths of 2.133, 2.187, and 2.247 A respectively (see figure
L.7(b)).

In; O3 also has a second metastable corundum-type structure, which can be pre-
pared through a high temperature - high pressure synthesis.*” This structure is
equivalent to that adopted by a-Al;Os3. The In atoms are located in octahedral in-
terstitial sites (Wyckoff position 12¢) in a hexagonally close packed array of oxygen
atoms (Wyckoff position 18e). Furthermore, a high pressure orthorhombic structure
which remains metastable at ambient pressure and temperature has been prepared.**
Table summarises crystallographic information for the bixbyite-, corundum-type,

and orthorhombic phases.

Table 1.2: Structural parameters of the bixbyite-type”, corundum-typel”, and orthorhombic’2
phase of InsO3. a, b, and ¢ are the lattice parameters, Z are the formula units per
cell, and p is the theoretical density.

Bixbyite Corundum Orthorhombic

a/ A 10.117 5.487 7.962

b/ A 10.117 5.487 5.477
c/A 10.117 14.510 5.592
Crystal system cubic trigonal  orthorhombic
Space group Ia3 R3c Pbcn
Space group No. 206 167 60
Volume / A3 1035.51 378.33 243.86

Z 16 6 -
p/gem™3 7.12 7.31 -

1.3.2 Ga203

Five modifications of GayO3 are known, of which $-Gay0O3 is the most stable with
20 atoms per unit cell. This is a monoclinic system with the space group C'12/m1

and § = 103.7°.%% Figure |1.§ shows the unit cell of 3-GayOs.

11
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Figure 1.8: Unit cell of 8-GayO3. The green spheres represent Ga, whilst the red spheres represent
0.

The Ga atoms occupy two different sites, both with the Wyckoff position 4i. One
site has a distorted tetrahedral coordination, with bond lengths of 1.803, 1.833, and
1.853 A, the other has a distorted octahedral coordination, with bond lengths of
1.940, 1.978, 2.023, and 2.077 A. Figure shows the two different Ga environ-
ments. The oxygen ions are in three different sites, all with a Wyckoft position
4i. One is a slightly distorted trigonal planar site, with bond lengths of 1.833 and
1.940 A, another is a distorted trigonal pyramidal site with bond lengths of 1.803
and 1.978 A, and the third is a distorted tetrahedral site with bond lengths of 1.853,

2.023, and 2.077 A respectively.

(a) (b)

Figure 1.9: Ga environments in 3-GazO3: (a) distorted tetrahedral coordination, (b) distorted oc-
tahedral coordination. The green spheres represent Ga, whilst the red spheres represent

0.

12
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a-Gay03 can be obtained by heating the 3 form under pressure, whilst the 44,
09 and €1 phases of GayOs are accessible through high temperature synthesis.

Table [I.3] summarises crystallographic information for all five polymorphs.

Table 1.3: Structural parameters of the five polymorphs o/t¢, g3 414" 513 and €19 of GayOs.
a, b, and c are the lattice parameters, Z are the formula units per cell, and p is the
theoretical density.

o 8 Y
a/ A 4.9285 12.230 8.2376
b/ A 4.9825 3.040 8.2376
¢/ A 13.4330 5.800 8.2376
Crystal system  trigonal = monoclinic cubic
Space group R3c C12/m1 Fd3m
Space group No. 167 12 227
Volume | A3 28.80 209.50 -
Z 6 4 -
p/gem™3 6.47 5.94 5.94
o €
a/ A 9.401 5.120
b/ A 9.401 8.792
¢/ A 9.401 9.410
Crystal system cubic  orthorhombic
Space group Ia3 Pna2,
Space group No. 206 33
Volume / A3 - 423.6
Z - 8
p/gem™® - 5.88

1.3.3 TI,03

T1,04 has a cubic bixbyite structure with the space group /a3 and a lattice parame-
ter of 1.0543 nm.™ This structure is very similar to that of In,O3 but with a 4.21%
larger lattice parameter due to the increase in ionic radius from In to Tl. Figure

shows the unit cell of T1,0s5.

13
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Figure 1.10: Unit cell of Tl5O3. The grey spheres represent T1, whilst the red spheres represent O.

Analogous to InyOz, Tl;,O3 is also based upon the fluorite structure. It represents
a 2 X 2 x 2 superstructure of fluorite, but with an ordered array of vacancies on a
quarter of the anion sites. The unit cell contains 32 T1 atoms in two non-equivalent
sites (Wyckoff positions 8a and 24d), and 48 oxygen atoms in one site (Wyckoff
position 48e). Due to the difference in atomic radii between In and TI, the bond
lengths between the cation and O increase from In to Tl. The oxygen atoms are in
distorted tetrahedral sites, with four different T1-O bonding lengths of 2.140, 2.189,
2.271, and 2.475 A,

(a) (b)
Figure 1.11: Tl environments in the bixbyite phase of T1;O3: (a) trigonally compressed octahedral

site, (b) distorted octahedral coordination. The grey spheres represent T1, whilst the
red spheres represent O.

One quarter of the Tl atoms (8a) are in trigonally compressed octahedral sites,

with a T1-O bond length of 2.271 A (see figure [I.11}(a)). The other three quarters

of the T1 atoms (24d) are in highly distorted octahedral coordination, with T1-O

14
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bonding lengths of 2.140, 2.189, and 2.475 A respectively (see figure b)). Ta-

ble[l.4|summarises the relevant crystallographic information for bixbyite-type T1,Os3.

Table 1.4: Structural parameters of the bixbyite-type phase of Tly03.17 a, b, and ¢ are the lattice
parameters, Z are the formula units per cell, and p is the theoretical density.

Bixbyite
a/A 10.543
b/ A 10.543
c/A 10.543
Crystal system cubic
Space group Ia3
Space group No. 206
Volume / A? 1171.91
A 16
p/gem3 10.35

1.3.4 TiO,

TiO; has three main polymorphs, rutile, anatase, and brookite. Figure [I.12] shows
the unit cells of these polymorphs. In addition, other high pressure phases such as
cotunnite have been synthesised.™ However, only rutile and anatase are of signifi-

cant importance for technological applications.

@

Figure 1.12: Unit cells of the three polymorphs of TiOs, (a) rutile, (b) anatase, and (c) brookite.
The light blue spheres represent Ti, whilst the red spheres represent O.

15



1 Introduction to Metal Oxides

Both rutile and anatase have a tetragonal unit cell with the Ti atoms in Dsyy
sites approximating to octahedral coordination and the O atoms in roughly trigonal
planar coordination. The Ti-O bond lengths are 1.945 and 1.986 A for rutile and
1.934 and 1.980 A for anatase. The shorter bond lengths and different connectivities
in anatase lead to a reduction in the a and b lattice parameters. The ¢ parameter

increases from 1.480 A/Z in rutile to 2.379 A/Z in anatase.

Brookite has an orthorhombic structure with the Ti atoms in a distorted octahe-
dral coordination with six different bond lengths of 1.863, 1.923, 1.931, 1.990, 1.999,
and 2.052 A. The oxygen atoms are in two different trigonal planar coordinations,
with bond lengths of 1.863, 1.990, and 1.999 A in one environment, and 1.923, 1.931,
and 2.052 A in the other. Table summarises important structural parameters

for all three polymorphs of TiOs.

Table 1.5: Structural parameters of the three polymorphs of TiO,, rutiled? anatase?’, and

brookite?l. a, b, and ¢ are the lattice parameters, Z are the formula units per cell,
and p is the theoretical density.

Rutile Anatase Brookite
a/ A 4.594 3.784 5.138
b/ A 4.594 3.784 9.174
¢/ A 2.959 9.515 5.449
Crystal system  tetragonal tetragonal orthorhombic
Space group P4y /mnm 14, /amd Pbca
Space group No. 136 141 61
Volume / A3 62.45 136.25 256.84
Z 2 4 8
p/gem™? 4.25 3.90 4.13

Rutile is the most stable among the three polymorphs, with anatase and brookite
converting into rutile upon heating. Figure [1.13| shows XRD patterns which chart
the change from anatase into rutile upon heating a powder sample at temperatures

from 400 to 1000°C.

16
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Figure 1.13: X-ray diffraction patterns of anatase TiO5 after heating at different temperatures. The

red reference corresponds to the anatase form, whereas the blue reference corresponds
to the rutile form. This data was collected by K. M. Leong (Part II thesis, Oxford,

2013).

The transformation from anatase to rutile is reconstructive, meaning that it in-
volves a major rearrangement of atoms including the breaking and reforming of
bonds. As there is no phase equilibrium involved, it is not possible to experimen-
tally define a clear transition temperature. Therefore, a temperature range across
which the transformation takes place is observed, which leads to a range of transi-
tion temperatures from 400 to 1000°C being reported in the literature. A range of
activation energies F/4 and reaction enthalpies AH° have also been reported, which
are summarised in table [I.6l As can be seen from the negative values for AH®
the transformation is exothermic with necessary activation energies between 300
and 800 kJ/mol depending on the sample. The transformation is highly influenced
by the method of sample preparation®?2? impurities or additives®***7 the atmo-
sphere during sample preparation“#2", deviations from the stoichiometry“®, particle

size*¥ and surface area®. This can explain the rather large variations in reported

17
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Table 1.6: Activation energy E4 and reaction enthalpy AH° for the anatase—rutile transformation

from the literature.

Source E4 / kJ/mol Source AH° / kJ/mol
Canderna 1958 377 - 460 Rao 1961% —0.42 (903.15K)
Yoganarasimhan 19624 202 Vahldiek 19664 —2.79 (1183K)
Shannon 1964 418 - 753 Navrotsky 19674 —6.57 (968K)
Shannon 19659 418/481/795 Mitsuhashi 19794  —3.26 (971K)
Borkar 20044 328 Dassler 198846 —1.12to —14
Grzmil 20134 200 Smith 2009+ —1.70 (298.15K)

1.3.5 Sn02

SnO, crystallises in the tetragonal rutile structure, with the Sn atoms in octahe-

dral coordination and the O atoms in trigonal planar coordination. The Sn-O bond

lengths are 2.052 and 2.058 A. Figure shows the unit cell of SnOs,.

Figure 1.14: Unit cell of the SnOs. The grey spheres represent Sn, whilst the red spheres represent

0.

Table [1.7] summarises essential structural parameters of the rutile structure of

SHOQ.
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Table 1.7: Structural parameters of the rutile-type phase of Sn0,.1? a, b, and ¢ are the lattice
parameters, Z are the formula units per cell, and p is the theoretical density.

Rutile
a/ A 4.7380
b/ A 4.7380
c/A 3.1865
Crystal system  tetragonal
Space group P4y /mnm
Space group No. 136
Volume / A3 71.53
Z 2
p/gecm3 7.00

1.4 Technological Importance of Metal Oxides

1.4.1 Transparent Conducting Oxides

Materials that combine optical transparency in the visible region with a high elec-
trical conductivity have been extensively researched over recent decades and have
found use in a variety of industrial applications. In general three classes of materials
combine these two characteristics: very thin pure metals, highly doped conjugated
polymers, and doped wide band gap oxide or nitride semiconductors.®® Wide band
gap oxides are of particular interest today and many different systems have been

studied.

Biadeker® was the first to report a transparent conducting cadmium oxide CdO
film and since then the interest in this group of materials has grown continuously.

400 although it has been widely replaced by

CdO is still of some interest today
other materials due to its relatively narrow fundamental band gap (2.31 eV at 0 K

and 2.18 at 300 K*) and the high toxicity of Cd limit its use in practical devices.*®
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Although conductivity in post transition metal oxides has been well known for
over half a century®”, there is still much controversy regarding the electrical and
optical properties. The major cause of discussion is that the quality of samples
varies immensely with the deposition parameters, the presence of impurities, post-
deposition annealing, and the presence of oxygen during fabrication (see Dawar et

al.”" for further explanation of the influence of these parameters).

As pure post transition metal oxides in general are insulators at room tempera-
ture they have to be heavily doped to make them conducting. The oxides of the
d1? cations may have high concentrations of intrinsic defects, with oxygen vacancies

t.54 They are generally presumed to be

traditionally regarded as the most importan
readily ionised to donate electrons to the CB, although this concept has been ques-
tioned.?® Extrinsic dopants are generally required to achieve the necessary metallic
conductivities. For example, In,O3 is an insulator, but doping with Sn leads to one
of the most important of the TCOs. Tin-doped indium oxide is widely but some-
what misleadingly known as indium tin oxide or ITO. Doping leads to maximum
conductivities of 10* S-cm™ and transmittance above 80% in the visible region. #3034
The optical window in which TCOs transmit light is defined by two boundaries: the
near-UV cut off which is determined by the effective band gap, and the near-IR cut
off which is determined by an increase in reflectance caused by the plasma reso-

nance.“®

Whilst p-type conducting oxides exist and are a focus of intense research®>-257¢L
almost all well known TCOs today are n-type conducting oxides. The most widely
used oxides at present are tin oxide SnQO,, zinc oxide ZnO, indium oxide In,O3, and
their alloys. Together with cadmium oxide CdO and gallium oxide GayO3 they de-
fine the phase space of possible TCO combinations (see figure . As mentioned
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before, tin doped indium oxide (ITO) is the most widely used material today, but
In, O3 is also used with other dopants including Sn, Ge, Mo, Ti, Zr, Hf, Nb, Ta, W,
Te and F 4802

In;04

Cdo n0

Ga,0;

Figure 1.15: The five most important TCOs currently used individually and in their alloys.

A combination of n- and p-conducting TCOs could lead to active, rather than
passive, applications for oxides. One possible application would be a “functional
window”, which would transmit light in the visible region, but could generate elec-

tricity using ultraviolet photons.?”

The applications for TCOs are many; heat reflecting films, gas sensors, protec-
tive coatings for glass surfaces®, heating layers protecting vehicle windscreens from
freezing®, laser-damage resistant coatings®®, photoelectrochemical cells®®, antistatic
surface layers in satellites®, surface layers in electroluminescent applications®”, flat
panel displays, touch panels, LEDs%*? organic LEDs™, low thermal emittance

53072

coatings™, electrochromatic smart windows and high performance transparent

electronics™™®  An area that has received extensive attention is their use in solar

cells R2lriel
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1.4.2 Photocatalysis in Transition Metal Oxides

When electrons in an oxide are excited from the VB into the CB, a redox elec-
tron/hole pair is formed. The electrons can act as a reducing agent, whilst the holes
can act as an oxidising agent and react with molecules located on the oxide surface.
This redox behaviour can be exploited for water splitting or the oxidation of organic

pollutants.

TiO, is a relatively abundant compound, making up around 6,500 parts per Mil-
lion of the earth’s crust. Titanium and its oxides are produced on a massive scale
of almost seven million tons per year, the majority from deposits in Australia and
South Africa. Moreover TiO, is a benign material, even having use as a food addi-
tive. When Fujishima and Honda reported the photocatalytic splitting of water on
a TiO electrode in 19728L it sparked enormous interest in photocatalysis mediated

As the excitation of electrons in TiOs is dependent on the ability to absorb light,
the band gaps for both rutile and anatase being in excess of 3 eV presents a severe
limitation of their usability and efficiency in solar-driven processes. The large band
gaps mean that TiO, only absorbs UV radiation, which only represents a very small
proportion of sun light. Doping of TiO, can be used to modify the electronic struc-
ture and increase the efficiency of TiO, as a potentially outstanding photocatalytic

material.

Metal oxides with photocatalytic properties, mainly TiO,, have been used in
a range of applications (see the review by Fujishima et al.®%); water purification,
air purification, self-cleaning surfaces, self-sterilizing surfaces, anti-fogging surfaces,

heat transfer and dissipation, anti-corrosion applications, photocatalytic lithogra-
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phy, photochromism, and microchemical systems.

1.5 Scope and Organisation of this Thesis

This chapter has summarised electronic and structural characteristics, and possi-
ble applications of the metal oxides investigated in this thesis. The following two
chapters describe the background and setup of the experimental techniques involved
in the presented research, including molecular beam epitaxy (MBE), sol-gel dip-
coating, laboratory- and synchrotron-based X-ray diffraction (XRD), laboratory-
and synchrotron-based X-ray spectroscopy (XPS), diffuse reflectance spectroscopy
(DRS), Raman spectroscopy, low energy ion scattering spectroscopy (LEIS), atomic

force microscopy (AFM), and ellipsometry.

Chapter 4 introduces the concept of thin film growth of InyOs and probes the
strain leading to nanostructured samples by reciprocal space mapping. Chapters
5 and 6 use a solid-state approach to investigate structural and electronic changes
upon isovalent doping of In,O3 with Ga and T1. Sol-gel dip-coating as an alternative
technique to other growth methods for the preparation of metal oxide thin films is
explored in chapter 7, starting with the design of experiments setup for TiO,, fol-
lowed by an in-depth study of anatase and rutile thin films grown on single crystal
substrates. Chapter 8 presents hard X-ray photoemission results for both undoped

and Sn-doped anatase TiOs.

Chapter 9 concludes the results chapters and draws on the preceding findings in

an effort to grow InyO3 thin films via a sol-gel method.

The main concluding remarks of the here presented work are given in chapter 10.
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2 Background to Experimental

Techniques

This chapter presents a brief background to the experimental techniques used in
this thesis. Three methods were employed to prepare the samples studied in this
research. Ceramic samples were prepared using a solid state approach, whilst thin
film samples were prepared using molecular beam epitaxy (MBE) and sol-gel dip-
coating. The electronic and structural characteristics of the samples were anal-
ysed using laboratory- and synchrotron-based X-ray diffraction (XRD), laboratory-
and synchrotron-based X-ray photoelectron spectroscopy (XPS), diffuse reflectance
spectroscopy (DRS), Raman spectroscopy, low energy ion scattering spectroscopy

(LEIS), atomic force microscopy (AFM), and ellipsometry.

2.1 Molecular Beam Epitaxy

Molecular beam epitaxy (MBE) is a method that was developed in the 1970s by
John R. Arthur and Alfred Y. Cho' for the growth of GaAs. Today the technique is
widely used for the epitaxial growth of thin films under ultra-high vacuum (UHV)
conditions. Due to the slow growth rates, it allows for a highly precise control of

film thickness and, under ideal conditions, layer-by-layer growth.
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2 Background to Experimental Techniques

2.1.1 Principles

MBE uses Knudsen effusion cells (K-cells) to evaporate the elemental source mate-
rials. In an idealised K-cell the condensed phase and vapour are in equilibrium, and

in this case the flux F' at the substrate can be described by the following equation:

Peq(T)a

7 L2\ 2mmksT ’

F= (2.1)

where peq(T') is the pressure at equilibrium as a function of the temperature 7', a
is the area of the cell aperture, L is the distance to the substrate, m is the mass of

the effusion species, and kg is the Boltzmann constant.

When the flux of gaseous atoms reaches the substrate surface and condenses, a

variety of processes can occur, which are illustrated in figure 2.1]
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Figure 2.1: Atomic processes during film growth. A number of different processes occur, including
deposition, diffusion, nucleation, growth, and desorption.

The atom can: (i) form a bond with the surface and stay in place (deposition),

(ii) diffuse across the surface to a preferred location (diffusion), or (iii) evaporate
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2 Background to Experimental Techniques

again and leave the surface (desorption). Both deposition and diffusion can lead to

nucleation and ultimately to film growth.

2.1.2 Instrumentation

An MBE system usually consists of three separate UHV chambers; a load lock, a
preparation and analysis chamber for sample cleaning and characterisation, and the
main MBE chamber. Figure [2.2] shows a schematic diagram of the main chamber of

an MBE system.

manipulator

UHV

. substrate

pED

soree®

Figure 2.2: Schematic of a main MBE chamber. A range of different atomic beam sources (K-cells)
is indicated, which can be used on their own, or in combination, to achieve film doping.

As the objective is to grow high purity films, MBE systems are operated un-
der clean UHV conditions. Since the growth of monolayers is comparatively slow,
unwanted residual gases in the chamber have time to adsorb on the surface. There-

fore, the residual gas concentrations must be kept as low as possible, particularly
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for highly adsorbing species like water.

Inside the main MBE chamber, a number of high purity elements are placed in
K-cells and, under precise control, heated until they start to evaporate. In front of
every effusion cell is a shutter which, in combination with the temperature regulation
of the K-cells, allows the control of film composition and dopant concentration. The
sample is placed on a heater to achieve epitaxial growth and the beam of gaseous
atoms from the effusion cell is directed at it. When growing oxides, as opposed
to pure metals or group IV or III-V semiconductors, an oxygen source is used in
addition to the elemental cells. This may be a simple molecular source or a source
with a significant fraction of O atoms produced in a radiofrequency (RF) or electron

cyclotron resonance (ECR) plasma.

Monolayer growth is often monitored using a reflection high energy electron diffrac-
tion (RHEED) system.? In a RHEED system a high energy electron beam is scat-
tered by the sample surface, and the resulting signal is projected onto a fluorescent
screen. As the RHEED signal oscillates with the growth of a monolayer it can be

used for in-situ film control.

2.2 Sol-Gel Dip-Coating

Sol-gel dip-coating is a chemical solution deposition method,” where typically alkox-
ides dissolved in alcohols are used as precursor solutions.

Although the first synthesis of a metal alkoxide which gelled in air was published
in 1846 by J. J. Ebelman,? it was not until the 1930s that it was recognized as

a method for preparing films.” Today sol-gel dip-coating offers several advantages
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to classic thin film growth methods, including low cost, easy control of film com-
position, freedom from temperature restrictions, and no requirement for a vacuum

environment.

2.2.1 Principles

Two main chemical steps are involved in the formation of a metal oxide film via the
sol-gel technique: hydrolysis and condensation. Equations and show the
chemical equations for both hydrolysis (a) and condensation (b) in the case of a Ti

(IV) isopropoxide precursor.

Ti(OH); = TiOy + 2 H,0 (2.2b)

The polarity of the M-OR bond in general is the main factor influencing the hy-
drolysis behaviour, with faster hydrolysis the more polar the bond. In addition,
the larger the rest R, the slower the hydrolysis. Catalysts, like acids and bases, are
frequently added to the alkoxide-alcohol solution to support an attack on the M-OR
bond.

2.2.2 Instrumentation

Figure [2.3] outlines the principal steps of a sol-gel dip-coating process. First, a
precursor solution is prepared in a glove box and placed in a suitable container.
Following this, a clean substrate is brought into the precursor solution and held sta-
tionary for a period of time after which it is withdrawn at a constant speed. During

the removal process, a wet layer is formed on the substrate, and the solvent begins
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to evaporate in air. The substrate is then placed in a stream of wet nitrogen gas and
the first chemical reaction, hydrolysis, occurs. These steps are repeated until the
desired film thickness is achieved. Thereafter, the substrate is placed in a furnace
at appropriate calcination temperatures, to allow condensation and crystallisation

to take place.

l l HyOZEN, m

M(OR)x

Wet Layer Solvent

) ) Hydrolysis Annealing
Formation Evaporation

Dipping

Figure 2.3: Principal steps of a sol-gel dip-coating process.

2.3 X-Ray Diffraction

X-ray diffraction (XRD) in crystals was discovered by Max von Laue, Walter Friedrich,
and Paul Knipping in 1912 and the technique was developed by William Henry and
William Lawrence Bragg.® It is a non-destructive technique used to investigate solid
state phases. It can provide information about the crystal structure of the material,
including lattice parameters and positions of atoms within the unit cell. In addition,

it can also find film thicknesses, strain, and defect densities in thin films.
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2.3.1 Principles and Theoretical Considerations

When X-rays are scattered from a crystalline solid, the contributions from each
atom within the unit cell give an overall scattering pattern. Constructive and de-
structive interference occurs and is dependent upon the direction of the beam and
the positions of the atoms. Diffraction from a crystal lattice leads to a diffraction
pattern which is a map of the reciprocal lattice. The real space cell parameters

*

(a7 b’ C? a’ /8’ ’Y) Change tO a’*7b*7c*7a*’/6*”y °

On combination of single unit cells with a crystal lattice a complete picture of
a crystal can be obtained. The diffraction pattern is given by the product of the

scattering from both the unit cell and the lattice.

The conditions under which constructive interference occurs in a specular geome-
try, and therefore a diffraction signal can be detected, can be described by Bragg’s

law:

2dhkl sinf = nA s (23)

where dp; is the lattice plane spacing, 6 is the angle of the incident beam, n is
an integer, and A is the wavelength of the incident beam. Figure illustrates this

relationship.

Incident X-rays Diffracted X-rays

Figure 2.4: Illustration of Bragg’s law and constructive interference on the lattice planes of a crys-
tal.
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2.3.1.1 Reciprocal Space

In real space the lattice vector ry is defined as:

r, = nja-+ ’I”Lgb + nsc s (24)

where n; are integers, and a, b, and c are the unit cell vectors.

The reciprocal lattice vectors a*, b*, and ¢* can be expressed through the unit

cell vectors in real space:

b xc cxa axb
oo 02 C g O g XD 2.5
4 7Ta-(bxc) 7Ta-(bxc) ¢ Wa-(bxc)’ (2:5)

where a-(b x ¢) = V*, the volume of the reciprocal unit cell. A similar relationship

to equation can be defined for the reciprocal space vector Qui:

Qhkl = ha* + kb* + lc* s (26)

where h, k, and [ are integers, and a*, b*, and c* are the unit cell vectors in

reciprocal space.

The diffraction condition can be expressed in terms of the reciprocal lattice. A
photon of wavelength A\ has a wavevector Q = 27” and in general diffraction involves

a change in wavevector AQ:

Q+AQ=Q, (2.7)

where Q is the initial wavevector, and Q' is the scattered wavevector. The diffraction

condition is:

AQ = Quu - (2.8)
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In a specular 6-20 scattering geometry it can be seen that only wavevector changes
normal to the surface AQ), can be sampled (see figure . In an off specular
geometry AQ) transfer within the scattering plane can also be achieved (see fig-
ure . Alternatively, AQ) transfer orthogonal to the scattering plane can be
achieved with a four-circle diffractometer in a specular scattering geometry by ro-

tating the crystal to take the surface normal out of the scattering plane.

(a) Specular scattering geometry (b) Off specular scattering geometry

Figure 2.5: Schematic drawings of wavevector changes for two scattering geometries. @; and Qs
are incident and scattered wavevectors and AQ is a change in wavevector, with AQ
and AQ) being the wavevector changes normal and parallel to the surface.

2.3.1.2 Absences and the Structure Factor

The structure factor Fji can be seen as a mathematical way of representing the

interaction between atoms and X-rays. It is given by:

n=N

Fur =Y foexp2mi(ha, + kyn + l2,) | (2.9)

n=1

where hkl are the Miller indices, N is the number of atoms in a unit cell, f,, is the
atomic scattering factor (or form factor) and x,,, y,, 2, are the fractional coordinates
of the atoms. f, represents the amplitude of a wave scattered by an atom, and is

influenced by the scattering from both the core and valence electrons of the atom.
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The observed intensities Iy, in a diffraction pattern are proportional to the prod-

uct of the structure factor Fjy with its complex conjugate FJ;:

Iy < Fpp - Fryy - (2.10)

Systematic absences in a diffraction pattern arise when structure factors are zero
due to face or body centering within the unit cell. In particular, for face-centred
cubic systems reflections are absent unless h, k, and [ are either all odd or all even,
while for body-centred cubic cells reflections are absent unless h + k + [ is even.
Further absences can arise in different space groups due to more specific symmetries.
Calculated structure factors for different reflections give their intensities and can

therefore be used to predict these absences.

2.3.2 Instrumentation

An X-ray diffractometer typically consists of an X-ray source, a monochromator, a
sample holder, and a detector. Figure [2.6] shows the general outline of a powder
diffractometer operating in the so called 6-26, or Bragg-Brentano, scattering geom-
etry. 6 is defined as the angle between the incident beam and the sample surface

and 26 is the angle between the scattered beam and the incident beam.
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Figure 2.6: Schematic of the general outline of an X-ray diffractometer in 0-26 scattering geometry.

The most widely used X-ray source for laboratory applications is an X-ray tube,
with Cu Ko with a wavelength of 1.54056 A being a common anode material. In
addition to laboratory based diffractometers, synchrotron radiation is also employed

as an X-ray source. Detectors are often charge coupled devices (CCDs).

2.3.2.1 Four-Circle Diffractometers

Four-circle diffractometers allow the automatic measurement of intensities of all ac-
cessible reflections with a single setup of the sample. A schematic drawing of a
typical laboratory four-circle diffractometer is shown in figure 2.7 The diffraction
plane is formed by the centre of the X-ray source, the sample, and the detector and
in most laboratory based diffractometers the so called scattering plane is horizontal.
The sample is mounted on a goniometer head itself attached to a Eulerian cradle.

The axis perpendicular to the sample surface is called the principal axis.
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A:am trap

detector

X-ray beam 26

Figure 2.7: Schematic drawing of a typical laboratory based four-circle diffractometer with a hori-
zontal scattering geometry.

There are four axes of rotation which give the spectrometer its name:

e 20 axis: The detector rotates around the principal axis.

e w axis: Rotation of the Eulerian cradle to produce sample rocking with the
vector normal to the surface in the scattering plane.

e ¢ axis: Azimuthal rotation of the goniometer head, where the sample always
stays at the centre of the x ring. ¢ is usually mounted on the y ring, so that
the ¢ axis moves with x.

e Y axis: Sample rotation around the Eulerian cradle to take the surface normal

out of the scattering plane.

2.4 X-Ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a widely used technique for qualitative
and quantitative analysis of surfaces. It it used to provide information regarding

the chemical composition and electronic structure of a material.
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2.4.1 Principles and Theoretical Considerations

XPS has its origin in the discovery of the photoelectric effect by Heinrich Hertz in
1887, which involves the interaction between light and matter.” When a photon with
the energy hv interacts with a sample surface, electrons which have a binding energy
Ep may be ejected from the sample with a kinetic energy Fj. Ernest Rutherford
stated the basic equation describing this process, and XPS, for the first time in

1914.% Tt is presently formulated as the following:

Ey=hv—FEp—¢, (2.11)

where ¢ is the work function of the sample, which gives the minimal energy re-
quired to eject an electron. This is nowadays widely known as the Einstein equation.
The early experiments concentrated on electrons at the Fermi level where by defini-
tion Fg = 0. However, provided the photon energy is sufficiently high, both valence
and conduction electrons, and core electrons may be emitted. Figure [2.8] shows an
energy schematic of photoemission, including the energy levels of a solid state sam-

ple and a spectrometer, and the core levels and the valence band of the sample.
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VB
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Figure 2.8: Energy schematic of photoemission. Electrons are excited from core levels, CL, and
the valence band, VB, above the vacuum level E,,. by photons with energy hv. The
work functions of the sample ¢s4 and the spectrometer ¢gp are also shown.

2.4.1.1 Inelastic Mean Free Path

X-rays are able to penetrate the first few hundred nanometres of a sample. How-
ever, due to inelastic scattering within the sample, only electrons from the first few
monolayers of atoms are detected. This makes XPS sensitive to the chemical and
electronic state of a sample surface. The inelastic mean free path \,,(F) was given

by Seah and Dench? as:

A
Am(E)I-EE—%BmEﬂﬂ, (2.12)

where A, (F) is the path length in mono layers, A,, and B,, are empirical param-
eters, and F is the energy. A more complete analysis suggests a pathlength \ of the

form:

E
E2[BIn(yE) - § + ]

A (2.13)

where F is the electron energy, F, is the valence electron plasmon energy, and
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B, 7, C, and D are parameters characteristic of the material.*? An E°%% power law
has also been suggested more recently.™! Figure shows the correlation between
Am(E) and E. A minimum can be observed at energies around 40 eV. The dominant
mechanism for inelastic electron scattering involves excitation of volume plasmons
with energies of around 10 - 30 e€V. There is thus a threshold for inelastic scattering
but beyond this the scattering probability decreases. This accounts for the minimum

in pathlength.

100+

105

110 100 1000
Energy / eV

Figure 2.9: Schematic variation of the inelastic mean free path with the kinetic energy of the
emerging electron as derived from equation The pathlength A,, is in monolayers.

2.4.1.2 Chemical Shift

Every element has a set of characteristic core lines, with binding energies Ep char-
acteristic of the element. For example, the 3d levels of indium metal are 3ds;, —
451.4 eV and 3ds;, — 443.9 eV, whereas the 3d levels of tin are 3ds, = 493.2 eV
and 3ds;, = 484.9 eV. Figure shows an XPS spectrum indicating the core line
features for In,O3. In addition to core photoelectron peaks, Auger peaks are also

observed arising from the decay of a core hole and emission of a third electron.

45



2 Background to Experimental Techniques

In 3d
s In 4d
<
g x7
=)
£ In3 In4
»5 P O ls n 4§ In 4p
OKLL In 3s
~/\~/\“_'_ \"_%"A
T T T T T T T T T
1000 800 600 400 200 0
Binding Energy / eV

Figure 2.10: X-ray photoelectron spectrum of InoO3. The core levels of indium and oxygen as well
as an oxygen Auger line are shown.

The level from which the photoemission is occuring is not the only influence on
the binding energy of core levels in XPS. Oxidation state and local chemical envi-
ronment can also have an influence on Ep which can lead to shifts of up to 5 eV.
These small shifts are referred to as chemical shift, and the ability of XPS to show
these is a major strength of the technique. Table summarises values for Ti atoms
in different oxidation states from the literature. The binding energy BE increases

with the oxidation number of Ti.

Table 2.1: Values for binding energy maxima BFE,,,;, minima BF,,;,, and averages BFE,, for the
Ti 2ps, core line for different oxidation states of Ti. The values are taken from the
NIST X-ray Photoelectron Spectroscopy Database, online version.*? n,., ¢ is the number
of available references for a specific core line on the database.

ox. state (compound) BE, / €V BE,. / eV BE. |/ €V N

Ti (0) (metal) 453.2 454.3 453.9 13
Ti (1I) (TiO) 454.6 455.9 455.2 3
Ti (1) (Tiy03) 456.8 4578 4572 3
Ti (IV) (TiO,) 458.0 459.6 4587 91

2.4.1.3 Spin-orbit Splitting

Core level signals in XPS are split into doublets for all orbitals except s orbitals. This

is due to spin-orbit splitting between the electron spin and the angular momentum
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vector of the orbital. The total angular momentum .J is the summation of the spin

angular momentum s and the orbital angular momentum [:

J = Z] => (li+si) . (2.14)

%

Core level peaks also show specific intensity ratios that arise from the degeneracy

of the two states of the doublet. The degeneracy g is defined as:
g=27+1. (2.15)
Values for the aforementioned variables for selected orbitals are given in table 2.2

Table 2.2: Principal quantum numbers n and [, spin-orbit splitting values j, and degeneracy g for
selected orbitals.

notation n [ j g
ls 1 0 Y2 2
21/ 2 1 a2 2
2ps/y 2 1 32 4
3ds), 3 2 32 4
3ds), 3 2 52 6
4f 5/ 4 3 32 6
4f7/2 4 3 7/2 8

2.4.2 Photoionisation Cross Section

Sets of partial ionisation cross sections o7z can be used to express the rate of photoe-
mission. Given that the dipole approximation is assumed to be valid, meaning that
the vector potential of the radiation field is independent of the electron coordinates,

the cross sections are given by:

draal a 9
= I F 2.1
OIr Shy ‘< |]212/ﬂ >| ’ (2.16)
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where « is the fine structure constant, ag is the Bohr radius, and p; are momen-

tum operators.

Continuum wavefunctions and the related atomic ionisation cross sections for the
entire periodic table have been calculated using the Hartree-Fock and relativistic
Dirac-Fock methods. These methods give reasonable estimates of the one-electron
atomic orbital ionisation cross sections except in the case of regions of core thresh-
olds, where resonance enhancements of photoionisation cross sections occur. Here,
ionisation of an orbital with angular momentum [ can lead to excitation into [ + 1
or [ — 1 continuum states, where the [ — [ + 1 excitation is dominating in most
cases. Valence orbital cross sections in general are largest close to the threshold, in
which case the wavelength of the free electron final state matches the "size" of the

wavefunction for the atomic orbital that is being ionised.

Cooper minima are a simple matrix element effect, where a change in the sign of
the photoionization matrix element occurs as the dominant contribution to the ma-
trix element moves between two protrusions in the radial wavefunction.’ In the case
of very high photon energies the free electron wave oscillates rapidly, and positive
and negative contributions to the matrix element almost cancel each other out com-
pletely. In comparison, at moderately high photon energies the inner radial extrema
in 4s, bs, or 6s orbital wavefunctions contribute significantly to the cross section,
which therefore decays less rapidly than the cross section for smoothly varying O 2p

orbitals.
The Gelius model provides a comparatively simple way of calculating molecular

valence level cross section at high photon energies of typically around 1 keV and

higher. It can be quantified using the cross sections of the constituent atomic or-
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bitals of a molecule, where the cross section aj‘/[ O for the j*® molecular orbital is

given by:
MO __ A
0;7 = E P;; a0, (2.17)
Ay
where o are one electron atomic cross sections. i indicates different atomic or-

i
bitals and A indicates different atomic centres, so that the P;; 4 factors describe the
net atomic population and therefore the contribution of the atomic orbitals to the
molecular orbitals. If the basis set is orthonormalised for different atomic centres

A, it follows that

Pj,iA = (Cj%A)Q . (218)

When moving from the above model for a molecule to a model for a solid, the
total density of states Ny (FE) at an energy E can be broken down into contributions
from the atomic orbitals ¢ on the different atoms A present in a solid. This results

in the following sum of partial densities of states:

Niot(E) = ZNz‘A(E) : (2.19)

The Gelius model for a solid is now as follows:

NY(E) =Y NAE)o}!, (2:20)
iA

where NV (E) is the cross section weighted density of states which can be mea-

sured in photoemission experiments at high energies of 10 keV and higher.
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2.4.3 Instrumentation

Although the fundamental theoretical concepts of XPS were discovered around the
beginning of the 20" century, it took another 50 years until Kai Siegbahn’s ground
breaking work led to the construction of the first spectrometers using X-Ray exci-
tation.™* Siegbahn also coined the term ESCA (Electron Spectroscopy for Chemical

Analysis) to emphasise the scope of XPS as a technique.

A major influence on the development of photoemission techniques was the ad-
vancement of vacuum technology, as XPS experiments usually take place under
ultra high vacuum (UHV) conditions. Figure shows the design principle of a
spectrometer. A sample is irradiated with a focused beam of X-rays, which have a
specific energy hr. The most widely used X-ray sources for laboratory-based sys-
tems are X-ray tubes, which generate X-rays by bombardment of a suitable material
with electrons, e.g. aluminium or magnesium. In addition, synchrotron radiation
sources can also be used for XPS measurements. The resulting photoelectrons are
analysed according to their kinetic energy FEj, multiplied, and detected to give a

spectrum.

20



2 Background to Experimental Techniques

analyser

Q detector
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Figure 2.11: Schematic illustration of an X-ray photoelectron spectrometer.

2.4.4 Hard X-ray Photoemission Spectroscopy (HAXPES)

Standard XPS measurements are conducted at energies of 1-2 keV, for example
1253.6 eV for Mg K« or 1486.6 ¢V for Al K«, which are considered soft X-rays. In
HAXPES hard X-rays with energies between 2 keV and 15 keV are used. Although
experiments with hard X-ray sources, such as Mo K«, were conducted early in the
development of XPS,1% and Lindau et al. reported the detection of photoelectrons
with a kinetic energy Ej, of up to 8 keV, 18 valence band HAXPES only started to
become a feasible experimental method with the development of third generation
synchrotron sources during the 1990s. The main reason is that HAXPES, compared
to XPS, suffers from a dramatic decrease in photoemission cross sections, and this
must be compensated for with a higher primary photon flux. A consequence is that
the higher photon energy ensures a greater sampling depth, of up to 100 A when

looking at relatively shallow core levels.

The reduction of photoemission cross sections is not uniform for the different

atomic subshells; but varies for different principal and angular momentum quantum
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numbers. For example, the reduction is more pronounced for subshells with high [
values, like f and d. This influences the spectral weights of core levels as well as the

structure of the valence band.

2.4.4.1 Polarisation Dependent Cross Sections

The photoemission cross sections for different orbitals do not only vary with photon
energy, but also change depending on the angle 6 between the polarization vector
E and the wave vector of the emitted photoelectrons Q. The cross sections are not
symmetric, and this fact can be described by the asymmetry parameter 5. Figure
shows a schematic illustration of the angular dependence of the cross sections

with varying 3 values.

330°
300°
270°
240° 120°
210° 150°
180°

Figure 2.12: Schematic illustration of the angular dependence of the cross sections with varying 3
values.

The differential cross section, i.e. the cross section in a particular direction, is

given by:

dUZ‘ g;

dQ  4x

1+ §(3 cos? — 1) + (5 +ycos® ) sinfcos | , (2.21)

where o; is the relativistic photoelectric cross section for the ¥ atomic subshell,
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B, v, and  are the asymmetry parameters, 6 is the angle between the electric vector
of the incident radiation and the electron direction, and ¢ is the angle between the
direction of photon propagation and the plane containing the electron direction and
the polarisation vector. v and ¢ only appear when quadrupolar terms in the radia-
tion field are important. This is only the case when the wavelength of the radiation
is comparable to the size of the orbital. For this to be the case the energy would
have to be very high and therefore in most experiments the v and ¢ terms can be

neglected.

In general g for s orbitals is 2. From figure it can be seen that this leads to
higher intensity for electron emission parallel to E, which translates to a horizontal
geometry E||Q with § = 0°. However, it leads to a very low intensity for electron
emission perpendicular to E, which translates to a vertical geometry ELQ with

0 =90°.

2.5 Diffuse Reflectance Spectroscopy (DRS)

Diffuse reflectance of an incident beam from a rough surface gives reflection across
a range of directions, not only one specular reflection. The measurement of diffuse
reflectance with an ultraviolet (UV) - visible spectrometer can be used to study the

optical properties of solids, including ceramic pellets and thin films.
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2.5.1 The Kubelka-Munk Theory

In 1931 Paul Kubelka and Franz Munk®” proposed a set of differential equations

describing diffuse reflectance:

—di = —(r + s)idz + rjdx | (2.22a)

dj = —(r + s)jdx + ridx . (2.22Dh)

These equations describe the processes that occur upon light with the intensity
Iy hitting the surface of an infinitely thick sample (see figure for a schematic
drawing of the processes). The Kubelka-Munk theory uses a two-flux model where
the light is split in two, one part propagating downward ¢ and the other going up-
ward j. If one considers a small layer of the sample x, parts of ¢ and j will be
absorbed and scattered. This is expressed by the terms (r + s)idz and (r + s)jdz.
The light leaving the sample Jy has lost intensity compared to I due to scattering

or absorption.

X
Iy Jo
x=0
| dx
X=-00

Figure 2.13: Schematic of the Kubelka-Munk two-flux model of diffuse reflectance.

Although there have been many more sophisticated models postulated since the
1930s, the Kubelka-Munk model is still the most common approach to diffuse re-

flectance spectroscopy.
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From the original set of differential equations a Kubelka-Munk formula was de-

rived (see Myrick et al.’® for a complete derivation):

= ) _Fg, (2.23)

5 (Roo — 1)2
S 2R

where K is the effective absorption coefficient, S is the effective scattering coef-
ficient, R, is the reflectance for an infinitely thick sample, and Fj is the Kubelka-

Munk function.

To derive a band gap from diffuse reflectance data a Tauc plot is used, plotting
(Frhv)™ against hv, where n is a power dependent on the nature of the transition
at the band edge. The band gap can be obtained by extrapolating a linear fit to

this plot.

2.5.2 Instrumentation

Figure shows the schematics of a Diffuse Reflectance Spectrometer (DRS) with
an integrating sphere. A radiation source is monochromated to produce photons
of a specific energy hy; in the ultraviolet-visible (UV-vis) region and irradiates the
sample, upon which specular and diffuse reflection occurs. The main specular re-
flection is scattered back along the direction on the incoming beam and leaves the
sphere. However, the resulting diffusely reflected light reaches the detector, which

is located at the bottom of the integrating sphere.
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reference

Figure 2.14: Schematic illustration of a diffuse reflectance spectrometer with an integrating sphere.
The sample and reference beams enter at mid-point height whereas the detector sits
at the bottom of the sphere.

2.6 Raman Spectroscopy

Raman spectroscopy and its underlying physics were discovered in 1928 by Sir Chan-
drasekra Venkata Raman." This method uses vibrational frequencies to characterise

molecules and solids.

2.6.1 Principles and Theoretical Considerations

The underlying process of Raman spectroscopy is a two-photon process involving
inelastic light-scattering. The first photon with frequency 1y, causes a virtual excita-
tion in the sample. The sample then emits a second photon whose energy may differ
from that of the incident photon by an energy £hr, where hr is a characteristic

excitation energy usually in the vibrational regime.

26



2 Background to Experimental Techniques

Anti-Stokes Raman  Rayleigh Stokes Raman
‘Scattering Scattering  Scattering

S

— 1

hc (vy +v,,) hc v, he (vg - vy)

Figure 2.15: Schematic illustration of the different scattering processes occurring in Raman spec-
troscopy.

Energy gain to give anti-Stokes Raman scattering arises due to thermal population
of vibrational energy levels. The electric field E associated with the incident elec-
tromagnetic radiation causes a redistribution of the valence electron density relative

to the positively charged atomic cores. This induces a dipole u given by:

p=ak (2.24)

where « is the polarizability. A vibration is Raman active if the polarizability «

is changed during the vibration.

As p and E both have three components in z, y and z directions, the tensor form

of equation [2.24] can be written as

e gy Qgy O | | By
Py | = |y Qyy s | [Ey| - (2.25)

Using this equation, it can be seen that a vibration is Raman active if one of the
parts of the polarizability tensor change during the vibration.™ This requires that
the vibration belongs to the same irreducible representation as one component of

the polarizability tensor in the relevant molecular point group or solid state space
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group. Since x — —x, but 22 — 22 etc. under inversion, in groups with inversion
symmetry only gerade g modes are Raman active and there is mutual exclusion

from infrared active ungerade u modes.

Although a large number of vibrations are present in crystal lattices, Raman spec-

tra of crystals are often comparatively simple.

2.6.2 Instrumentation

Figure shows a schematic illustration of a Raman spectrometer. A laser beam is
directed at the sample and the resulting backscattered radiation is filtered to remove
elastically scattered light, so that only Raman scattering can reach the spectrome-

ter. The radiation is then detected and the resulting spectrum is recorded.

<
<@
<«

(10se) %A

detector
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\

-
-

filter

Rayleigh

sample

Figure 2.16: Schematic illustration showing a Raman spectrometer.
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2.7 Low Energy lon Scattering

The potential of Low Energy Ion Scattering (LEIS) to provide the atomic compo-
sition of the surface layers of a sample was discovered by David Smith during the

1960s.20

2.7.1 Principles

During LEIS a sample is bombarded with noble gas ions, such as He™ and Ne™, that
have a fixed energy FEj of the order of a few keV. When these ions collide with the
atoms on the sample surface, they are backscattered and detected at a fixed angle.

The scattering of the ions can be described as elastic binary scattering events.

Primary Ion
Scattered Ion

0

2000000
QDIIIIIDD WD semmic soms
Q000000

Figure 2.17: Binary scattering of a noble gas ion. The following angles are indicated: scattering 6,
incident a, exit 8, and recoiling ~.

Figure shows binary scattering of an ion on the surface of a sample. The
primary ion with mass m; and energy FEj collides with a sample atom of mass ms.
After the collision the scattered ion has a reduced energy E; and the sample atom

has recoiled with energy E5. The energy ratio between the initial and final energy
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of the scattered ion is given by:

2
mo 2
E COSQj:,/m——San
2 . (2.26)

Ey 1+ 2 ’

where 6 is the scattering angle.

The backscattered ions have discrete energies that are closely related to their col-
lision with the surface atoms of the sample. In broad terms, the higher the mass of
the surface atom involved in a collision, the higher the energy of the scattered ion.
Therefore, information about the sample, including the identity of surface atoms
and their concentration, can be obtained. At the same time the ion beam may be

used to sputter away surface atoms so that depth profiles may be obtained.

2.7.2 Instrumentation

Conventional hemispherical analysers, as used in XPS, can be used to carry out
LEIS measurements using reversed polarities in the electron optics. However, greater
detection efficiency is achieved using toroidal electrostatic analysers developed by
Brongersma and co-workers.”!' Figure shows a widely used layout for dedicated
LEIS instruments. A beam of noble gas ions is produced by an ion gun and focused
through optics onto the sample. The resulting backscattered ions are collected by

an energy analyser and detected.
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ion gun

detector

\\w energy analyser
ion beam

backscattered ions
sample

Figure 2.18: Schematic illustration of a LEIS instrument incorporating a toroidal electrostatic anal-
yser.

2.8 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a scanning probe microscopy technique invented
in 1986 by Gerd Binnig, Calvin Quate, and Christoph Gerber.22 It utilises a small
force between the AFM tip and the surface atoms of a sample to create an image
of the surface. These forces are in the range of 10'* to 109 N, which allows non-

destructive imaging.

2.8.1 Principles

Figure [2.19) shows a simplified image of the AFM tip tracing the sample surface.
AFM records height profiles of the sample that can then be converted into an AFM

image, giving a view of surface morphology and structure.
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tip

Figure 2.19: Representation of the interaction between the AFM tip and the sample surface.

AFM offers an array of experimental modes suitable for a wide range of samples,#*
the most common of which is contact mode. In contact mode the AFM tip is always
touching the surface of the sample and ionic repulsion forces allow the generation
of an image of the sample surface. These forces originate from the Pauli exclusion

principle, and from Coulombic repulsion between nuclei.

The sum of all forces affecting the deflection of the cantilever can be described by

Hooke’s law:

F=—-kxD, (2.27)

where F' is the force, k is the probe force constant, and D is the deflection dis-
tance. In order to measure the small forces occurring in AFM measurements, k has

to be as small as possible and the resonance frequency must be kept high.

There are two variations of contact mode: constant force and constant height
mode. In constant force mode the deflection of the cantilever is kept constant, while
the height of the sample varies. In constant height mode, the change in deflection
of the cantilever is monitored whilst the height of the sample is kept constant. Con-

stant force mode is the most common topographic mode of AFM.*
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2.8.2 Instrumentation

Figure shows the basic principle of AFM. The AFM tip, which should ideally
consist of only one imaging atom, is mounted on a silicon or silicon nitride cantilever
spring. Using a piezoelectric tube, often a PZT scanner based on lead zirconate ti-
tanate, the sample can be moved under the tip. When the tip approaches the
sample, forces between the main tip atom and the sample atoms deflect it sightly.
This deflection is measured by a laser beam, which is reflected from the back of the

cantilever and, using mirrors, directed at a photo detector.

detector

cantilever

Figure 2.20: Schematic drawing of the principle setup of an AFM system.

2.9 Ellipsometry

Ellipsometry began to be recognised as an analytical method for thin film character-
isation in the 1960s following developments in integrated circuits and computational
power. It measures the polarisation of light after reflection off a sample. The most

general state of polarisation is elliptic, hence the technique’s name.20
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2.9.1 Principles

Ellipsometers are setup in specular geometry, meaning that the angle of incidence
and reflection are the same, forming the plane of incidence. When polarised light is
reflected by a surface, the change in polarisation can be quantified using the parallel
(p-polarisation) and perpendicular (s-polarisation) components, in respect to the
plane of incidence. These polarisation components correlate to the reflectivities r,

and rg. The complex reflectance ratio p is defined as

p= v _ tan e | (2.28)
T's

where tant is the relative amplitude and A is the phase shift. In broad terms
ellipsometry data may be modelled in terms of the thickness, roughness, and re-
fractive index of the material in a thin film and the substrate. Data analysis for

multilayer samples is more complicated.

2.9.2 Instrumentation

Figure [2.21] shows the setup for phase modulated ellipsometry. A laser, usually a
HeNe laser, is used as a light source. The light is then linearly polarised by the
polariser and passes through a birefringence modulator before it is reflected off the
sample surface. It then passes through the analyser (a second polariser) before it

reaches the detector.
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laser detector

polariser

modulatoY

sample

Figure 2.21: Schematic illustration of an ellipsometer.

The main parameters that may be varied in the experiment are the wavelength of
the light (spectroscopic ellipsometry) and/or the angle of incidence. In the current

work only the angle was varied.
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3 Experimental Apparatus and

Techniques

This chapter presents the methods and apparatus used in this thesis.

3.1 Molecular Beam Epitaxy

Indium oxide films were grown in an oxide molecular beam epitaxy (MBE) system
(SVT, USA) located in the Chemistry Research Laboratory at the University of

Oxford. The system is shown in figure [3.1]

Figure 3.1: The oxide MBE system at the Chemistry Research Laboratory, University of Oxford.

All MBE samples studied in this thesis were prepared by Dr. Kelvin Hongliang

68



3 Experimental Apparatus and Techniques

Zhang. The MBE system is operated at a base pressure of 5 x 1072 mbar and the
substrates were heated radiatively using a graphite filament. The substrates were
held in place by gravity in a recessed Mo mounting plate. In order to clean the
substrates, they were annealed at 900°C for one hour in the oxygen atom beam, and
films were grown at a range of temperatures up to 1000°C. The indium effusion cell
was set at a temperature of 780°C, and a radio frequency (RF) plasma operating at

200 W with an oxygen background pressure of 3 x 1075 mbar was used.

3.2 Sol-Gel Dip-Coating

The precursor solutions for sol-gel experiments were prepared in a glove box under
a constant flow of dry nitrogen. The solutions were removed from the glove box and
transferred into a wide-necked (B29) 50 mL round bottom flask for the dip-coating
process. A small motor manufactured by B. Braun was used as the main building

block of a custom built dip-coater, shown in figure [3.2]

Figure 3.2: Custom build dip-coating apparatus at the Chemistry Research Laboratory, University
of Oxford.

The samples were mounted using stainless steel cross-over tweezers and the mo-

tor was set at a withdrawal speed of 0.35 cm/min. For the hydrolysis of the films,
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nitrogen gas was bubbled through deionised water. Further details of the sample

preparations are given in the relevant chapters.

3.3 X-Ray Diffraction

X-ray diffraction patterns were measured using the Phillips PANanalytical X'Pert
PRO diffractometer located in the Inorganic Chemistry Laboratory at the Univer-
sity of Oxford. The X-ray source and detector are arranged in a Bragg-Brentano
(0-26) geometry. The diffractometer is equipped with a Cu Kay X-ray source, which
is monochromated using a curved Ge (111) crystal. The operating conditions in-
cluded an anode voltage of 40 kV and an emission current of 45 mA. The slit for
the incident beam was programmed to always irradiate the entire sample, whereas
the slit for the diffracted X-rays was fixed at 0.25 mm. The step size for all mea-

surements was set at 0.0042°, which was interpolated to 0.004° using X’Pert software.

Samples were mounted on a stainless steel holder with a circular recess which
measured 10 mm diameter and 2 mm depth. The samples were fixed in the centre
of the recess with a small amount of adhesive and the surface was levelled to match

the level of the sample holder.

Thin film samples were aligned using a rocking curve scan. Using a fast 6-26
scan the peak centre of the most intense Bragg reflections was determined. This
information was used to set up a rocking curve around the diffraction angle of this
reflection. A rocking curve, or w plot, is a plot of X-ray intensity vs. the incident
angle, here called w, which is equivalent to the angle 6. From the w-scan a more

accurate peak maximum can be obtained and used to compensate for any offset in
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the alignment.

This diffractometer has two known sources of impurity radiation:

1. Most of the Cu Kay radiation from the X-ray source is removed by the
monochromator. However, a small percentage is reflected, which causes weak
shoulders on the higher diffraction angle side of intense Bragg peaks.

2. High energy Bremsstrahlung radiation can ionise 1s Ge core electrons of the
germanium monochromator leading to Ge Ka radiation with a wavelength A
— 1.2541 A. This can produce diffraction peaks, especially from high intensity

Bragg reflections from single crystal substrates.

3.3.1 XMaS, Beam Line BM28, European Synchrotron

Radiation Facility (ESRF), Grenoble, France

Diffraction measurements were conducted on XMaS, a bending magnet beam line
at the ESRF.Y The ESRF is a third-generation synchrotron with an energy of 6
GeV and a current of 200 mA. The storage ring has a circumference of 844 m and
hosts more than 40 beamlines, including undulators, multipole wigglers, and dipole

magnets.

XMasS is a beam line dedicated to diffraction experiments over an energy range of
2.5 to 15 keV. It is situated on dipole 28, which has a critical energy in the photon
beam of 9.8 keV. A photon energy of 12.3984 keV, corresponding to a wavelength A
— 1.0000 A, was used for all experiments conducted on XMaS which are presented

in this thesis.

The optics of the beam line include a Si (111) double-crystal monochromator and

a single crystal Si toroidal mirror with a reflective layer of rhodium. The beam
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size measured less than 0.5 x 0.5 mm. An 11-axis Huber diffractometer is installed.
Whilst it can be operated in both vertical and horizontal scattering geometries, only

vertical scattering geometry was used for the measurements presented here.

Two different detectors were used: (i) diffraction from In,O3 samples was mea-
sured using an avalanche photodiode (APD) with a linear response of up to 2 x 10°
counts/s, whilst (ii) diffraction from TiO, samples was measured using a Dectris

Pilatus 300K-W area detector with a size of 1465 x 195 pixels.

For diffraction experiments at elevated temperatures a ceramic heater custom
build for the XMaS beamline was used which covers a temperature range of 298 to

1300 K.2

3.3.2 Beam Line 116, Diamond Light Source (DLS),

Rutherford-Appleton Laboratory, Harwell, UK

In addition to measurements undertaken at XMaS further diffraction experiments
were conducted on beam line 116 at the DLS.” The DLS is a third-generation medium
energy synchrotron with an energy of 3 GeV. The storage ring has a circumference
of 561 m and currently houses 20 beamlines with more to be installed during the

next phase of construction.

116 is an undulator beamline with an energy range from 3.3 keV to 15 - 25 keV
depending on the optical configuration. A photon energy of 12.3984 keV, corre-
sponding to a wavelength A = 1 A, was used for the experiments presented in this

thesis.
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The beamline incorporates a large six-circle kappa diffractometer which allows
flexible access to reciprocal space. A Dectris Pilatus 100K area detector with a size

of 487 x 195 pixel was used.

Figure 3.3: Photograph of the experimental hutch at the 116 beam line at the Diamond Light
Source including the six-circle kappa diffractometer on the left.

3.4 X-Ray Photoelectron Spectroscopy

3.4.1 Scienta ESCA 300 Spectrometer, Daresbury

Laboratory, UK

High resolution X-ray Photoemission Spectra (XPS) of ceramic samples were recorded
using the Scienta ESCA 300 spectrometer at the National Centre for Electron Spec-

troscopy and Surface Analysis (NCESS), Daresbury Laboratory.®%
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Figure 3.4: Photograph of the Scienta ESCA 300 spectrometer at the National Centre for Electron
Spectroscopy and Surface Analysis (NCESS), Daresbury Laboratory.

This system uses a high power rotating anode producing monochromatised Al K,
(1486.7 €V) or Cr Kp (5946.7 eV) radiation. The rotating anode is a 300 mm diam-
eter water-cooled Ti alloy disc spinning at speeds of up to 10,000 rpm. An electron
beam with a maximum power of 8 kW from a two-stage fine-focus gun is directed
onto Al or Cr bands on the edge of the anode. The electron gun was operated at
14 keV, 200 mA, and 2800 W. X-rays from the anode are collected by the monochro-
mator, a seven quartz crystal system, and focused into a line with a width of 0.5 mm
and a length of 6 mm. The base pressure in the analysis chamber is approximately
5x 107 mbar. The photoelectrons emitted from the sample are focused onto the en-
trance of a 300 mm radius hemispherical analyser. Using this equipment a minimum
overall resolution of 0.3 eV is possible, but in the experiments conducted here we
used an analyser pass energy of 150 eV and 0.8 mm slits giving a resolution of 0.4 eV.
The system employs a detector system consisting of two channel plates, a phosphor

screen, and a TV camera. The data collected was analysed using CasaXP§S software.
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3.4.2 Kratos Axis Ultra-DLD, Cardiff University, UK

Additional high resolution XPS was conducted on the Kratos Axis Ultra-DLD sys-
tem located in the Wolfson Nanoscience Laboratory of the Cardiff Catalysis Institute
at Cardiff University. Figure[3.5|shows the Kratos system at Cardiff, which operates

at a base pressure of approximately 1 x 10~ mbar.

Figure 3.5: The Kratos Axis Ultra-DLD system in the Wolfson Nanoscience Laboratory of the
Cardiff Catalysis Institute at Cardiff University (photo taken by Dr. David Morgan).

This system has a resolution better than 0.5 eV and can either use a dual an-
ode with unmonochromatised Mg and Al K, radiation or monochromatised Al K,
radiation. It is equipped with a 165 mm mean radius 180° hemispherical analyser
and a delay-line detector (DLD), comprising a multi-channel plate stack above a
delay-line anode. The latter was used in all experiments described here with the
anode running at 10 mA emission current and 15 kV anode voltage. Although the
power input into the X-ray gun of the Kratos system is only 150 W and therefore a
factor of almost 20 lower than in the Scienta spectrometer, the analyser is coupled to
a magnetic immersion lens and collects electrons over an angular range of +30°, as
compared to about +10° in the Scienta spectrometer. This recovers a factor of 10 in
the intensity, which coupled with the greater efficiency of the DLD detector means

count rates are comparable in the two instruments. In addition the Kratos system
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incorporates a charge neutralisation system coupled into the magnetic immersion
lens giving superior performance on highly insulating materials. CasaXP§S software

was used to analyse the collected data.

Sputtering experiments were conducted using a rastered Kratos minibeam-I ion
source for argon etching. An area of 5 x 5 mm was etched with the ion gun operating

at 4 keV and 15 mA, and an argon pressure of 1 x 107 mbar.

3.4.3 Thermo Scientific K-Alpha, University College London,
UK

Further XPS measurements were conducted on a Thermo Scientific K-Alpha spec-
trometer located at University College London. This system employs a monochro-
mated Al K, X-ray source, a 180° double focussing hemispherical analyser, and a

128 channel position sensitive detector.

3.4.4 Beam Line BL12XU, SPring-8, Hyogo, Japan

Hard X-ray PhotoElectron Spectroscopy (HAXPES) was conducted at the Taiwan
beam line BL12XU at the Super Photon Ring - 8 GeV (SPring-8) located in the
Harima Science Garden City in the Hyogo prefecture, Japan. SPring-8 is a large
third-generation synchrotron operating with an energy of 8 GeV, and it currently
delivers the most powerful synchrotron radiation available. The circumference of the
storage ring is 1436 m, currently accommodating 62 operational beamlines, based
on undulators, bending magnets, and wigglers. Beamline BL12XU is based on an

undulator and a diamond (111) monochromator, and can deliver photon energies of
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between 4.5 and 25 keV. Since 2006 this beamline has had a sideline dedicated to
HAXPES. A photon energy of 6472 eV was chosen for the experiments presented in

this thesis.

The unique feature of the beamline is that it involves two separate analysers
allowing two electron optical geometries, referred to as horizontal and vertical. Syn-
chrotron radiation from an undulator is strongly polarized in the horizontal plane.
In horizontal geometry, the angle between electron emission and the polarization
vector of the synchrotron beam 6 is therefore 0°, whereas in vertical geometry 6 is

90°.% Figure shows the end station of the beam line with both analysers.

Figure 3.6: Endstation of beam line BL12XU at SPring-8 showing the two analysers which allow
measurements in both horizontal and vertical geometry.

3.5 Diffuse Reflectance Spectroscopy (DRS)

Diffuse reflectance measurements were conducted on a PerkinElmer Lambda 750S
instrument located in the Inorganic Chemistry Laboratory at the University of Ox-
ford. This system incorporates deuterium and tungsten halogen light sources, dou-
ble holographic grating monochromators, and a 60 mm integrating sphere coated

in Teflon. It can operate at wavelengths from 200 - 2500 nm, with an ultraviolet -
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visible (UV-vis) resolution of 0.17 - 5.00 nm and a near infrared (NIR) resolution of
0.20 - 20.00 nm."”
Ceramic pellets were studied in reflection, with Teflon discs in the reference beam.

Thin film samples were studied in transmission.

3.6 Raman Spectroscopy

Raman spectra were recorded using a PerkinElmer RamanStation 400F dispersive
Raman spectrometer located in the Inorganic Chemistry Laboratory at the Univer-
sity of Oxford. It uses a near infrared laser with a wavelength of 785 nm which
delivers a maximum of 100 mW at the sample, with a laser spot size of 100 pm. It
has a spectral range of 95 - 3500 cm™ Raman shift with a pixel resolution of 1 cm™

across the entire range.®

This system has a high sensitivity open electrode CCD detector with a 1024 x 256

pixel sensor, which is air-cooled to -50°C during operation.

The samples were mounted on microscope slides and aligned with the help of a

CCD camera.

3.7 Low Energy lon Scattering (LEIS)

A Qtac'® instrument by ION-TOF GmbH, located at Imperial College, London,
was used to conduct LEIS measurements on ceramic pellets. The base pressure was
3% 1071% mbar, with a working pressure in the region of 1078 mbar. This instrument

is fitted with a double toroidal energy analyser which collects backscattered ions at

78



3 Experimental Apparatus and Techniques

an angle of 145° from all azimuth angles.”

The sample surfaces were cleaned using Ar" sputtering with 500 eV ions incident
at 60° to the surface normal. The sputtered area was 2000 x 2000 um?. The Ar™
beam was also used for depth profiling. For the analysis Ne™ ions at 5 keV or He™
at 3 keV and normal incidence were used with the sputtered area being 1000 x 1000

2

um?. Electron charge compensation was employed to counteract the accumulated

charge during the analysis.

3.8 Atomic Force Miscroscopy

Atomic Force Microscopy (AFM) was employed to examine the surfaces of the thin
films produced by sol-gel dip-coating, using a Digital Instruments Multimode SPM
instrument located in the University of Oxford Surface Analysis Facility.1? Two scan-

ners with lateral ranges of 100 um and 10 um were operated in contact mode using

silicon nitride probes (Nascatec GmbH model NST NCHFR).

Image processing, including the flattening of the images, was performed using the

Nanoscope software.

3.9 Ellipsometry

The Beaglehole Instruments Picometer Ellipsometer used during this work is located
in the University of Oxford Surface Analysis Facility. It uses a technique known as
phase modulated ellipsometry (PME) which results in the ellipsometer being faster,

more sensitive, and easier to use than conventional ellipsometers. It employs a pho-
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toelastic birefringence modulator to analyse the polarisation of light that is reflected

by the sample.

This system uses a HeNe laser with a wavelength A of 632.8 nm. The light passes
through a fixed polariser oriented at 45° to the plane of incidence, followed by the
modulator. After being reflected by the sample, the phase modulation of the light
beam is converted to an intensity modulation by the analyser and the resulting in-

tensity is measured by the detector.
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4 Reciprocal Space Mapping of
InoO3 on Y-doped ZrO5 (111)
and (110)

4.1 Introduction

Due to the renewed interest in the basic physical properties of InyOg3, the need for
high quality samples has led to attempts to grow single crystal thin films by oxygen-
plasma assisted molecular beam epitaxy (MBE).** The body-centred cubic bixbyite
structure of Iny O3 is closely related to the fluorite structure. Due to this relationship
oxygen deficient fluorite Y-stabilised cubic zirconia, Zry Yy Oq. /2 or YSZ, which be-
longs to the space group F'm3m, has become widely used as a substrate for epitaxial

growth of indium oxide thin films.

The lattice parameter of YSZ increases with the Y doping level and is measured to
be 5.1447 A at the 17% doping level used in the here presented work. The mismatch
m between 2a, for YSZ and a. for InyO3 can be determined using the following

equation:

e — 204

3
I
—~
=~
—_
~—

2a,
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A value of —0.017, i.e. a mismatch of —1.7%, can be derived for the presented

case, where the negative value indicates that the epilayer is under tensile stress.

The orientation of the YSZ substrate has a critical influence on the growth mor-
phology of the InyO3. Continuous or near continuous films are obtained on (111)
oriented substrates.** In contrast, on (110) substrates rod-like growth is observed
with the long axis of the rods lying along the [HO} direction,® while on (001) sub-
strates square islands with edges aligned along (110) directions are obtained.™” For
both InyO3 and YSZ, the surface energies v for the low index terminations follow

the sequence v(001) > v(110) > ~(111).%¥* Table |4.1|lists the values for the surface

energies.
Table 4.1: Surface energies for the low index surface terminations of InyO3.8
Surface Bulk-terminated Relaxed surface Relaxation
surface energy / Jm™2 energy / Jm™2 energy / Jm~?
(100) In terminated 2.721 2.088 0.633
(100) O terminated 2.449 1.759 0.690
(110) 1.595 1.070 0.525
(111) 1.522 0.891 0.631

In this chapter reciprocal space mapping using synchrotron-based X-ray diffrac-

tion (XRD) is used to investigate two types of MBE-grown samples.

To begin with, InyO3 thin films on Y-doped ZrO, (111) are investigated, with a
focus on strain and strain relaxation. Recent interest in the influence of strain on
indium oxide has been stimulated by the finding that epitaxial tensile strain may
be used to tune the band gap of InyO5 thin films.** The growth of epitaxial films
was confirmed using X-ray diffraction (XRD) and transmission electron microscopy

(TEM). The obtained results from reciprocal space mapping are discussed in rela-
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tion to the morphologies of the films revealed by atomic force microscopy (AFM).

Subsequently, the growth of InyO3 nanorods on Y-doped ZrOs (110) is investi-
gated. The growth of one-dimensional (1D) nanowires and nanoribbons of semi-
conducting materials has received growing attention due to potential uses in field
effect transistors and gas sensors.# Y However, most of the well-established vapour
deposition techniques lead to a tangled mass of interpenetrating structures.1o=82021
Epitaxial growth of 1D nanostructured materials on single crystal substrates pro-
vides a general approach to precise control over the alignment and morphology of
the epilayer. In order to achieve an effective control over the epilayer, it is necessary
to develop a clear understanding of the mechanisms which drive the formation of
the nanorods. Here we use reciprocal space maps in combination with AFM results

to study the evolution of the nanorods with substrate temperature and investigate

their strain and tilt.

4.2 Experimental

Iny, O3 thin films and nanorods were grown on 1 x 1 em (111) and (110) oriented
Y-stabilized ZrO, substrates with a nominal Y doping level of 17% in an ultrahigh
vacuum oxide MBE system. All samples were prepared by Dr. K. H. L. Zhang,
who also conducted TEM and AFM characterisation of the samples. XRD for these

samples was measured on the Phillips PANanalytical X’Pert PRO diffractometer.
Thin films were grown at a substrate temperature of 700 °C in growth runs with a

duration of between 10% and 12 x 10* s. The nominal growth rate was 0.035 nm/s as

determined by HRTEM measurements.™ The thickness of the three samples studied
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here varied between 35 and 420 nm.

Nano rod samples were grown at a range of substrate temperatures between 500
and 1000 °C. Most of the data presented in this chapter relates to samples with a
deposition time of 3000 s which corresponds to a film thickness of 100 nm assuming

a layer growth mode.

Reciprocal space mapping of all samples was conducted on the XMaS beam line
(BM28) at the ESRF, Grenoble, France. See section for more details on the
experimental setup. Reciprocal space maps were built up from a series of line scans
along a chosen transverse direction for an incrementing series of fixed longitudinal

wave vector transfers.

4.3 Thin films of In,O3 on Y-doped ZrO, (111)

To confirm epitaxial growth of the InyOs thin films, #-26 diffraction profiles were
measured on the Phillips diffractometer. The pattern for the 420 nm thick sample
is shown in figure [f.1(a)] (222) and (444) epilayer peaks are found at diffraction
angles slightly above the substrate (111) and (222) Bragg reflections. In expanded
scans of the substrate (111) and the film (222) reflection, shown in figure f.1(b)] a
shift of the epilayer peak to smaller diffraction angles with increasing thickness can

be observed. This is discussed further below.
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Figure 4.1: #-20 diffraction patterns for the three samples used in reciprocal space mapping. (a)
Wide scan for the sample with thickness 420 nm showing (111) and (222) reflections
of the substrate and (222) and (444) reflections for the thin film on a linear scale. (b)
Expanded scan of the substrate (111) and film (222) Bragg reflections for all three
samples on a logarithmic scale.

Epitaxial growth was further confirmed by high resolution TEM (HRTEM), which

was conducted by Dr. K. H. L. Zhang. Figure 4.2| shows an HRTEM image of a
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section of 70 nm thick InyO3 film grown on Y-stabilized ZrO,. The thickness of
this film lies between the two thinner samples used for reciprocal space mapping
here. A well defined interface between film and substrate can be observed, and in

atomic-scale images the excellent quality of the epitaxial thin film is apparent.

In,O5

SZ

[110]

Figure 4.2: Cross-sectional HRTEM images of an InyO3 (111) sample with a thickness of 70 nm.
Left panel: low-resolution image showing sample morphology. Right panel: Atomic-
scale resolution image with the inset showing the interface region. All images are viewed

down the [112] direction.

AFM images of the three samples with thicknesses of 35, 105, and 420 nm, also
collected by Dr. K. H. L. Zhang, are shown in figure The thinnest film shows
characteristic crosshatch ridges running across the sample. The ridges have a typ-
ical height of 1.8 nm, giving an overall root mean square (RMS) roughness of 1.4
nm. They are preferentially aligned along the (110) directions with a crosshatch
angle of 60°, reflecting the 3-fold rotational symmetry of the (111) surface of the
substrate. This pattern has previously been attributed to an array of dislocations
at the interface, especially in systems with a lattice mismatch below 2% before, e.g.
Siy_«Gey/Si.222% The 105 nm thick sample shows pinholes caused by a dewetting
process, increasing the RMS roughness to 5.2 nm. In the 420 nm thick sample the
coverage is sufficient to fill in the pinholes and protruding triangular islands form,

which leads to a further increase in RMS roughness to 11.0 nm.
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Figure 4.3: AFM images of samples with thickness 35, 105, and 420 nm. The top row shows images
with a dimension of 50 x 50 pm and the bottom row shows images with a dimension
of 10 x 10 pm. The RMS (root mean square) roughness for the three samples was
calculated from the 50 pm images, giving the following values: 1.4, 5.2, and 11.0 nm,
with vertical ranges of 30, 80, and 100 nm.

Reciprocal space maps taken around the epilayer (666) reflection are shown for
three samples with thicknesses of 35, 105, and 420 nm in figure [£.4, The trans-
verse wave vector transfer is along the [1T0] direction in figure m and along
the alternative high symmetry [115} direction in figure In both cases, the
longitudinal wave vector transfer is along the [111] direction. It is apparent in all
shown reciprocal space maps that the scattered intensity is at a maximum at zero
transverse wave vector transfer. This is in contrast to the situation found on (001)
oriented YSZ substrates where the scattering intensity is displaced from zero due to

From

tilting of the epilayer through an angle of about 0.7° along <110> directions.
the lack of shift in the samples presented here, it can be concluded that epilayers of

InyO3 grow on (111) oriented YSZ substrates without any tilt of this sort.
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Figure 4.4: Reciprocal intensity space maps for the three samples studied taken around the epilayer
(666) reflection. The horizontal axis gives transverse wave vector transfer along the (a)
110] direction and (b) [112] direction and the vertical axis gives longitudinal transfer

along the [111] direction in reciprocal lattice units of the substrate.

Two important trends are observed in both sets of maps shown in figure [1.4]

1. The position of maximum intensity moves to progressively lower Q[111] with
increasing sample thickness, approaching the value of Q[111] = 5.284 sub-
strate reciprocal lattice units characteristic for bulk In,Os. The pronounced

shift to higher Q[111] found for the thinnest 35 nm thick film arises from
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epitaxial strain, which leads to an expansion in the in-plane lattice spacings
and a corresponding contraction normal to the surface via the Poisson effect.
Progressive strain relaxation with increasing film thickness allows the films to
relax back toward the bulk lattice spacing of InyOs.

2. The full width at half maximum height AQ for line profiles running through
the position of maximum scattering intensity in a transverse direction increases

with increasing film thickness, as shown in figure [4.5]

35nm [1-10] 35 nm [11-2]
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Figure 4.5: Line profiles on a linear scale for transverse cuts through the maps in figure and
figure at the longitudinal wave vector corresponding to maximum intensity. The
Q transfer is given in terms of reciprocal lattice units of the substrate.
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Values for the full widths at half maximum height AQ were derived from fitting
transverse scans through (666) Bragg peaks to a Voigt function, which are sum-
marised in table [1.2] Values for the (444) reflection are also included for transverse
scans along [110]. Because the (444) reflection has a much higher intensity than
the (666) reflection, attenuators had to be inserted into the beam. However, the
calibration factors on the attenuators were incorrect. Unfortunately this led to dis-
continuities in the individual line scans used to build up the maps around the (444)
reflection. These artefacts can be seen in the reciprocal space maps around the epi-
layer (444) reflection, which are shown for two samples with thicknesses of 35 and
105 nm in figure 4.6} The full width at half maximum height given in table were

estimated by Dr. D. Wermeille after manually resetting the attenuator corrections.
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Figure 4.6: Reciprocal intensity space maps for the 35 and 105 nm thick samples studied, taken
around the epilayer (444) reflection. The horizontal axis gives transverse wave vector
transfer along the [1TO] direction and the vertical axis gives longitudinal transfer along
the [111] direction in reciprocal lattice units of the substrate.

AQ is larger for the (666) than for the (444) reflection and it increases roughly in
proportion to the longitudinal wave vector transfer. The observed peak widths can
be interpreted in terms of mosaic spread. Mosaic spread or mosaicity arises when
ions within small perfect crystal domains are aligned in a parallel fashion, but where

domains are slightly misoriented relative to each other (see figure .
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Figure 4.7: Exaggerated illustration of the mosaic spread. Individually perfect, small crystal do-
mains are slightly disoriented to each other. The mosaic spread 7 can range from tenths
of a degree to a few degrees depending on the sample.

This mosaic spread leads to an increase of the width of transverse scans through
Bragg reflections. The misorientation of the crystallites usually follows a Gaussian
distribution, within which the full width at half maximum (FWHM) 7 is considered
the mosaic spread. The mosaic spread may be derived from the full width AQ at

half maximum height in a transverse scan using the equation:

1 8¢
QL

T =tan~ (4.2)

where (), is the corresponding longitudinal wave vector transfer. Flat epitaxial
films usually exhibit values of 7 of a few tenth of a degree, but higher values of up
to a few degrees can be observed. For all the samples presented here the mosaic

spread is below 0.5°. Values calculated using equation 4.3 are given in table [4.2]
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Table 4.2: AQ and the corresponding values for Mosaic spread 7 for transverse scans through the
epilayer [666] and [444] reflections. Values for the [444] reflection were estimated by Dr.
D. Wermeille due to attenuator problems.

Sample  Reflection Transverse AQ / nm~' Mosaic spread

thickness direction FWHM 1
35 nm [666] [110] 0.132 0.12+0.02°
[444] [110] 0.086 0.11+0.02°

[112] 0.093 0.0840.02°

105 nm [666] [110] 0.372 0.331+0.02°
[444] [110] 0.240 0.31£0.02°

[112] 0.434 0.38+0.02°

420 nm [666] [110] 0.378 0.34+0.02°
[112] 0.508 0.4540.02°

Figure shows reciprocal space maps for the nonspecular (1026) Bragg peak.
A [440] transverse wave vector transfer along the [110] direction is added to [666]
longitudinal wave vector transfer along the [111] direction. In each map the circu-
lar dot represents the coordinates for unstrained In,O3 (assuming the bulk lattice
parameter to be a = 10.117 A) In the thinnest film, with a thickness of 35 nm, the
maxima @Q; in the scattering from the epilayer are found at Q;[110] = 2.8324 and
Qr[111] = 5.3950. Both are strongly displaced from the values @y for bulk In,O3
of Qo[110] = 2.8765 and Qy[111] = 5.2845 (marked by a dot in the reciprocal space
map). In-plane, the epilayer comes close to matching the substrate, for which Q[110]
= 2.8284. This mismatch between the lattice parameters of the film and substrate of
1.7% is almost completely compensated by in-plane strain. At the same time there
is a large increase in @)[111] due to the Poisson contraction normal to the surface.
On the other hand the 420 nm thick film is almost completely relaxed, which results
in the coordinates for unstrained In,O3 being located in the centre of the map of
scattering intensity. For the intermediate 105 nm thick film, the reciprocal space
map shows an elongated ovoid shape. This is visualised by showing the principal
axis as a superimposed line, which slopes in a downward diagonal direction. The

diagonal line links points of maximum intensity in transverse cuts through the map
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and extrapolates toward the coordinates for bulk In,O3. This suggests an only par-
tially relaxed thin film. Close to the interface the film is under tensile strain to
bring the lateral periodicity toward that of the substrate, but moving away from
the interface the strain relaxes and Q;[110] moves toward the value for bulk InyO3.
Parallel to this variation, Q;[111] decreases as Q;[110] increases due to the Poisson

effect.

As mentioned above, the Poisson effect can be observed in the data presented

here. The Poisson ratio v is defined by the following equation:

U,L*aé
et at 2v (4 3)
E” aH—alo‘ 1 — UV ! ’
|
Ao

where e+ and €l are the strains normal and parallel to the surface, a+ and all are
the corresponding separations between atomic planes in the strained layer, and ag-
and ag are the values for the unstrained system. This equation can be formulated
for the reciprocal space coordinates for the (1026) reflection of bulk InyO3 and the

thin film as follows:

Qr[111]7F — Q,[111]71  Qo[111] 2
T =T X o = : (4.4)
Qr[110]71 — Qo[110]71  Qo[110] 1—v
where
Qo[111] 33
Qo[1T0] 22" (4.5)

and the reciprocal lattice coordinates are expressed in terms of reciprocal lattice
vectors of the substrate. This calculation gives a Poisson ratio of v = 0.31 + 0.02.

This value is higher than for (001) oriented film, where v = 0.27 + 0.04.%¢
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Figure 4.8: Reciprocal space maps for the three samples studied taken around the epilayer (1026)
reflection. The horizontal axis gives transverse wave vector transfer along the [1TO]
direction and the vertical axis gives longitudinal wave vector transfer along the [111]
direction in reciprocal lattice units of the substrate. The circular spots in the lower part
of each figure marks the position of the (1026) reflection for unstrained InyOs, while
the cross for the sample with thickness of 35 nm identifies the position of maximum
intensity in the map. The white line in the map for the sample with a thickness
of 105 nm was derived from a linear least squares fit to a plot of Qf [111]_1 versus

Q7 [1TO] _1, where the subscript I signifies the coordinates of maximum scattering in
successive transverse scans used to build up the map.

This experimental value can be compared to the value derived from atomistic
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simulations. The Poisson ratio for the [111] direction in a cubic crystal is:%"

21/[1]_1] . 2012 — 200/3
1—v[111]  2C;; +2Cy/3

(4.6)

where

Co=2Cy —Cin+Chra. (4.7)

Walsh et al*® have computed elastic constants, which are as follows: C; =
297.75 GPa, C5 = 141.78 GPa, and Cy = 76.42 GPa. The derived value for
Cpy is only —3.13 GPa. From this a value of 0.33 for v[111] is calculated, which is

comparable to that of 0.3140.02 found experimentally.

Table summarises data for the Poisson ratio from previous experimental work.
The value for Sn-doped In;Oj3 is considerably higher than the value determined here.
The values for the structurally related Y-doped ZrO, however, agree with our ex-

perimental result. A value for undoped Iny;O3 could not be found.

Table 4.3: Poisson ratios v for In,O3 related systems from the literature including the technique
used to determine v.

v Material Technique

Neerinck?? 0.35  10% Sn-doped In,O3 X-ray diffraction

Ingel“" 0.30 7% Y-doped ZrO, acoustic wave pulse overlap technique
0.32  17% Y-doped ZrO,

Atkinson®!' 0.308 8% Y-doped ZrO, impulse excitation resonance technique

4.4 In,03 Nanorods on Y-doped ZrO, (110)

Figure 4.9 shows a #-26 diffraction pattern for the sample grown at 900 °C showing
the (220) and (440) reflections of the YSZ substrate and the (220), (440), (660), and
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(880) reflections for InyO3. The InyOj reflections have been magnified by the factors
given in the figure. The presented pattern is representative for all three samples used
for reciprocal space mapping presented here. The epilayer peaks (440) and (880)
are observed close to the substrate peaks. Only (hk0) reflections for h = k from the
epilayer, where h = 2n and n is an integer, can be seen for the space group /a3, to
which InyO3 belongs. (220) and (660) Bragg reflections are observed at 260 angles of
20590 = 25.025° and 20550 = 80.840° respectively, but these are very weak indeed.
The structure factors for these reflections arise purely from the (2 x 2) supercell

associated with ordering of the oxygen positions missing from the fluorite structure.
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Figure 4.9: -20 diffraction pattern for the sample grown at 900 °C showing the (220) and (440)
reflections of the YSZ substrate and the (220), (440), (660), and (880) reflections for

the InyO3.

LEED patterns for the sample grown at 900 °C, which were measured in situ in
the MBE growth chamber, show a 2-fold rotational symmetry (see figure[4.10]). The
spots are not circular, but show streaking and spot splitting, which varies strongly
with the beam energy. This suggests that the surface is extensively faceted. Both
the LEED and XRD patterns confirm the epitaxial growth of InyO3 on YSZ (110).

This is further confirmed by high resolution transmission electron microscopy im-
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ages measured by Dr. K. H. L. Zhang."

Figure 4.10: LEED patterns of a representative sample measured in situ in the MBE growth cham-
ber at a beam energy of (a) 69.5 €V and (b) 52.5 €V.
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Figure 4.11: AFM images of the three samples. (a) - (¢) 10 x 10 pum images of the samples grown
at substrate temperatures of 750 °C, 900 °C, and 1000 °C. (d) Expanded image of the
sample grown at substrate temperatures of 1000 °C. The arrow indicates a nanorod
with a height of 6 nm.

In order to examine the morphology of the samples, AFM images were collected,
which are shown in figure All four images show rod-like nanostructures. From

the synchrotron-based XRD results discussed later in this chapter, it could be seen
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that the long axis of the nanorods lies along the [110] direction of the YSZ substrate.

The aspect ratio of the rods, which is defined as length/width = [/w, increases
with increasing substrate temperature, and the rods become more defined. The
most well defined nanorods, grown at a substrate temperature of 1000 °C, have an
average length of 15 um, a height of approximately 100 nm and a width of close to
200 nm.

To explain why such highly aligned 1D nanorods are formed, a simple thermo-
dynamic model can be used. Although the shape of a nanostructure is in principle
determined by the interplay between the surface and interface energies and strain
energy, a reduced model based only on surface and interface energies can qualita-

tively explain the observed results.

Figure4.12(a) shows a false 3D AFM image of a nanorod. The side facet along the
long axis of the rod is determined to be {111} and the end facet is {001}. Consider
an idealised nanorod with a rectangular shape with height h, length [, and width
w, where | > w, as shown in figure [1.12(b). The sum E of surface and interface

energies can be formulated as follows:

With the side facets as described above, with {111} along the long axis and {001}

along the short axis, we can write:

Ty = A, (111)cosech; — %(%(110> 440 (110) — 7(110)) cot 6, (4.9)

1
'y = 7.(001)cosecty, — 5(%(110) + 7.(110) — ~;(110)) cot 65 (4.10)
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F3 = (71(110) + ’}/6(110) — ’)/5(110)) s (411)

where the contact angles are #; = 35.3° and 6y = 45°, v, and 7, are surface energies
for the substrate and epilayer respectively and ~; is an interface energy. Minimising
E subject to the constraint of constant area using Lagrangian multipliers, the aspect
ratio [/w is found to be given by:
I Ty

Loz 4.12
w T, (4.12)

Figure M(c) shows the aspect ratio [/w as a function of the interface energy
7:(110) assuming the surface energies given in table . The aspect ratio di-
verges toward infinity for an interface energy of approximately 0.4 Jm~—2, because
I’y is always positive due to the large surface energy of (001). The sum of terms
Ye(111)cosect; — 2 (75(110) 4 7.(110)) cot #1 in I'; has a negative value of —0.29 Jm2,
due to the small value in the surface energy of (111). This quantitative analysis in-
dicates that 1D nanorods spontaneously grow due to the minimisation of the total
surface and interface energies by development of {111} side facets. The figure also
includes the aspect ratio as a function of the interface energy for rods with {110}
facets. This truncation is in fact energetically favoured due to the (110) surface en-
ergy being lower than the (100) surface energy. However, the influence of this term
is small for nanorods with a high aspect ratio, as its fraction of the total surface

area is small.
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Figure 4.12: (a) False 3D AFM image of a nanorod showing 110 side facets collected by Dr. H. K.
L. Zhang. (b) Schematic drawing of a nanorod. (c) Aspect ratio length/width = /w

for In;O3 nanorods as a function of the interface energy ~; for different termination
facets.

Reciprocal space mapping using synchrotron-based X-ray scattering was used to
probe strain in the nanorods. The (444) reflection has a high intensity and in order
to avoid saturation of the detector, as was observed for the (111) thin film sam-
ples presented earlier in this chapter, the weaker (880) reflection was chosen. The
transverse wave vector transfer is along the [110] or [001] directions and the longi-
tudinal wave vector transfer is along the [110] direction. In each map the circular
dot represents the coordinates for unstrained bulk InyO3 (assuming the bulk lattice

parameter to be a = 10.117 A).
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Figure 4.13: Reciprocal intensity space maps for the three samples studied taken around the epi-
layer (880) reflection. The horizontal axis gives transverse wave vector transfer along
the [1T0] direction in (a), (c), and (e), and along the [001] direction in (b), (d), and
(f). The vertical axis is the longitudinal transfer along the [110] direction in reciprocal
lattice units of the substrate. The position of scattering from unstrained bulk InyO3
is indicated by a circular dot. Intensity at the lower edge of the maps originates from
the close (440) substrate peak.

Transverse cuts through the reciprocal space maps in figure at the longitudi-
nal wave vector transfer with maximum scattering intensity are shown in figure [4.14]
The transverse line profiles show that the maximum scattering intensity is moved to
higher longitudinal wave vector transfers compared to bulk InyO3. This behaviour
indicates an in-plane tensile strain, where in-plane expansion leads to out-of-plane
contraction, as described by the Poisson effect. Comparing line profiles of scans
along the [110] and the [001] directions, major differences become apparent. Whilst
[1TO] profiles are mostly narrow, symmetric, and can be fitted with a single Voigt
profile, [001] profiles are much broader and show additional peaks on either side

of the central peak. Whilst these peaks are of low intensity in the samples grown
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at 750 °C and 900 °C, the sample grown at 1000 °C shows two peaks with com-
parable intensity to the central peak, which are displaced by about 0.05 reciprocal
lattice unit from Q[110] = 0. In addition, the relative intensity of the central and
side peaks varies strongly with the value of the longitudinal wave vector transfer
Q[110], as shown in figure . The most obvious dependence is that the central
peak becomes relatively stronger the higher the value of Q[110], i.e. the higher the

contraction of the out-of-plane lattice parameter.
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Figure 4.14: Transverse line profiles through the (880) epilayer reflection at the longitudinal wave
vector transfer with highest scattering intensity. The corresponding reciprocal space
maps are shown in figure The @ values are given in reciprocal lattice units of
the substrate.
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Figure 4.15: Transverse line profiles through the (880) epilayer reflection along the [001] direction
of the sample grown at 1000 °C. The line profiles are taken at different longitudinal
wave vector transfer along [110] from the reciprocal space map f) in figure The
() values are given in reciprocal lattice units of the substrate.

An interpretation for the observed line profiles is based on AFM images of the
samples, where all samples show rods of different widths and heights. The tilting of
an epilayer relative to the surface can partially accommodate a mismatch between
substrate and epilayer. Tilting has been observed in square islands grown on YSZ
(001), where a transition between tilted and non-tilted islands could be observed,
which was dependent on the island volume.?# Smaller islands will accommodate the
mismatch purely by strain, not by tilting. In addition, some samples with a bimodal
distribution of tilted and non-tilted islands were prepared and these exhibited a
three peak structure similar to that found here. Extending the conclusions drawn

for square islands to the rods investigated here, the outer peaks in the nanorod line
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profiles correspond to thicker rods which tilt or roll around the [1TO] direction, and
the central peak corresponds to untilted rods. The increase in intensity of the central
peak with higher values of Q[110], which corresponds to an increasing predominance
of untilted rods, can be explained by recognising that highly strained rods are less

likely to tilt. The tilt angle 1) can be estimated using the following equation:

tany = . (4.13)

This gives a value of 0.5° for the nanorods, which is similar to the value of 0.7°
reported for square islands.”

Tilting of nanorods around the [ﬁO] direction can only accommodate mismatch
between substrate and epilayer in the [001] direction. Along the [110] direction the
mismatch is still compensated by strain or misfit dislocations. Walsh et al. derived
elastic parameters for InoO3 by an atomistic modelling procedure, giving C; = 297.8
GPa, O}, = 141.8 GPa, and Cy; = 76.4 GPa.”® As noted earlier, the energy density
associated with the strain along the <100> directions is determined by C; = 297.8
GPa, whereas strain along the <110> directions is dependent on 2C; +2C5+Cyy /4
= 238.9 GPa. The latter is smaller than C;.%” The difference in elastic parameters
favours strain along the [1TO] direction and augments the effects of surface energies

by favouring elongated growth along the [1T0} direction.

105



4 Reciprocal Space Mapping of InyO3 on Y-doped ZrO, (111) and (110)

165000

35000

5900

Q [110]

w
(52}
o

-
o
o

165000

53200

15750

Q[110]
Q[110]

Q [110]
Q[110]

090 085 1.00
Q[170] Q[001]

Figure 4.16: Reciprocal intensity space maps for the three samples studied taken around the epi-
layer (860) and (772) reflections. The horizontal axis gives transverse wave vector
transfer along the [110] direction in (a), (c), and (e), and along the [001] direction
in (b), (d), and (f). The vertical axis is the longitudinal transfer along the [110] di-
rection in reciprocal lattice units of the substrate. The position of scattering from
unstrained bulk In,Oj3 is indicated by a circular dot, whilst the vertical lines indicate
the transverse wave vector transfer for a film strained to match the substrate in-plane.

Figure shows reciprocal space maps for non-specular Bragg reflections. Maps
were taken around the epilayer (860) reflection with transverse wave vector transfer
along the [ﬁ()] direction and around the (772) reflection with transverse wave vec-
tor transfer along the [001] direction. The vertical axis gives the longitudinal wave
vector transfer along the [110] direction. In each map the circular dot represents
the coordinates for unstrained bulk In,O3 (assuming the bulk lattice parameter to
be a = 10.117 A). The vertical lines indicate the transverse wave vector transfer for
a film strained to match the substrate in-plane. Corresponding line profiles derived

from reciprocal space maps are shown in figure
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Figure 4.17: Transverse line profiles through the (860) and (772) epilayer reflection at the longitu-
dinal wave vector transfer where maximum scattering occurs from the maps in figure
The solid line corresponds to the transverse wave vector transfer of the substrate
and the dashed line corresponds to the same for the epilayer. () is given in reciprocal
lattice units of the substrate.

In the (860) maps it is apparent that the scattering intensity maximum moves
towards the transverse wave vector transfer of the substrate, which is most pro-
nounced in the sample grown at 1000 °C. This is indicative of strain coherent with
the substrate in the epilayer along the [1TO] direction as shown in figure . In
the (772) maps for the samples grown at 750 °C and 900 °C the scattering intensity
maximum is close to the position of bulk In,Os3, indicating only very little strain in
the epilayer in the [001] direction. If anything there is in fact a small increase in
Q[001] relative to the value for bulk InyO3. Of course the epilayer is under tensile

stress in both [001] and [110] directions so that the decrease in lattice parameter
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along the [001] direction must be a second order Poisson effect arising from expan-
sion along [110]. The contraction is, however, less pronounced than the contraction

in interplanar spacings normal to the surface.

[170]

/

Figure 4.18: Schematic of the first and second order Poisson effects in the nano rods.

The (772) map for the sample grown at 1000 °C is complicated by the pronounced
tilt discussed above. The tilting causes pronounced elongation along the (001) di-
rection, which makes it very difficult to assess strain in this map. The range of
displacement in Q[001] produced by a tilt of £0.5° is indicated in the reciprocal
space map in figure [£.16] Similar to the results from line profiles through the spec-
ular (880) epilayer reflection, we can conclude that the nanorods are coherently
strained along the long-axis direction, but remain relaxed across the rods. This
means that the main growth direction of the rods is along the direction with higher
strain. This is an unexpected result when considering previous findings where the
self-assembly of 1D silicide nanowires on Si (001) is driven by anisotropic lattice
mismatch.”? In this case the preferential growth is along the less strain affected di-
rection. However, in the present cubic based system the percentage of mismatch is
isotropic, but there is anisotropy in the elastic constants of the epilayer. In addition,
there is large anisotropy in the surface energies of the {111} and {110} facets. The
overall reduction in surface and interface energies by rods growing along the [HO]

direction outweighs any penalty arising from strain.
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4.5 Concluding Remarks

Both InyOj thin film and nanorod samples grown respectively on (111) and (110)
YSZ substrates were investigated using reciprocal space mapping in conjunction
with AFM. In both systems, epitaxial growth was confirmed by laboratory-based
XRD and TEM.

Three thin film samples of InoO3 on Y-stabilised ZrO, (111) were probed to inves-
tigate strain. The thinnest film (35 nm) is highly strained to match the substrate
laterally with an out-of-plane contraction due to the Poisson effect. Measurements
on the strained sample allowed us to derive a value for the Poisson ratio in excel-
lent agreement with values derived by atomistic simulation. The sample shows a
crosshatch morphology with low roughness. Upon increase of the film thickness,
strain is released and the sample surface roughness increases with pinholes appear-
ing in the 105 nm sample, which are completely filled in in the 420 nm sample.
The widths in transverse scans through (444) and (666) specular Bragg reflection
increase with increasing film thickness and longitudinal wave vector transfer. Peak

widths are interpreted in terms of mosaic spread within the epilayer.

The growth of In,O3 nanorods on Y-stabilised ZrOy (110) at different substrate
temperatures was rationalised using a simple thermodynamic model with minimi-
sation of surface and interface energies, The nanorods grow preferentially along
the [110] direction, which is driven by development of lowest surface energy {111}
facets. The lattice mismatch between substrate and epilayer is accommodated by
strain along the [110] direction coupled with tilting along the [001] and [001] direc-

tions and contraction in the [110] direction.
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5 Electronic and Surface
Properties of Ga-doped In»,O3

Ceramics

5.1 Introduction

In 1925 V. M. Goldschmidt published his investigations of the GasO3-In,O3 system,
for which he prepared samples by precipitation of the hydroxides from ammonia.
This was the first account of the GasO3-InyO3 system, and in his work Goldschmidt
also observed the expected decrease of the lattice parameter of In,O3 upon Ga dop-
ing.¥ In the 1960s interest in this system re-emerged and publications by Schneider
et al. (1961)% MacDonald et al. (1967)% and Shannon and Prewitt (1968), at-
tempted to construct a phase diagram for the system. A ternary compound GalnOsz
was identified in these early publications, which adopted the 5-GayOg3 structure. In
addition, Shannon and Prewitt also observed a high pressure phase with a structure
similar to YAlO3. Additional investigations of the phase diagram by Edwards et al.
(1961)”, and Patzke and Binnewies (2000) established that the 5-GayOj3 structure
only extends to limiting dopant concentrations of up to 48%. Table shows a

summary of the published dopant maxima on both sides of the phase diagram.
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Table 5.1: Solubility of InyO3 in B-Gay03 and of GayO3 in InyO3 from the literature. 2

In:5-Gay03 Ga:Iny O3
T /°C mol% In T /°C mol% Ga
Edwards 1000 44.0 1000 4.8
1250 42.4 1250 7.4
1400 41.4 1400 10.5
Patzke 800 48
900 46

In-between these two doping limits, bulk samples are biphasic, consisting of mon-

oclinic In-doped [-GayO3 and cubic Ga-doped In,Os.

(GayIny)203 thin films have been prepared using a range of methods including
direct current magnetron sputtering onto glass substrates (0 < x < 0.4);™ oxygen
plasma-assisted molecular beam epitaxy on Al,O3 (0001) substrates (0.0 < x <1.0)®
and on 3-GayOj3 substrates (x=1.00);" metallo-organic chemical vapour deposition
on Y-stabilised ZrO, (100) (0.1 < x < 0.9)*% and on MgO (100) (0.63 < x < 1.00);H
combinatorial aerosol-assisted chemical vapour deposition on glass substrates (0.2
< x < 0.8);* and sol-gel spin-coating on Al;O3 (0001) (0 < x < 1.0)."# Tt becomes
apparent that the main focus lies on the Ga;Oj3 side of the phase diagram, where it
is clear that the band gap decreases with increasing In concentration. &S How-

ever, the change in band gap upon In-doping is not linear.*?

Less is known about the effect of Ga-doping on the cubic bixbyite phase of In,Os3,

especially with respect to the low energy forbidden absorption onset.
One of the motivations to investigate the properties of Ga-doped Iny,Og is a recent

observation by the Egdell group on Sn-doped rutile TiO, where “alloying” the nar-

rower gap TiOy with the wider gap SnO, leads to a small but significant reduction
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in the band gap at low Sn doping levels.*#% This effect, usually referred to as band
gap bowing, is well established in ITI-V semiconductor systems,*® but has been less
well studied in oxides. There are a few cases of alloys of ZnO with Ca, Cd, Mg, Se

17520

and Be, where small band gap bowing is observed, and a case of SiOy alloyed

with Hf and Zr showing band bowing.*

The second motivation is the Egdell group’s recent interest in the growth of In,O3
thin films on cubic Y-stabilised ZrO, by oxygen assisted molecular beam epitaxy.24%3
Here, a difference in lattice parameters between substrate and In,Og3 leads to tensile

strain, which in turn leads to changes in the band gap on (111) oriented substrates

and to the formation of nanostructures on (001) and (110) substrates.

The anticipated reduction in lattice parameter upon Ga-doping of In,Og3, as ob-
served by Goldschmidt,” provides a simple means of increasing the mismatch in
lattice parameter, where the strain at the interface would be enhanced and the pos-

sibility to tune the size of the nanostructures would become available.

A high temperature solid state route was used to prepare (In; Gay)203 ceramics
with Ga doping levels of up to x = 0.1. The solubility limit of Ga in In,Oj3 is in-
vestigated by X-ray diffraction and Raman spectroscopy. The band gaps of doped
samples are studied by diffuse reflectance spectroscopy and X-ray photoelectron
spectroscopy (XPS). XPS shows pronounced surface segregation which is further
studied by low energy ion scattering. Finally, the mechanism for segregation is

studied with reference to XPS measurements for pure 5-GayO3.
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5.2 Experimental

Ga-doped InyO3 ceramic samples were prepared using a high temperature solid
state approach. The starting materials were GasO3 (99.999%, supplied by Strem
Chemicals Inc.) and InyO3 (99.99%, supplied by Sigma-Aldrich Inc.). The method
described by Edwards et al.” was adapted for the research presented in this thesis. A
series of mixed oxide powders with the composition (In;_,Gay),O3 (with Ga-doping
levels between x = 0.01 and x = 0.10) were prepared by grinding stoichiometric
amounts of the oxide powders in an agate mortar for 30 minutes until the mixture
was homogeneous. The powder mixtures were pressed into pellets with a diameter
of 1 ecm and a thickness of approximately 1 mm at 5 tonnes, for 5 minutes, and
placed in ceramic crucibles. The samples were then sintered in a muffle furnace
(base temperature of 600 °C) at 1250 °C for 72 h, and cooled at a rate of 5 °C per
minute. The resulting pellets had a pale yellow colour, much like boiled egg yolk,
and some showed hints of green. Ceramics discs of GagO3 and InyO3 were prepared

by the same procedure.

All ceramic samples were analysed in pelletised form using the Phillips PANana-
lytical X’Pert PRO diffractometer. XPS was mainly performed on the Scienta ESCA
300 spectrometer, with sputtering experiments being conducted on the Kratos Axis
Ultra-DLD. The Kratos system offers a superior flood gun charge neutralisation sys-
tem which makes analysis of a highly insulating material, as is GayOs3, possible. An
area of 5 x 5 mm was etched with an Ar ion gun operating at 4 keV and 15 mA, and
an argon pressure of 1 x 107% mbar for 20 minutes at a time. Raman spectroscopy
and diffuse reflectance measurements were conducted on the in-house apparatus,

whilst LEIS was performed on the Qtac!?” instrument at Imperial College, London.
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5.3 Computational Methods

Density functional theory (DFT) calculations were performed by Dr. D. O. Scan-
lon using the VASP code,*¥ with interactions between the cores (In:[Kr|, Ga:|[Ar]
and O:|He|) and the valence electrons described using the projector augmented
wave (PAW) method.* The calculations were performed using the HSE06 (Heyd-
Scuseria-Ernzerhof) hybrid functional as proposed by Krukau et al.“® In the HSE06
approach, a value of exact nonlocal exchange o of 25%, and screening parameter of
w = 0.11 bohr™! are added to the Perdew-Burke-Ernzerhof (PBE) formalism. The
HSE approach has been proven to result in structural and band gap data which is
in better agreement with experimental data than standard DFT functionals.“0
Furthermore, it has been proven to provide an excellent description of the elec-
tronic structure of InyO3.Y A planewave cutoff of 400 eV and a k-point sampling of
Gamma-centred 3 x 3 x 3 for the primitive cell of InoO3 was used, with the structure
deemed to be converged when the forces on all the atoms were less than 0.01 eV
Al The optical transition matrix elements and the optical absorption spectrum
were calculated within the transversal approximation.®? Within this methodology,
the absorption spectra is summed over all direct VB to CB transitions and therefore

ignores indirect and intraband adsorptions.?

5.4 Results and Discussion

5.4.1 Solubility Limit of Ga in InO3 and Changes in Crystal

Structure

The 6-20 X-ray diffraction pattern for 6% Ga-doped InyOs, shown in figure is
representative for all doping levels up to 7% Ga. The diffraction pattern is combined

with a InyO3 reference pattern from Marezio.®* All reflections can be attributed to

117



5 Electronic and Surface Properties of Ga-doped In,O3 Ceramics

the cubic bixbyite phase of In,O3, and the reference was in perfect agreement with

an InyO3 pellet prepared using the above method.
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Figure 5.1: XRD pattern for a 6% Ga-doped In,O3 pellet and reference data for undoped InyO3.34

The inset in figure shows the (222) diffraction peak in more detail. A shift in
the doped sample to a higher diffraction angle can be observed, originating from a
contraction in lattice parameters. This is as expected from the difference in ionic
radii for Ga®* (rq,s+ = 0.620 A) in comparison to In** (r,3+ = 0.790 A) in oxides.™

When the smaller Ga®" replaces In®*", the crystal contracts, leading to a reduction

in lattice parameters.

In order to compensate for any diffractometer related shifts in diffraction angles, Si
powder was used as an internal standard. Equal amounts of Si powder and calcined
sample were ground together under acetone, dried, and pelletised. The diffraction
patterns were aligned using the Si (111) peak at 28.4427°.5% The corrected InyO3

(222) peaks for four samples, 3%, 5%, and 7% Ga-doped and undoped In,O3, are
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shown in figure [5.2]
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Figure 5.2: Si-corrected XRD signal of the InoO3 (222) peak for undoped In,O3 and three Ga-

doped samples. The grey vertical bar indicates the position of the (222) peak from the

reference.34

The Si (111) peak shows no significant shift between different samples and repeat
measurements. The Si-corrected diffraction patterns establish that the shifts in the
diffraction angle upon doping are due to changes in the lattice parameter of Ga-

doped samples, rather than being artefacts from the diffractometer.

To investigate the changes in more detail, cubic lattice parameters a for pure
Iny,O3 and samples with Ga-doping levels of up to 7% were obtained from Rietveld
refinements of the diffraction patterns using GSAS software. Figure [5.3] shows the
decrease in the lattice parameter with increasing Ga-doping. The variation can be
compared with a Vegard plot based on unit cell volumes for InoO3 and GayO3. Veg-
ard’s law states that there is a linear relation between the crystal lattice parameters
of an alloy and the concentrations of its constituents.®” As In,O3; and GayOs3 do
not have the same structure unit cell volumes rather than lattice parameters were

used. Alternatively we can use values for cell parameters for In,O3 and GayO3 from
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calculations by Dr. D. O. Scanlon. The observed variation in lattice parameter is
intermediate between that derived from computed values for lattice parameters and

the variation from experimental unit cell volumes.
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Figure 5.3: Cubic lattice parameters a from Rietveld refinements for undoped and 1-7% Ga-doped
InyO3.The magenta line is a linear least squares fit to the experimental data points
whilst the blue line is a Vegard plot derived from the experimental unit cell volumes of
InyO3 (as determined here) and monoclinic GagOg. The turquoise line is fitted to the
unit cell parameters for InpO3 and 6.25% Ga-doped Ins O3 as calculated by Dr. D. O.
Scanlon, which was scaled to fit the experimental data for undoped InyOs.

For a doping level of 7% Ga and beyond a second phase was identified in diffrac-
tion data, as shown in figure [5.4] This second phase does not match the d-spacings

for any of the reported polymorphs of GayQ3. 5840
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Figure 5.4: Partial diffraction profile for Ga-doped In,O3 for doping levels from 1 to 11%. Re-
flections (211) and (222) of the bixbyite phase of InyO3 are indicated. The second
B-GalnOs like phase is indicated by *.

Raman spectroscopy confirms the observations from the X-ray diffraction. The
body-centred cubic structure of InyO3 belongs to the space group la3 with Z=16
and the primitive cell contains eight formula units amounting to 40 atoms. The
120 vibrational modes span irreducible representations I' in the T}, factor group as

follows:

I'=4A,+5A,+4E, +5E, + 14T, + 17T, , (5.1)

where the 22 gerade g modes are Raman active.*! Figure shows a reference
spectrum for bulk InyOj in pelletised form, where a total of 17 modes could be

identified.
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Figure 5.5: Raman spectrum for an Inp,O3 pellet with the 17 detectable modes indicated.

Table 5.2: Observed Raman modes in cm™ for bulk In,O3 and comparison with experimental data
from Garcia et al.%t

Mode (sym) this work Garcia et al.

T, 10943 108
T, 11843 118
A, 13243 131
T, 15343 152
E, 17043 169
T, 206+3 205
T, 213+3 213

A, T, 307+3 306
T, 366+3 365
E, 396+3 396
T, 4663 467
A, 4963 495
T, 519+3 513
T, 535+3 -
E, 591+3 590
T, 629+3 628

Table [5.2] shows all observed Raman modes of InyO3 and compares the data pre-
sented here with experimental results by Garcia et al.*! The experimentally deter-
mined frequencies are in excellent agreement with those from the literature reported

here.
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Raman spectra for Ga-doped InyO3 are very similar to that of pure InyOs. Con-
sistent with the XRD data, a second phase can be identified for Ga-doping levels

above 7%, with additional vibrational modes at 171 cm™ and 429 cm™ (see figure

5.6).
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Figure 5.6: Raman spectra for Ga-doped In,O3 with Ga-doping levels from 1 to 11%. An increase
in Raman shifts can be observed upon doping. In addition for all samples with a
Ga-doping level above 7% a second phase can be identified (indicated with *).
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Figure 5.7: Raman shift of the A, vibrational mode close to 307 cm™! for pure and Ga-doped InsO3.

An increase in Raman shift is observed up to a doping level of 7% after which the
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shift remains constant. Figure [5.7 shows the increase in shift for the most intense
A, vibrational mode at 307 cm™. The shift of the vibrational mode shown in figure
is representative for the shifts observed in other modes, including T}, at 365 cm™,

A, at 495 em™, and T, at 629 cm™.
For comparison a $-GayQOj3 reference spectrum was collected.

The monoclinic structure of 5-GayO3 belongs to the space group C2/m with two
formula units per cell. The 30 vibrational modes span the following irreducible

representation I' in the Cy, factor group:
I' =104, + 4A, + 5B, + 8B, , (5.2)

where the 15 gerade g modes are Raman active.*? Figure shows a reference

Raman spectrum for bulk GayO3, where all modes could be identified.
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Figure 5.8: Raman spectrum for an GasO3 pellet with 15 detectable modes indicated.

Table [5.3] gives all observed vibrational modes and compares them to data from

124



5 Electronic and Surface Properties of Ga-doped In,O3 Ceramics

Dohy et al.#? The experimentally determined frequencies are consistent with those

from the literature reported here.

Table 5.3: Observed Raman modes in cm™ for bulk Gay O3 and comparison with experimental data
from Dohy et al.#2

Mode (sym) this work Dohy et al.
Ag 767+3 763
A, 6573 657
B, 65343 651
A, 62943 628

A, B, 47643 AT5
g 41743 415
By, A 354+3, 3473 353, 346
A, 32043 318
A, 20043 199
A, 17043 169
B, 145+3 147
B,, A 11443, 1103 114, 111

g g

As is evident from figure the most intense peak for 5-GayO3 can be observed
at 200 cm™. The absence of a detectable mode at 200 cm™ in the Ga-doped InyOs,
verifies that the second phase, which appears beyond the solubility limit of Ga, is

not GayQOs, as has been suggested elsewhere.™®

5.4.2 Band Gaps from Diffuse Reflectance Spectroscopy

Figure shows the Tauc plot for pellets of InoO3 and GayO3, where the Kubelka-
Munk function F' is derived from diffuse reflectance data. Linear fits to the absorp-
tion edge give band gaps of 2.95 eV for In,O3 and 4.60 eV for GayO3. The former
value corresponds to the direct but dipole forbidden absorption onset for In,O3, as
discussed in recent publications, for example Walsh et al.*® The larger band gap for

GayOs5 is in agreement with values determined elsewhere.“*
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Figure 5.9: Tauc plot for pure InoO3 and GasOj3 pellets, both showing clear absorption edges.

Figure shows DRS data for 1%, 6%, and 9% Ga-doped InyO3 samples in
comparison with an expanded scan for pure InyO3. The band gap decreases with

1% and 6% Ga-doping, although at higher levels, such as 9% shown here, this trend

does not continue.

5
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= 6% Ga
£ 9% Ga
w
T T T T
3.5 3.0 25
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Figure 5.10: Tauc plot for pure IngO3 and three Ga-doped samples.

The band gap values derived from diffuse reflectance spectra for undoped In,O3
and for the complete series of Ga-doped samples are shown in figure [5.11 The

decrease in band gap does, as expected, level off at approximately 6% Ga-doping.
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Figure 5.11: Band gap values for InoO3 and Ga-doping levels of up to 11%.

The decrease in band gap at lower doping levels does not simply follow an in-
terpolation between narrower gap In,Os and wider gap GasOs. This behaviour is
not expected considering previous work on (GayInj_y)2Oj3 thin films, although most
previous work investigates rather coarse doping steps of x = 0.1. The results imply
that there is pronounced band bowing as has been observed in many “alloy” semi-
conductor systems as well as Sn-doped TiO, (see the introduction of this chapter

for a more in-depth discussion).

The following equation was used to calculate band gap bowing coefficients B from

the experimentally derived band gaps:+°

E,(z) = 2E,(Gax03) + (1 — ) E,(Iny03) — x(1 — x)B (5.3)

where E,(x) is the band gap of the doped sample, x is the doping level, and
E,(Gay03) and E,(InyO3) are the band gaps for the pure oxides. High band gap
bowing coefficients B are derived for very small dopant concentration, but they

quickly become smaller with higher doping levels. Whilst at 1% doping level a value
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of B greater than 10 eV is calculated, the band gap bowing for x = 0.1 decreases
to 3.32 eV. This shows that for the case of (In;.(Gay )O3 the band gap bowing co-
efficient is strongly concentration dependant. Figure shows the trend in B for
doped samples up to 7% Ga-content for (Ga,In; )203. However, it has to be noted
that this procedure has severe limitations due to the end member oxides having

different structures.

Band bowing coefficient B
~
1

o 2 4 & s
Ga doping level / %

Figure 5.12: Band gap bowing coefficients B for Ga-doped InyO3s. The solid line is for guidance
only.
5.4.3 Band Gaps from Valence Band X-ray Photoemission

Spectroscopy

Valence band spectra for pure In,O3 and GaysO3 are shown in figure[5.13, The InyO3
spectrum was calibrated using the Fermi edge, and the Gay;O3 spectrum was cali-

brated assuming the C 1s binding energy was 285.0 V.
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Figure 5.13: Valence band spectra for InoO3 and GayOs.

The valence band of InyO3 has four main features, labelled IV, III, II, and I in
figure[5.13] They appear at binding energies of 8.5, 6.6, 5.4, and 3.9 eV respectively.
Feature IV stems from states of mixed character In 5s and O 2p, III and II arise
from states of mixed O 2p and In 5p states, whilst I is mainly dominated by O
2p with some contribution from In 4d.%% In the spectrum of GayOs the first three
features overlap to give a broad band. II and III are a hybrid of Ga 4p and O 2p.
At the top of the valence band, feature I is dominated by states of more purely O
2p character with some interaction with shallow Ga 3d states. Feature IV remains
distinct at a binding energy of 9.7 eV. This peak arises from states of mixed Ga 4s

and O 2p character.
Valence band spectra for undoped InyO3 and 1% and 6% Ga-doped samples are

shown in figure The binding energies were referenced to the Fermi energy

associated with the occupation of conduction band states.
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Figure 5.14: Valence band spectra for undoped In,O3 and 1% and 6% Ga-doped samples.

Apparent band gaps were derived by linear extrapolation of the lower binding

energy side of the valence band from the valence band spectra. The extrapolations

are indicated in figure [5.15

Intensity / a.u.

Binding energy / eV

Figure 5.15: Expanded valence band spectra for undoped In,O3 and 1% and 6% Ga-doped samples
showing the linear extrapolations to derive band gaps.

Figure shows estimated band gap values from XPS data for Ga-doping levels
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from 1% to 10%. It has to be noted that the procedure used here does not give
a reliable estimate of the absolute value of the band gap for two reasons. First,
downward band bending leads to carrier accumulation at the surface with partial
occupation of the conduction band which leads to the valence band edge lying fur-
ther below the Fermi level than in the bulk.*™ This band bending accounts for
the appearance of the conduction band feature which can be seen in figure [5.14]
Second, experimental and phonon broadening of the valence band edge, which is
very sharp in the DFT calculated density of states, shifts the apparent valence band
onset to lower binding energy. These two effects mutually cancel to some extent so
that the band gaps from XPS are quite close to those from diffuse reflectance. If
band bending is the same for all samples these effects should not influence estimated
variations in band gap. Finally, it should be mentioned that there is recent evidence
from angle resolved photoemission that there may be pronounced shrinkage of the

band gap at the surface due to many body effects.?
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Figure 5.16: Estimated band gap values from valence band edges for InoO3 with Ga-doping levels
from 1% to 10%.

The experimental results derived from the diffuse reflectance data were compared

with calculations performed by Dr. D. O. Scanlon. The incorporation of one Ga
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atom into a 40 atom primitive cell of In,O3 on both the 8b and 24d sites was tested.
Ga is 0.096 eV more stable on the 8b site, indicating that it will have a strong
preference at room temperature for taking up this site. The HSE06 calculated fun-
damental band gap and optical band gaps for In,O3 and In; g75Gag 12503 are shown
in Figure It is immediately obvious that the incorporation of Ga causes the
fundamental band gap, as well as the optical band gap, to increase slightly from
2.75 eV to 2.81 eV, which is not in agreement with the experimental results pre-
sented here. Clearly, the incorporation of the much smaller Ga onto an In site is
not sufficient to break the symmetry of the disallowed VB to CB transitions, and so
does not significantly alter the optical properties. Many symmetry distortions were
trialled, with the Ga ion placed off-centre from both distinct In sites, and, without

fail, the Ga returns to the In lattice site.
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Figure 5.17: HSEO06 calculated optical absorption spectra for Ins Gay,Ogz for x = 0.000 and 0.125.
Dashed lines indicate fundamental band gap, full lines indicate optical absorption.
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5.4.4 Core-level X-ray Photoemission Spectroscopy and
Gallium Surface Segregation

XPS wide scans of 1% and 10% Ga-doped InyOj3 are shown in figure [5.18] The pres-
ence of gallium dopant results in a number of Ga signatures appearing. The most
pronounced are the Ga 2p core lines and the Ga LMM Auger lines. The weaker Ga
3p core levels are observed between the In 4p and 4s structures, whilst the Ga 3s
core level can be observed in higher doped samples. However, the Ga 3d core line

overlaps the In 4d and O 2s peaks of the host material.
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Figure 5.18: Widescan XPS of 1% and 10% Ga-doped InyOs3.
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Figure 5.19: Ga 2p core level spectra of Ga-doped Iny;O3. The intensities have been normalised to
the In 3d intensity.

Figure [5.19 shows the Ga 2p core level in greater detail, with intensities nor-

malised to the In 3d intensity of In,Os3.

From these data the Ga content on the surface of the samples could be obtained.
In order to achieve this, the peak areas of the Ga 2ps;, and the In 3ds/, core levels
were corrected with the relevant atomic sensitivity factors of 5.4 for Ga 2ps;, and
3.9 for In 3ds),.”" The apparent surface Ga content ratios for samples with doping
levels of 1% to 10% and for pure In,O3 are shown in figure [5.20l Pronounced surface
enrichment of Ga is observed for all doped samples, especially for low Ga concen-

trations.
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Figure 5.20: Surface Ga-doping levels as a function of the bulk doping level from Ga 2ps/, and In
3ds), core level intensities. The solid line is for guidance only.

There are two possible driving forces for the surface segregation of Ga. Firstly,
this surface segregation can be understood in terms of strain. The mismatch in ionic
radii upon doping will lead to strain around the dopant. This strain is lowered if the
dopant leaves its position in the regular crystal lattice and segregates on the surface.
Friedel proposed the use of the calculation of an elastic energy for this purpose in
1954,°1 and here a derived equation from Battaile et al. is used.”® The elastic energy

E.; can be calculated using the following equation:

247TKAGB7”3BTA<:—; — 1)2

T 3K ara + 4G Rrp

(5.4)

where index A denotes the solute and index B denotes the solvent, and K is the
bulk modulus, G is the shear modulus, and r is the ionic radius. A value of 228
GPa for the bulk modulus of GasO3 was used.®® A shear modulus of 84 GPa was
calculated for In,O3 from equation [5.5| using the Poisson ratio v determined before

to be 0.31°45% and a bulk modulus of 194 GPa calculated by Walsh et al.®®
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_ 3K(1—2v)

¢ 2(1+v)

(5.5)

A value of 0.185 eV per Ga ion for the elastic strain energy could be derived for

Ga-doped InyO3. This is sufficient to drive pronounced surface segregation.

Secondly, segregation in post transition metal dopants can be driven by a change
in the valence state of the surface. This has previously been found in systems such
as Sn-doped TiO,,™ Sh-doped SnO,,*%* and Sn-doped InyO3.°? In these systems
the dopant substitutes bulk ions with a group of oxidation state of N, and has an
electronic configuration 55°5p°. However, segregated ions have an oxidation state of
N — 2, with an electronic configuration 5s25p°. At surface sites, mixing between 5s
and bHp states mediated by interaction with O 2p valence states leads to a lowering
of the internal electronic energy of the segregated ions, and thus provides a driving

force for segregation.®

Extending these findings to the (In;.,Gay)203 system, segregation could be un-
derstood in terms of occupation of surface sites by Ga™ ions. For this case, one
might expect a chemical shift between bulk and surface Ga ions. As the segregation
is more pronounced at lower Ga-doping levels, one would expect a greater contribu-

tion from surface segregated ions in this case.
However, a chemical shift could not be observed. Figure @ shows Ga 2ps, core

lines for 1% and 10% Ga-doped InyO3, which can be well fitted with single pseudo-

Voigt functions possessing the characteristics summerised in table [5.4]
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Figure 5.21: Curve fits to the Ga 2ps, core line for 1% and 10% Ga-doped InyOs3.

Table 5.4: Curve parameters from fits to the Ga 2ps/, core line for 1% and 10% Ga-doped InyO3.
Binding energy BFE, full width at half maximum FWHM, and the lorentzian part of the

function are given.

BE / eV FWHM / eV % Lorentzian

1118.69£0.4  1.78+0.05 0.58+0.05
1118.56+£0.4  1.70+£0.05 0.60+0.05

Sample

1% Ga-doped InyO3
10% Ga-doped Iny,O4

It is concluded that either there is no shift between bulk Ga3™ and surface Ga™

or that this mechanism does not pertain. The next section will explore this topic

further.
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5.4.5 Influence of lon Bombardment on Valence and Core

Level XPS of G3203
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Figure 5.22: Sputtering results for pure Ga2Os3. (a) Valence band of as-presented S-GagOs, (b) va-
lence band spectrum after ion bombardment for 20 minutes, and (c) after 40 minutes.
(d) presents the difference between (c) and (a) to illustrate the growth of a gap-state
(GS) structure above the valence band edge as a consequence of ion bombardment.

Figure shows the valence band of “as-presented” §-GayOj3, along with spectra
obtained after two consecutive 20 minute sputtering cycles as described in the ex-
perimental section of this chapter. The spectrum of the sample before bombardment
shows the features described in section [5.4.3] The spectra were aligned assuming
that the C 1s core line is at 285.0 V. With this correction, the Fermi edge is pinned
in the middle of the band gap which is a known behaviour for insulators and the

valence band onset appears at around 2.5 eV.%
After ion bombardment an additional feature appears above the top of the O 2p

valence band. A gap state structure, labelled GS in the figure, increases in intensity

upon ion bombardment. The observed structure is very similar to that found in va-
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lence band XPS of ion bombarded Sn0,% or indeed in the valence band spectrum
of Sn0.%¥ In the case of SnO, the structure is assigned to Sn?" states arising from
new occupied antibonding states of mixed O 2p - Sn 5s character above the top of
the valence band, which further hybridise with Sn 5p states to give a directional
lone pair.°%%* By analogy with this earlier work we take the appearance of the gap
state structure to be the definitive signature of reduction of Gay;O3 under ion bom-

bardment by preferential sputtering of oxygen to give reduced Ga™.

Ga 2p3/2

Intensity / a.u.

a)

T T y
1124 1122 1116 1114

T T
1120 1118

Binding energy / eV

Figure 5.23: Curve fits to the Ga 2ps/, core line for 3-GayO3 (a) “as-presented”, (b) after ion
bombardment for 20 minutes, and (c) after ion bombardment for 40 minutes.

Although there is a noticeable change in the valence band with the emergence
of the gap state structure, no significant changes to the Ga 2ps, core level are ob-
served. Figure shows Ga 2ps, core lines for 3-GayO3, which can be well fitted
with single pseudo-Voigt functions with the characteristics summarised in table [5.5
The peak for “as-presented” GayQOj is slightly asymmetric, which is most probably

due to surface contamination.
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Table 5.5: Curve parameters from fits to the Ga 2ps, core line for “as-presented” and ion bom-
barded (-GasOj3. Binding energy BE, full width at half maximum (FWHM), and the
Lorentzian part of the function are given.

Sample BE / eV FWHM / eV % Lorentzian

“as-presented” 1118.10+£0.4  1.74+0.05 0.6840.05
20 min 1118.44+0.4  1.75+0.05 0.5640.05
40 min 1118.57+0.4  1.77+0.05 0.57£0.05

It retains very similar widths and Gaussian-Lorentzian mixes as for the “as-
presented” [3-GayOs. Therefore, it can be concluded that there is no significant
chemical shift between bulk Ga3' and surface Ga', which is responsible for the gap

state.

It should be noted, that a pronounced chemical shift of around 1.5 eV between
Gay03 and GasO has been suggested.® This shift is not consistent with the results

presented here and is out of line with other N /N — 2 systems, as discussed below.

The behaviour observed here is analogous to that found for tin oxides, where a
chemical shift in Sn 3d core levels between SnO and SnOs is below 0.08 eV; and for
the mixed valence oxide Pb3O,4, where unsplit and symmetric Pb 4f core levels are

observed despite the presence of Pb** and Pb?* 66

(a) o% (b) ne

2 ) 2./ \ o o
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2- ‘O
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Figure 5.24: Schematic environments of metal cations in metal oxides. (a) cation with oxidation
state N in a 6-coordinate centrosymmetric site, (b) cation with oxidation state N — 2
occupying asymmetric 3- or 4-coordinate sites.

To understand the absence of a chemical shift between N and N — 2 oxidation
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states, one has to take the coordination symmetry of the two states into account.
Figure [5.24] shows that ions with oxidation state N occupy 6-coordinate centrosym-
metric sites, whereas N — 2 ions occupy asymmetric 3- or 4-coordinate sites. This
leads to a change in the Madelung site potentials which can cancel out the changes

in the free ion potentials. 0763

5.4.6 Surface Atomic Composition from Low Energy lon

Scattering (LEIS)

Ceramic (In;_«Gay)203 samples show pronounced surface segregation in XPS. LEIS

was used to investigate this further and to create a depth profile of selected samples.

Ion scattering spectra were measured with a Ne™ probe beam with Ar™ depth
profiling in between scans. The sputtering yields were estimated by Dr. H. Tellez-
Lozano using “Stopping and Range of Tons in Matter” (SRIM) software and are
given in table [5.6] The sputter yields for both InyO3 and GayOj3 are very similar.
The In,O3 sputter yield is equivalent to an etch depth of 0.327£0.05 nm during a
5 seconds sputter cycle. However, SRIM overestimates sputtering yields for oxides

by a factor of 3 to 5, meaning that the actual sputter rate could be closer to 0.10 nm.
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Table 5.6: Sputtering yields estimated using SRIM for Ar™ at 500 eV and 59°. For InyOj3 a cubic
structure with a density of 7.179 g/cm® and for GayO3 the B-phase with a density of
5.88 g/cm? were assumed.

atoms/ion eV /atom

In 1.68 17.79
O 2.73 13.87
total 4.41 31.66
Ga 1.66 18.84
O 2.95 12.64
total 4.61 31.48

Ion scattering spectra excited with 3 keV Ne™ ions for 1% and 10% Ga-doped
InyO3 are shown in figure [5.25] Both spectra were taken after mild Ar ion bom-
bardment followed by 10 seconds exposure to the Ne™ probe ion beam, which is
sufficient to remove surface carbon contamination. The scattering peak associated
with collision with the lighter Ga is found to lower energy of the scattering peak

associated with scattering from In.

3
©
=
D
C
2
£

10% Ga-doped In,O,

1% Ga-doped In,O,

T T T T T T T
1000 1500 2000 2500 3000

Energy / eV

Figure 5.25: Low energy ion scattering spectra of 1% and 10% Ga-doped In,O3 measured with 3
keV Ne ions after removal of the initial carbon contamination layer by Ar' sputtering
for 10 seconds.
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Figure 5.26: Low energy ion scattering spectra for 5 keV Ne™ scattered over 145° by a 10% Ga-
doped In;O3 sample. The left hand panel shows spectra measured at 5 s sputtering
intervals between 0 s and 55 s. The right hand panel shows spectra measures at 60 s
intervals between 85 s and 805 s.

Figure [5.26] shows a series of spectra for 10% Ga-doped InyO3 over a total sput-
tering time of 805 s. The Ga peak is continuously getting smaller, indicating a
difference between surface and bulk concentration. A progressive decrease in the Ga

peak is observed.

Depth profiles for 1%, 6%, and 10% doped samples, were recorded and quantified
(see figure [5.27)). Spectra were taken in intervals of 5 s until the change in concentra-
tion slowed down and spectra were measured every 60 s from that point. Sputtering

was continued until the Ga concentration stabilised.
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Figure 5.27: Atomic percentages of Ga and In for three samples, (a) 1%, (b) 6% and (c) 10%
Ga-doped InyO3 upon sputtering.

144



5 Electronic and Surface Properties of Ga-doped In,O3 Ceramics

Pronounced surface segregation can be seen for all three samples and table
gives the surface cgyrr and bulk ¢, concentrations for all three samples. The seg-
regation is more pronounced for lower doping levels, for example cpup = 15 X Coyry

for the 6% doped sample and ¢y, = 9 X Cgurp for the 10% doped sample.

Table 5.7: Surface cgyrp and bulk cpyp concentrations of Ga in %.

Sample Csurf Coulk

x = 001 5.03 <0.0001
x = 0.06 22.11 1.44
x = 0.10 28.95 3.09

The equilibrium surface Ga concentration was, in all cases, significantly lower than
the bulk doping level suggesting that in the steady state during a LEIS experiment

the surface is depleted of the lighter Ga dopant atoms as compared to the bulk In.

5.5 Concluding Remarks

This chapter shows structural and electronic changes upon Ga-doping of In,O3. In
the prepared ceramic samples a solubility limit for Ga in In,O3z of 7% was con-
firmed with X-ray diffraction and Raman spectroscopy. The increase in dopant
concentration goes hand in hand with a decrease in lattice parameters and above
7% Ga-doping a second phase could be identified. (GayIn; )03 samples show ap-
parent narrowing of the band gap in both diffuse reflectance spectroscopy and X-ray
photoemission spectroscopy. Taken at face value the results suggest an unusually
large band bowing effect. Calculations by Dr. D. O. Scanlon on bulk Ga-doped
Iny, O3 fail to reproduce the observed narrowing of the bandgap with doping and

instead predict a monotonic increase of gap with increasing Ga content.

In XPS spectra a pronounced surface segregation of Ga is apparent which sug-
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gests that the effects observed could be attributed to surface segregated Ga™. There
was no direct evidence for Ga' in core level XPS. Contrary to this observation, the
experiments on ion bombarded GayOs show a clear indication for a reduced Ga™
species with a lone pair state above the valence band edge in valence band XPS,

without the simultaneous appearance of a chemically shifted Ga 2p component.

This leads to the conclusion that the chemical shift between surface Ga™ and bulk
Ga®" in this system is negligibly small, as in related systems such as SnO,/SnO.
This allows for the possibility that the apparent band gap narrowing arises from
surface segregated Ga™'. It is noted that the shape of structure at the valence band
edge is somewhat different between ion bombarded Ga;O3 and Ga-doped In,O3 with

segregated Ga, but the surface sites in these two systems could be very different.
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6 Electronic and Surface
Properties of Tl-doped In,O3

Ceramics

6.1 Introduction

Following the experimental work on Ga-doped InyOg3, Tl-doping of InyO3 was inves-
tigated. T1,03 has a very low band gap of only 0.33 eV.! This low value suggests

there should be a pronounced reduction of the gap of In,O3 upon T1 doping.

No literature could be found on Tl-doping of InyO3, most possibly as a result of
the complex safety issues regarding T1,O3. Thallium and its compounds, including
T1;,0O3, are highly toxic. The main risks are easy absorption through the skin and
high volatility, which leads to an associated risk of inhalation upon heating. T1
accumulates in the body and ultimately leads to irreparable damage to the nervous
system.? Despite these concerns, calculations on Tl-doped InyO3 performed by Dr.

D. O. Scanlon acted as a catalyst for the interest in T1 as a possible dopant.

In this chapter the calculated values of the band gap are compared with results

from high resolution X-ray photoelectron spectroscopy (XPS) on ceramic (Iny_, Ty )203
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samples. In addition, the pronounced surface segregation of T1 by means of ion bom-

bardment depth profiling in XPS is investigated.

6.2 Experimental

Tl-doped InyO3 ceramic samples were prepared using a high temperature solid state
approach. The starting materials were T1,03 (99.99%, supplied by Sigma-Aldrich
Inc.) and InyO3 (99.99%, supplied by Sigma-Aldrich Inc.). Two types of mixed
oxide powders with the composition (In;_(Tl,)203 with T1 doping levels of x = 0.01
and x = 0.06 were prepared by grinding stoichiometric amounts of the oxide pow-
ders initially under acetone in an agate mortar for 30 minutes until the mixture was
homogeneous and carefully dried. The powder mixtures were pressed into pellets
with a diameter of 1 cm and a thickness of approximately 1 mm at 5 tonnes, for 5
minutes, and placed in ceramic crucibles. The pellets were enclosed in a blanket of
powder of the same composition to prevent the loss of volatile Tl,O3 during calcina-
tion. The samples were sintered in a tube furnace at 600 °C for 24 h, and cooled at a
rate of 5 °C per minute. Due to the toxicity of thallium and its compounds, all work
was conducted in fume hoods and additional precautions, including the wearing of

face masks and special gloves, were taken.

All ceramic samples were analysed in pelletised form using the Phillips PANana-
lytical X’Pert PRO diffractometer. XPS was undertaken on the Kratos Axis Ultra-
DLD at Cardiff University. For ion bombardment experiments an area of 5 x 5 mm
was etched with an Ar ion gun operating at 4 keV and 15 mA, and an argon pressure

of 1 x 107% mbar, for 20 minutes at a time.
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6.3 Results and Discussion

6.3.1 Calculations

Density functional theory (DFT) calculations were performed by Dr. D. O. Scan-
lon using the Vienna ab-initio simulation package (VASP).® The full Heyd-Scuseria-
Ernzerhof hybrid functional (HSE06) as proposed by Krukau et al.# was used, which
has previously been shown to provide an excellent description of the electronic struc-
ture of TlyO3% and In,O3=.

Figure shows the calculated band structures for In,Oz, T1503, Ing g75T1.1250s3,
and Inj 75Ty 2503. The two Tl-doped samples correspond to doping levels of ap-
proximately 6 and 12 %. A reduction in band gap is apparent upon doping with a

limiting band gap of only 0.33 eV for T1,O3 itself.
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Figure 6.1: Band structure of Iny_T1,O3 for x = 0.000, 0.125, 0.250, and 2.000. Blue and orange
denote valence bands and conduction bands. The valence band maximum is set to 0
eV in each case.
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6.3.2 Surface versus Bulk Incorporation of Thallium

XRD patterns were recorded for the two Tl-doped InyO3 samples, which showed
only minimal shifts to higher diffraction angles. Incorporation of the larger T1**
cation into In®" sites would be expected to lead to an increase in lattice parameter
and a shift of diffraction peaks to lower angles. The failure to find a shift of this
sort suggests that Tl is not being incorporated as a bulk dopant, but is confined to

a highly enriched surface layer.
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Figure 6.2: XRD patterns for (a) 1% and (b) 6% Tl-doped InyOg3 pellets and reference data for
undoped Iny03.9

This was confirmed using high resolution XPS. Binding energies in all XPS spectra
presented here were referenced to the Fermi energy associated with the occupation
of conduction band states for the 1% TI sample and In,O3. As no intensity at the
Fermi level could be observed in the 6% Tl sample, it was referenced assuming the
C 1s core line to be 285.0 eV. This procedure placed the Fermi level at the correct
position for the other two samples. Figure |6.3] shows survey scans for the 1 and
6% Tl-doped samples. Strong thallium core lines can be observed in both spectra
confirming that a high Tl concentration is present at the sample surface compared

to the nominal bulk concentration.
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Figure 6.3: Widescan XPS spectra for (In;.xTly)203 with x = 0.01 and x = 0.06.

Figure shows the observed T1 4f core lines for both Tl-doped samples. From

pseudo-Voigt fits to the XPS data the surface concentration of T1 could be calcu-

lated to be 0.19 for x = 0.01 and 0.36 for x = 0.06.
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Figure 6.4: XPS spectra of the T1 4f core level for (Iny_Tly)203 with x = 0.01 and x = 0.06.
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Figure 6.5: In 3d and 4d core levels for (In; xTly)203 with x = 0.01 and x = 0.06.

Figure shows the In 3d and 4d core levels for the Tl-doped samples com-

pared to undoped InyO3. All core lines shown here exhibit a shift to lower binding

energies with increased T1 doping level. Table [6.1] summarises the binding energies

and shifts, as well as the spin-orbit splitting (SO.) of the core levels upon T1 doping.

Table 6.1: Binding energies BE of the Tl 4f, In 3d, and In 4d core levels upon Tl-doping. The
column on the very right shows shifts in BE between the two doping levels. Spin-orbit

splitting SOS is also included.
COI’G level IHgOg (In0_99T10.01)203 (In0_94T10.06)203
BE In 3d5/2 444.19 444.14 444.11 -
BE In 3ds, 451.73 451.7 451.67 ABE =0.03 ¢V
BE In 4d 17.63 17.52 ABE = 0.11 eV
BE TI 4f7/2 - 118.82 118.43 -
BE Tl 4fs, - 123.23 122.84 ABE =039 ¢V
SOS In 3d 7.54 7.56 7.56
SOS T14f - 4.41 4.41
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6.3.3 Valence Band X-ray Photoemission Spectroscopy

Valence band spectra for undoped InyOs and 1% and 6% Tl-doped samples are
shown in figure[6.6, With increasing T1 doping level, the valence band edge shifts to
lower binding energy. As the binding energies are referenced relative to the Fermi
edge, which lies close to the conduction band minimum, this points towards a nar-
rowing of the band gap. However, the intensity from conduction band states close
to the Fermi edge decreases with T1 doping. It decreases so far that for the 6%
Tl-doped sample the Fermi edge could no longer be observed with any confidence.
As mentioned before, this led to all spectra for this sample to be aligned using the

C 1s core level.

Intensity / a.u.

10 8 6 4 2 0 -2

Binding energy / eV

Figure 6.6: Valence band spectra for undoped InpO3 and 1% and 6% Tl-doped samples.

The decrease in the intensity around the Fermi edge, combined with the pro-
nounced T1 surface segregation observed, suggests that part of the thallium located
at the sample surface may be present as T1". Lone pair cations like this are well
known to segregate to surface sites.”™ TI" would act like a two electron accep-
tor, which would lead to a partial compensation of the charge carriers arising from
oxygen vacancies and native donor defects. Bi-doped PbO, exhibits a similar com-

pensation, as Bi acts as an acceptor rather than a donor. In the formally related
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system Sb-doped SnOs Sb acts as a donor as expected from simple electron counting
considerations.” ! The T1" idea is supported by the observation that the photoemis-
sion intensity in the band gap region immediately above the extrapolated valence
band edge is stronger in the Tl-doped samples compared to undoped In,O3. An-
tibonding lone pair states are expected in this region. Figure shows the linear
extrapolation of the lower binding energy side of the valence band with the shaded

area being attributed to the existence of antibonding lone pair states.
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Figure 6.7: Expanded valence band spectra for undoped In,O3 and 1% and 6% Tl-doped samples
showing the linear extrapolations to derive band gaps.

Table shows the apparent band gaps derived from the linear fits to experimen-
tal data and from theoretical calculations. The calculated values for undoped Ins O3
are consistent with the experimental results presented here. All the caveats dis-
cussed in relation to Ga-doped In,O3 apply to the experimentally values presented
here and analysis of the data is further complicated by the fact that the intensity of

the conduction band feature decreases with thallium doping.
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Table 6.2: Band gaps for InoO3 and 1%, 6%, and 12% Tl-doped In,O3 derived from XPS data
E,(exp) and theoretical calculations Egy(calc). Both the nominal bulk concentration
cri(nom) and the experimentally derived surface concentration cp(surf) are given.

cri(nom) /| % cen(surf) /% Ey(exp) | eV  Ey(calc) | eV

0% 0% 2.78 2.75
1% 19% 241 -

6% 36% 2.27 2.51
12% - - 2.23

Both experimental and calculated data show a significant decrease in the band gap
of InoO3 upon T1 doping. Due to the highly Tl-enriched surface a direct comparison
for specific doping levels is complicated. The nominally 6% Tl-doped sample, with
a surface concentration of 36% TI1, shows a band gap close to the calculated band
gap for a 12% doped sample. It can be concluded that both calculated and experi-

mental data show a significant decrease in the band gap compared to undoped In,Os5.

6.3.4 Influence of lon Bombardment on Valence and Core

Levels XPS of Tl-doped Iny0O3

Figure shows the valence band of 6% Tl-doped In,Oj3, along with spectra ob-
tained after three consecutive 15 minute sputtering cycles as described in the ex-
perimental section of this chapter. The valence band shows the features typical of

InyO3, which are described in section [5.4.3]

After ion bombardment an additional feature appears above the top of the O 2p
valence band, similar to that observed in Ga-doped In,O3 previously. A gap state
structure, labelled GS in the figure, is increasing in intensity upon ion bombard-
ment. In analogy to the conclusions drawn for the Ga-In-O system, the gap state

structure is attributed to the reduction of thallium under ion bombardment to give
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reduced T1".

A M H\_\‘\\
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Figure 6.8: Sputtering results for 6% Tl-doped In;O3. (a) Valence band of as-presented Tl-doped
Iny03, (b) valence band spectrum after ion bombardment for 15 minutes, (b) after 30
minutes, and (d) after 45 minutes. (e) presents the difference between (d) and (a) to
illustrate the growth of a gap-state (GS) structure above the valence band edge as a
consequence of ion bombardment.

In addition to changes in the valence band, the results of the ion bombardment
were used to further investigate the segregation of thallium. The overall area of the
Tl 4f core level decreases significantly upon ion bombardment. Figure shows
the T1 4f core level for the sample before and after 2700 s sputtering. It should be
noted that the T1 4fs/, core line overlaps with the In 4s core level. Therefore, only

the T14f7, core line was used for quantification of the decrease in thallium intensity.
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Figure 6.9: XPS core level spectra of T1 4f and In 4s of the 6% Tl-doped Iny O3 sample before and
after 2700 s ion bombardment. The spectrum after 2700 s bombardment is dominated

by the In 4s signal.

An immediate decrease in Tl intensity is observed with the surface T1 concen-
tration dropping from 36% to 2.89% after 900 s. Upon further sputtering only a
small further decrease to 2.73% after 1800 s and 2.65% after 2700 s, is observed.
This further provides evidence for the pronounced surface segregation of T1, with a

remaining bulk concentration of approximately 2.7%.

6.3.5 Concluding Remarks

High resolution XPS was employed successfully to confirm calculations for the
(In; < Tl )203 system. Ceramic samples with thallium doping levels of nominally
1 and 6% were investigated. The samples showed pronounced surface segregation
leading to surface concentrations of 19% and 36% respectively. Upon doping a de-

crease in the band gap of InyO3 was observed, which was predicted by calculation

beforehand.
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7 A Sol-Gel Approach to Growth
of High Quality TiO»s Thin

Films

7.1 Introduction

Of the three polymorphs of TiO,, anatase is the best photocatalyst.X™ This is mainly
due to the indirect nature of the band gap in anatase and an electron mobility of
~10 cm? /Vs that is ten times greater than the value of ~1 cm?/Vs found for rutile.”
These effects ultimately lead to a better separation of electron-hole pairs. Because
rutile is the most stable phase thermodynamically, the synthesis of anatase is not
possible via high temperature solid state routes, but anatase has been synthesised
using precipitation from solution followed by calcination at very low temperatures.
However, it will transform irreversibly into rutile upon heating above 600 °C or

lower, depending on purity and morphology (see chapter 1).

Epitaxial thin films of anatase have been grown by a variety of techniques includ-
ing oxygen plasma assisted molecular beam epitaxy (OPA-MBE), laser molecular
beam epitaxy (L-MBE), pulsed laser deposition (PLD), reactive sputtering, atomic

layer deposition (ALD), solution based synthesis, and radio frequency magnetron
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sputtering (RFMS). Table gives an overview over the different thin films grown

by these techniques as reported in the literature.

Table 7.1: Summary of techniques used to grow doped and undoped epitaxial thin films of anatase
TiO4 as reported in the literature.

dopant method substrate

- OPA-MBE LaAlO; (001)57

. OPA-MBE SrTiO; (001)57

Co OPA-MBE SrTiO; (001)78

Co OPA-MBE LaAlO; (001)7
Mn OPA-MBE Nb:SrTiO; (001)?

; L-MBE LaAlO; (001)10

; L-MBE SrTiO; (001)10

Co L-MBE LaAlO; (001), SrTiO; (001)™
; PLD LaAlO; (001)™2

; PLD LaAlO; (001), SrTiO; (001)13
Co PLD LaAlO3 (001), SrTiO3 (001)*4
Nb PLD LaAlO; (100)1

- reactive sputtering LaAlO; (001)1

; ALD MgO (001)17

- sol-gel LaAlO; (001)18

- RFMS SrTiO; (001)%

Epitaxial thin films of anatase grown on SrTiOz (STO) or LaAlO3 (LAO) can be
stabilised to much higher temperatures of up to 1000 °C making them accessible
to in depth characterisation. The reason for the stabilisation of anatase lies in the
difference in mismatch between the anatase thin film and the single crystal substrate

it is grown on, as compared to the corresponding mismatch for rutile.
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Table 7.2: Lattice parameters a, b, and c of rutile R, anatase 4,2 SrTiOz Sr,22 and LaAlO;
La,23 and mismatches between thin film and substrate materials Ar_gro, Aa_s70,
ARr-ra0, and Ay_ra0-

Rutile  Anatase SrTiOs; LaAlOs3

4.594 3.784 3.901 3.791
4.594 3.784 3.901 3.791
2.959 9.515 3.901 3.791

o S Q
T T~
o=

Ar_sto Aa_sto Ar—rao Aa_rao
17.76% 2.99% 21.17% 0.19%

In the case of a SrTiO3 substrate the mismatch between the lattice parameters
is 17.8% for rutile and only 3% for anatase, which favours growth of anatase over
rutile (see table [7.2)). However, the 3% mismatch is expected, nonetheless, to lead

to strain in the film.

The Egdell group has recently developed a simple and inexpensive sol-gel method
to grow anatase TiOs thin films. Initially, samples made using this method showed
stress induced de-wetting and the formation of square islands, rather than continu-
ous thin films. Figure shows AFM images of samples prepared by Dr. F. Oropeza

at different annealing temperatures.?
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Figure 7.1: AFM images of TiOs samples grown on SrTiOs at four different annealing temper-
atures. All samples show de-wetting and ultimately the formation of square islands.
Samples were prepared by Dr. F. Oropeza (DPhil Thesis, Oxford, 2011).

In the work presented here the sol-gel dip-coating method was refined starting
from a Design of Experiments (DOE) approach and it is shown that epitaxial
anatase thin films grown are stable up to temperatures of 1000 °C. The high qual-
ity films allowed for extensive characterisation using XRD, Raman, UV-Vis, AFM,
ellipsometry, and synchrotron based reciprocal space mapping. The influence of
temperature on the thin films was investigated by synchrotron based diffraction. In
addition, we prepared epitaxial rutile films and Sn-doped anatase films and investi-

gated crystallographic changes.

7.2 Experimental

Thin films of TiO, were grown via sol-gel dip-coating using a Ti isopropoxide pre-
cursor in 2-propanol, acidified with nitric acid. For the initial DoE setup quartz
substrates were used. A Plackett-Burman design® was chosen, which is ideal for
screening a larger number of factors influencing the sample quality. It is a highly

efficient setup reducing the number of necessary initial runs. All influencing factors
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are set to have a minimum and maximum value with one additional run located
at the centre points of all factors. The precursor concentration cprecursor; volume
of nitric acid Vg, number of dips ngips, and annealing temperature T,nneat Were
identified as the main factors to be included in the DoE. Table [T.3 summarises the
13 runs included in the DoE and the settings for the different factors. The order of

runs was randomised.

Table 7.3: Plackett-Burman design for sol-gel dip-coating of TiOs thin films on quartz substrates.

run  Cprecursor [mOl/ L] Vacid [ﬂL] Ndips Tanneal [OC]

1 0.45 90 12 1000
2 0.35 120 10 800
3 0.25 90 12 1000
4 0.45 90 12 600
5 0.25 90 8 600
6 0.25 90 8 1000
7 0.45 90 8 600
8 0.45 150 8 1000
9 0.25 150 12 1000
10 0.45 150 8 1000
11 0.45 150 12 600
12 0.25 150 8 600
13 0.25 150 12 600

From this design and the preliminary characterisation of the resulting films, the
following final setup was chosen. 30 mL of the precursor solutions were prepared
under an Ny atmosphere in a glove box to prevent premature hydrolysis of the pre-
cursor. A precursor solution of Ti(IV)isopropoxide (99.999% trace metals basis,
supplied by Sigma-Aldrich Inc.) in 2-propanol with a propoxide concentration of
0.25 mol /L was prepared, and 150 uL. HNO3 were added to promote gelling. After
the precursor solution was prepared, it was removed from the glove box and trans-

ferred into a wide necked round bottom flask for the dip-coating.

Quartz substrates for the preliminary DoE setup as well as single crystal substrates
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of SrTiO3 (001) and R-plane Al,O3 (1102) for the preparation of high quality epi-

taxial thin films were cleaned with 2-propanol and dried under N, flow.

Substrates were dipped into the precursor solution and held stationary for one
minute, after which they were withdrawn from the solution at a removal speed of
0.35 cm/min. Thereafter, they were hydrolysed in a stream of wet nitrogen gas
for five minutes. This process was repeated until the desired number of dips was
reached. The number of dips was varied between one and eight in order to prepare

samples with different thicknesses.

Dip-coated samples were placed in recrystallised alumina boats and annealed at
600 - 1000 °C in a muffle oven for five hours. The cooling rate for all experiments

was set at 5 °C per minute.

The preparation of Sn-doped TiO, samples only differed in that a mixed alkox-
ide solution of Ti(IV)isopropoxide (99.999% trace metals basis, supplied by Sigma-
Aldrich Inc.) and Sn(IV)isopropoxide (10 % (w/v) in isopropanol/toluene, 99.99%
trace metals basis, supplied by Sigma-Aldrich Inc.) in 2-propanol with an overall
concentration of 0.25 mol/L was prepared for the Sn:TiO, sample. The nominal mo-
lar ratio between the Sn- and Ti-precursor was 0.1 to 0.9. The resulting Sn-doping

level is 1%.
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7.3 Results and Discussion

7.3.1 Exploratory Setup

Thirteen samples of TiO, prepared on quartz, prepared as described in table [7.3]
were investigated to identify the ideal experimental conditions for the growth of
TiO, thin films. Quartz was an ideal starting substrate as it is comparatively cheap
and easy to handle. However, due to the broad and strong background from the
quartz substrate, X-ray diffraction could not be employed to assess the quality of
the films. Therefore, Raman spectroscopy and AFM were chosen to investigate the

samples.

The tetragonal structure of anatase TiOs belongs to the space group 14 /amd.
The 15 vibrational modes span the following irreducible representation I' in the Dy,

factor group:

I' =1A14 + 149, + 2By, + 1By, + 3E, + 2E, , (7.1)

where the six gerade g modes are Raman active. Table|7.4]summarises the Raman
peaks observed in the here presented work and compares them to values from the

literature.

Table 7.4: Observed Raman modes in cm™ for TiO5 on quartz and comparison with experimental
data from Frank et al.’2”

Mode (sym) this work Frank et al.

E, 14443 144
E, 196+3 196
By, 395+3 394

By, Ay - 516
E, 640+3 638
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The By, A14 peaks could not be observed as they are masked by a quartz signal.
The E, reflection at 196 cm™ is very weak and could only be observed in the thickest
samples. Figure[7.2] shows the four observed modes in such a sample compared to a

reference spectrum for a pristine quartz substrate.
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Figure 7.2: Raman spectra for a TiO5 film on quartz and a pristine quartz substrate with the
position of the Raman active modes for TiOs anatase indicated. The inset shows a
wide spectrum of the pristine quartz substrate.
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Figure 7.3: Raman spectra for all 13 TiOs films on quartz substrates from the DoE setup. The
most intense modes observed are indicated.

The Raman E, mode at 144 cm™ shows the highest intensity and could be ob-

served in all the samples prepared (see figure , therefore confirming the presence
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of anatase TiOs on the entire series of samples deposited on quartz.

After confirming the growth of TiO, on all quartz substrates, the samples were
characterised using atomic force microscopy (AFM). All samples showed a contin-
uous layer of TiO, with different sized spherical crystallites. Figure [7.4] shows two

exemplary images which are typical of the surface morphology for all samples.

Figure 7.4: AFM images of two samples from the DoE setup, (a) sample number 6, and (b) sample
number 12.

From the combination of Raman and AFM results for all 13 samples an optimised
experimental setup was chosen. The precursor and acid concentrations were fixed
for all further work to a concentration of 0.25 mol/L for the precursor and an acid
volume of 150 pL. Due to the strong influence of the temperature and the number
of dips on the quality and characteristics of the films, these two parameters were

investigated further using single crystal substrates.

In addition to the general optimisation of the experimental setup, a change in
the substrate cleaning procedure used for single crystals led to major improvements
of the film quality. Previously, substrates were cleaned using acetone, water, and

2-propanol in an ultrasonic bath. The substrates for the samples prepared in the
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current work were only cleaned using 2-propanol and without the aid of ultrasonic
baths, as it is believed that the acetone introduces surface nucleation sites and the
ultrasonic cleaning induces microscale cracking, especially at the edges of the sub-

strates, leading to de-wetting and non-uniform film growth.

7.3.2 High Quality Thin Films of TiO; on SrTiO3 (001)

To investigate the influence of the annealing temperature in more detail, two- and
four-dip samples were annealed at 700, 800, 900, and 1000 °C. In the first instance
they were investigated using X-ray diffraction. Figure [7.5] shows scans from 20 to

50 ° of a two and a four dip sample annealed at 1000 °C.

2 dips SrTio, (002)
SITiO, (001)

anatase (004)

4 dips SrTiO, (ooz)ﬂ

SrTiO, (001) \
I

log. intensity / a.u.

anatase (004

| ,/

) |
2 45 0

20/ deg
Figure 7.5: XRD scans of a two and a four dip sample annealed at 1000 °C.
The (004) anatase Bragg peak lies between the (001) and (002) reflections of the
SrTiOg substrate. Figure shows an expanded view of the anatase TiO, (004)
reflection for all eight samples. All samples show broad specular Bragg peaks for

anatase (004) with well-defined Pendellosung fringes on either side.
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Figure 7.6: Expanded view of the TiOy (004) reflection for two dip and four dip samples at an-
nealing temperatures of 700 - 1000 °C.

To determine the d-spacing of the anatase thin films, the angle of the anatase (004)
Bragg peak 264, was calibrated using the SrTiOs (100) and (200) reflections. The
(100) and (200) reflections are expected to be at an angle of 205r000) = 22.7514°
and 20g70(200) = 46.4674° respectively. The following equation was used to deter-

mine the corrected angle 26 4,,:

(29%75 - 29%?0(100)) - A20s70
A20%5, ’

20 4, = 20570(100) + (7.2)

where the index obs refers to the measured diffraction angle, and A260g7¢o is the

difference between the angles of the (100) and (200) SrTiO3 reflections.

Using the Bragg equation the dj-spacing was calculated:

nA

2sinf ’ (7.3)

dhkl =

where n is an integer, A is the wavelength of the incident beam (1.54056 A for

Cu Kay), and 6 is the angle of the incident beam. Table [7.5| gives the observed and
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calculated angles, as well as the derived d-spacing values.

Table 7.5: Observed angles for the SrTiO3 substrate and the anatase thin film, corrected diffraction
angles of anatase, and the resulting d-spacing. All angles are given in degrees and the
experimentally observed angles are subject to an uncertainty of £0.004. 2d and 4d refer
to two dip and four dip samples, respectively.

sample 209,000 2080000 20%  20an  Oan  dwa /A

700 °C, 2d 22.833 46.567  37.964 37971 18.934  2.373
700 °C, 4d 22.822 46.545  37.872 37876 18.901  2.378
800 °C, 2d 22.853 46.539  37.739 37933 18.925  2.375
800 °C, 4d 22.941 46.639  37.929 37.930 18.876  2.381
900 °C, 2d 22.956 46.664  37.895 37973 18.887  2.380
900 °C, 4d 22.853 46.539  37.724 37.735 18.826  2.387
1000 °C, 2d  22.841 46.557  37.847 37.865 18.888  2.380
1000 °C, 4d  22.840 46.533  37.705 37.741 18.833  2.386

From the corrected angles the derived d-spacings for four dip samples are higher
compared to those from two dip samples, and both show an increase in d-spacing

with annealing temperature.

The Bragg reflections showed characteristic oscillations on either side of the Bragg
peak, which is unexpected considering the comparatively low intensity of the film
reflections in laboratory-based XRD. The oscillations were further investigated on
samples grown at 1000 °C with a varying number of dips using laboratory- and syn-
chrotron based XRD. The oscillations are extremely well defined in the synchrotron

diffraction patterns.

176



7 A Sol-Gel Approach to Growth of High Quality TiO, Thin Films

1dip
——2dips

4 dips
——8dips

3 e
© ®©
- -
2 z
% @ |2 dips
[]
= k=
% -
3 g
4 dips

35 36 37 38 39 40 41 1.50 1.55 1.60 1.65 1.70 1.75 1.80
20 /deg

(a) (b)
Figure 7.7: Expanded view of the TiOs (004) reflection of samples annealed at 1000 °C with varying

numbers of dips from (a) laboratory based XRD, and (b) synchrotron based XRD. The
horizontal scale in (b) is in reciprocal lattice units of the substrate.

The observed oscillations are known as Laue or Pendellésung fringes and arise
from coherent scattering from a film of finite thickness.*®*? The presence of the
fringes is a good indication of the quality of the film as a long range structural
coherence and uniform thickness is required to show these fringes. The spacing of
the fringes is directly related to the thickness, with the fringes being closer together,
the thicker the film. In one dimension the intensity oscillations as a function of

wavevector transfer () are given by:

sin((Na)/2 x Q)17
sin((a/2) x Q) |~

where ¢ is the unit cell size normal to the surface and N is the number of cells.

1(Q) = (7.4)

Na is therefore the film thickness ¢.
The Laue function has a maximum of intensity proportional to N? at the posi-

tion given by the Bragg condition and a series of minima separated by a period

AQ, = 1/t from the Bragg peaks. The first intensity maxima in the fringes occur
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at £3/2AQ,. The splitting between the first two fringe maxima is 3AQ),,. This al-
lows the evaluation of the film thickness. The film thickness of the two- and four-dip

samples annealed at 1000 °C was calculated to be 6.31 nm and 11.24 nm respectively.

For the laboratory based data the intensities are measured as a function of angle

rather than wavevector transfer, and the formula for the film thickness becomes:

A
t= ,

2(sin(fx 1 + %) —sinfk_1)

(7.5)

where A is the wavelength of the incoming X-rays, and 6x_; and k., are the
angles of the fringe maxima on either side of the Bragg reflection. The estimated

film thicknesses are given in table [7.6]

Table 7.6: Estimation of the film thickness ¢ from Laue fringes around the (004) anatase Bragg
reflection. All angles are given in degrees. 2d and 4d refer to two dip and four dip
samples, respectively.

sample 2051 20K 11 t / nm
800 °C, 2d  36.04+0.05 39.944+0.05 7.16+0.25
800 °C, 4d  36.78+0.05 39.15+0.05 11.80+0.25
700 °C, 2d  35.8840.05 40.364+0.05 6.23+0.25
700 °C, 4d  36.6640.05 39.154+0.05 11.2340.25
900 °C, 2d  36.10+0.05 39.924+0.05 7.314+0.25
900 °C, 4d  36.69+0.05 38.924+0.05 12.5340.25
1000 °C, 2d  35.824+0.05 40.06+0.05 6.58+0.25
1000 °C, 4d 36.49+0.05 38.98+0.05 11.22+0.25
1000 °C, 8d 36.99+0.05 38.35+0.05 20.56+0.25

The thicknesses derived from laboratory XRD data are consistent with results
from synchrotron XRD given above and ellipsometry measurements (on samples on
quartz substrates), where thicknesses of 4.57 nm (1 dip), 8.72 nm (2 dip), and 15.9

nm (4 dip) where found for samples annealed at 1000 °C.
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Figure 7.8: AFM images of TiO thin films with varying dip numbers and annealing temperatures
grown on SrTiOs.

The XRD results suggest the presence of highly uniform thin films. The surface
morphology was investigated using AFM. The samples increased in quality with in-
creasing annealing temperature and film thickness. Figure shows AFM images

of two- and four-dip samples annealed at 700 - 1000 °C. The samples annealed at
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1000 °C show the formation of pinholes.

7.3.3 Reciprocal Space Mapping of TiO; Thin Films

As well as recording line profiles using the central pixels on the Pilatus detector, the
complete detector images were downloaded and stored as digital files of intensity
versus pixel coordinates. The 2D detector surface gives a slightly curved surface in
3D reciprocal space, but software was developed by Dr. D. Wermeille to transform
a series of detector images into a uniform mesh of intensity versus reciprocal space
coordinates (h, k, [). These datasets were converted into .vtk format required for
input into the Paraview 3D visualisation software suite using a short Fortran pro-
gramme written by J. Paddison. The data could then be presented as a series of
nested 3D isosurfaces of varying transparency sitting on a 2D contour map in an
appropriate flat plane in reciprocal space. Maps around the specular (004) and the

off-specular (013) reflection were produced in this way.

Figure shows the 3D maps for a four dip sample annealed at 1000 °C. Maps
around the (004) reflection show the previously mentioned Laue or Pendellésung
fringes around the main Bragg peak along the [ direction. In the [-scan map around
the (004) reflection the scan did not reach far enough in h, leading to the contours
not being entirely closed. In comparison the dimension of A is large enough in the h
scan to show the contours fully closed. The [ scan also shows a truncation rod com-

ing from the substrate (002) reflection and spears through the thin film reflection.
The [-scan around the (013) reflection shows Laue or Pendellésung fringes as well.

In addition the substrate (011) reflection can be seen on the right hand side, from

which a truncation rod is extending in the [ direction. This does not pass through
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the centre of the epilayer reflection.

2
i

0.05

0.00

Figure 7.9: 3D reciprocal space maps of a four dip anatase TiO4 thin film annealed at 1000 °C for
(a) I-scan around the (004) reflection, (b) h-scan around the (004) reflection, (c) I-scan
around the (013) off-specular reflection, and (d) h-scan around the (013) reflection. The
scan range in h is (a) -0.023 to +0.018, (b) -0.074 to +0.062, (c) £0.02, and (d) -0.127
to +0.11. h, k, and [ values are specified in reciprocal lattice units of the substrate.

Figure [7.10] shows the 3D maps for a four dip sample annealed at 700 °C. The
lower annealing temperature compared to the previous sample leads to a less uni-
form thin film (see AFM images in figure , which in turn results in less well
pronounced Laue or Pendellosung fringes around the (004) reflection. As before, a

truncation rod coming from the substrate reflection spears through the Bragg peak
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along [. In this case, the h range for both samples shows completely closed contours

of the Bragg peak.

Due to the low intensity of the [-scan and the lower annealing temperature the
Laue or Pendellosung fringes of the (013) reflection are no longer well pronounced,
although there is still some intensity present to either side of the main Bragg reflec-
tion. As before, the substrate (011) reflection can be seen on the right hand side,
from which a truncation rod is extending in the [ direction. The h-scan around the
(013) reflection is very low in intensity, but still shows the main Bragg reflection

and the truncation rod.
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Figure 7.10: 3D reciprocal space maps of a four dip anatase TiO5 thin film annealed at 700 °C for
(a) I-scan around the (004) reflection, (b) h-scan around the (004) reflection, (c) I-scan
around the (013) off-specular reflection, and (d) h-scan around the (013) reflection.
The scan range in h is (a) -0.025 to +0.019, (b) -0.076 to +0.063, (c¢) -0.024 to +0.018,
and (d) -0.129 to +0.108. h, k, and [ values are specified in reciprocal lattice units of

the substrate.
Figure [7.11] shows the 3D reciprocal space maps for a two dip sample annealed at
1000 °C. This very thin film shows a broadening of the (004) Bragg reflection. Laue
or Pendellosung fringes are observed along the [ direction around the main Bragg
peak in both the [- and h-scan of the (004) reflection. As in the four dip sample, a

truncation rod is observed, and in this case, fully closed contours are shown in both

maps.
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The off-specular (013) reflection is dominated by the truncation rod coming from

the substrate (011) reflection, which can be seen on the right hand side in the [-scan.

The truncation rod is also visible in the k scan.

1.64e+003 -

8 §

mmm”\ 1 wm
o

160
150
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1.001.02 104 1.06 108 119
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3D reciprocal space maps of a two dip anatase TiOs thin film annealed at 1000 °C for
(a) I-scan around the (004) reflection, (b) h-scan around the (004) reflection, (c) I-scan
around the (013) off-specular reflection, and (d) h-scan around the (013) reflection.
The scan range in h is (a) -0.026 to +0.02, (b) -0.076 to +0.063, (c) -0.024 to +0.018,
and (d) -0.129 to +0.11. h, k, and [ values are specified in reciprocal lattice units of

Figure 7.11:

the substrate.

184



7 A Sol-Gel Approach to Growth of High Quality TiO, Thin Films

7.3.4 Influence of Temperature on Thin Films Probed by

Synchrotron Based Diffraction

The influence of temperature on thin films of TiOy on SrTiO; was studied using
two- and four-dip samples, which where both annealed at 1000 °C. A heater was
mounted on the diffractometer sample stage, which allowed heating of the samples
to 600 °C. Complete 3D data sets were collected for (004) and (013) reflections of the
epilayer, with what were essentially "line scans" extracted by integrating intensity
in the 25 central pixels of the detector. For the (004) reflection h and [ scans were
performed and for the (013) reflection h, k, and [ scans. In both cases h scans were
only performed at room temperature. The [ scan is essentially equivalent to a 6 — 26

scan while the A scan is very close to an in-plane rocking curve.

Figure shows line scans along [ through the intensity maxima of reciprocal
space maps around the (004) reflection for the two samples. The expected Bragg re-
flection shift was not observed along the [ direction, with the two dip sample having
a slightly higher [ value than the four dip sample (1.644 compared to 1.638). The
temperature dependence of the coefficients of thermal expansion of bulk anatase are

given by the following two equations:

oy =7.380-107° +6.620 - 1077 + 1.771 - 10~ "' T (7.6)
a; =3.533-107° +5.610 - 1077 4 4.315 - 107 127? | (7.7)

where o) and o are the thermal expansion coefficients parallel and perpendicular
to the principal axis, and T is the temperature in °C.”Y Using the experimental
values from Rao et al.?Y, listed in table[7.7] values for 600 °C were interpolated. For
the a and ¢ lattice parameters, expansions of 0.326% and 0.675% respectively, were

derived.
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Table 7.7: Lattice parameters a and c of anatase TiO, at 28, 571, and 608 °C from Rao et al.®0
and at 600 °C interpolated from these data.

Temp. /°C a /A ¢ /A

28 3.7845 9.5143
571 3.7962  9.5754
608 3.7970  9.5794
600 3.7968 9.5785

The expected increase of 0.675% in the ¢ lattice parameter over the investigated

temperature range should result in an observable shift, which is in contrast to the

results in figure [7.12(a)[ and [7.12(b)|, where no shift could be observed.

L=1.644 L=1.638

Intensity / a.u
N
o
o
h\
( ‘
Intensity / a.u

Figure 7.12: Line scans along [ through the maximum intensity of the reciprocal space maps for
the (004) reflection of (a) a two and (b) a four dip sample annealed at 1000 °C. [ is
in substrate reciprocal space units. [ values are specified in reciprocal lattice units of
the substrate.

Scans along h for the (004) and (013) reflections were collected at room temper-
ature for both samples and are shown in figure [7.13] The peak sitting on top of the
broad peak for h scans of the (004) reflection is due to the truncation rod from the
substrate. This is apparent in the (004) h scan as the scan in this direction cuts

through the rod, whereas in the [ scan one is moving along the direction of the rod.
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Figure 7.13: Line scans collected at room temperature along h through the maximum intensity of
the reciprocal space maps for (a) the (004) and (b) the (013) reflection of samples
annealed at 1000 °C. h is in substrate reciprocal space units. The sharp feature in (a)
at h = 0 arises from a crystal truncation rod. A truncation rod is also evident in (b)

for the 2-dip sample.

For the (013) reflection scans along [ showed no shift, or only very small shifts,
while scans along k showed large shifts to smaller () values as shown in figure (7.14]
The observed shift indicates an expansion of 1.16%, which is much greater than the

value of 0.326% expected from the bulk thermal expansion data.
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Figure 7.14: Line scans along k£ and [ through the maximum intensity of the reciprocal space maps
for the (013) reflection of (a), (c¢) two and (b), (d) four dip samples annealed at 1000
°C. k and [ are in substrate reciprocal space units. The truncation rod in (a) moves
to lower k values as the substrate crystal expands with increasing temperature.

To understand this rather unusual behaviour one must consider the SrTiO5 sub-
strate, as the investigated films are very thin and therefore greatly influenced by
the characteristics of the substrate. SrTiO3 has a much higher thermal expansion
coefficient than TiO,.3Y This leads to a 1.70% in-plane expansion upon heating to
600 °C. Due to this expansion, the anatase epilayer is placed under an increased
tensile stress and an expansion above the value for bulk anatase is observed. The

tensile strain leads to a contraction in the orthogonal direction via the Poisson effect.
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To quantify this hypothesis we recall that strain in the longitudinal direction &,
is linked to strain in the transverse direction ¢ by:
gl 2v

= — 7.8
T (7.8)

where v is the Poisson ratio. The transverse strain may be derived from the differ-
ence between the observed expansion of 1.16% and the expected thermal expansion
of 0.326% leading to ¢ = 8.34x1073. The Poisson ratio for anatase has been esti-
mated as 0.35 from theoretical calculations, while an experimental value of 0.27 was
measured for thin films deposited by atomic layer deposition.®#?3 These two esti-
mates lead to expected £, values of -8.98x 1073 and -6.17x 1072 respectively. It can
be seen that the latter Poisson contraction almost exactly cancels out the expected

thermal expansion of 6.75x 1072 derived from thermal expansion coefficients.

7.3.5 Influence of the Substrate on Thin Films of TiO,

In the work presented so far in this chapter, SrTiO3; was chosen as a substrate to
exploit the small mismatch between it and anatase which stabilises anatase even at
high temperatures. Using the same experimental setup as for the samples described
previously, an R-plane Al,O3 substrate was dip-coated. Table [7.8] summarises the

lattice parameters for anatase, rutile, and the two substrates.

Table 7.8: Lattice parameters a, b, and ¢ of rutile R,?% anatase 4,2 SrTiO5 Sr /22 and Al,O5 Al.34

Rutile Anatase SrTiOs; Al,O3

a/A 4594 3784 3901 4.754
b/ A 4594 3784 3901 4.754
c/A 2959 9515  3.901 12.990
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A-plane

R-plane

Figure 7.15: Schematic of the unit cell of sapphire Al,O3 indicating the different planes including
the R-plane.

Al;O3 has a hexagonal unit cell with the lattice parameters listed above. For the
current investigations, an R-plane Al,O3 (0112) substrate was used. Figure
indicates the different planes in sapphire, including the R-plane. The rectangular

surface unit cell of R-plane sapphire has dimensions ag(Al,O3) % ¢f(Al,O3) where

ch(Al,03) = 1/3a2(A1,03) + 2(Al,03) = 15.34 A5 The (101) surface unit cell of

rutile has dimensions ag(rutile) x ) (rutile) where cf(rutile) = y/a2(rutile) + c2(rutile)
— 5.46 A. There is thus a mismatch of %xlm% = -3.36% between aq val-

ues in the short direction, and of % x100% = 6.78% in the long ¢ direction
between cj(rutile) and ¢ /3(Al,03). Figure shows a schematic drawing of the di-
mensions of both the rutile and Al,O3 surface unit cells. The mismatch with anatase

is much greater, thus favouring growth of the thermodynamically stable rutile phase.
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Figure 7.16: Schematic of the surface unit cells of rutile TiOz (top) and R-plane Al,O3 (012)
(bottom).

X-ray diffraction was used to identify the crystal structure of the TiO5 thin film.
Figure shows the XRD pattern of one of the thin films grown on Al,O3. The
(101) Bragg reflection of rutile lies in between the substrate (012) and (024) reflec-

tions.

ALO, (012)

ALO, (024)

TiO, (101)

Intensity / a.u.

20/ deg

Figure 7.17: X-ray diffraction pattern of a rutile thin film on Al;O3. The inlay shows an expanded
view (magnification of 3000) of the TiO2 (101) reflection.

The (101) reflection of rutile appears at a lower diffraction angle compared to the

anatase (004) reflection, as can be seen in figure [7.18|
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Figure 7.18: Expanded view of the rutile (101) and anatase (004) Bragg peaks from thin films
grown on Al;O3 and SrTiOs.

The surface morphology of the rutile samples was investigated using AFM. AFM
images of two four-dip rutile samples annealed at 800 and 1000 °C are shown in
figure [7.19] Both films show complete coverage of the substrate with TiOq, with
the lower annealing temperature appearing more favourable to achieve smooth thin

films, whilst the higher annealing temperature lead to the formation of 100 - 300

nm large crystallites.

20.0 nm

10.0 nm 30.0 nm

0.0 nm

5.00um

Figure 7.19: AFM images of two four-dip samples of a thin film of rutile on Al;O3 annealed at (a)
800 °C and (b) 1000 °C.
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7.3.6 The Effect of Sn-Doping on TiO; Thin Films

The comparatively wide band gap of anatase is one of the main factors restricting
its use in solar applications as only UV radiation can be utilised, which presents a
small percentage of the solar spectrum. Sn-doping can be used to narrow the band
gap of TiO, and therefore increase the absorption into the visible region. Upon
doping with Sn, the crystal structure of anatase changes, which was investigated
by XRD (see figure [7.20). The (004) reflection shifts to a slightly lower diffraction
angle upon Sn-doping, originating from an expansion in lattice parameters. This is
as expected from the difference in ionic radii for Ti** (r74+ = 0.68 A) in compari-
son to Sn** (rgpar = 0.71 A) in oxides.®™ When the larger Sn** replaces Ti*", the

crystal expands, leading to an increase in lattice parameters.

log. intensity / a.u.

SI’]:TiOZ Aﬂ \?‘]‘M‘}(
A
L

h h
WMWM‘WWW i

. —
36.5 37.0 37.5 38.0 38.5 39.0
20/ deg

Figure 7.20: Expanded view of the anatase (004) reflection from X-ray diffraction of undoped and
Sn-doped TiOs.

The influence of Sn on the absorbance of TiO, was observed using UV-Vis spec-
troscopy (see figure Whilst the undoped TiO, sample shows a clear drop in
absorbance at around 3.2 eV, the Sn-doped sample only shows a slow decrease at

higher energies.
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Figure 7.21: Absorbance of an undoped and a Sn-doped anatase TiOz thin film.

The electronic properties of Sn-doped TiO, from sol-gel dip-coating were further
investigated using conventional laboratory and hard X-ray synchrotron based XPS

(see chapter 8).

7.4 Concluding Remarks

A Design of Experiments approach, coupled with Raman spectroscopy and atomic
force microscopy, was successfully employed to specify the optimum growth condi-
tions for TiO, from a sol-gel dip-coating setup. Continuous films could be achieved
by choosing specific parameter settings and improving the substrate cleaning pro-
cess. The annealing temperature and number of dips per sample could be identified

as the main influencing factors on the quality and characteristics of the thin films.
The high quality of the resulting thin films is confirmed not only by AFM, but

even more so by laboratory- and synchrotron-based X-ray diffraction, where Laue

or Pendellosung fringes were observed. From these fringes film thicknesses could be
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calculated with high accuracy.

Three dimensional reciprocal space maps of anatase thin films gave a highly de-
tailed view of the thin film Bragg reflections. Truncation rods, which previously were
only observed as spikes on line scans, could be observed in their entirety, and for

off-specular reflections the substrate peak from which they originate was also shown.

The influence of the temperature on the thin films, particularly in terms of strain,
was probed by heating of thin film samples on the sample stage of the diffractometer
at the XMaS beamline, and recording Bragg peaks at different temperatures. It was
shown that the expected thermal expansion was almost exactly cancelled out by

Poisson contraction.

Two further influencing factors, the substrate and Sn-doping, were probed by
XRD. Depending on the substrate, either anatase or rutile thin films could be grown
using exactly the same setup. Sn-doping of an anatase thin film influences the elec-
tronic properties, resulting in a change in absorbance. This will be further investi-

gated using XPS in the following chapter.
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8 Hard X-Ray Photoemission

Spectroscopy of TiO5 and
Sn-doped TiO»> Thin Films

8.1 Introduction

TiO, is one of the most promising photocatalytic materials. However, the band gaps
of the rutile and anatase polymorphs are both above 3 eV. Therefore their ability to
facilitate photocatalytic reactions in visible light is limited. Visible region activation
of TiOy was achieved when Asahi et al. reported increased photocatalytic activity
upon nitrogen doping.? Since then, nitrogen has remained the most widely used
dopant®™Y but in addition metal dopants such as VX, Nb12 Tal? and co-doped

Rh/Sb1#4 have also been successfully employed.

The Egdell group recently demonstrated that Sn-doped rutile has superior pho-
tocatalytic activity to N-doped anatase.r® Solid solutions of the form Sn,Ti;Os,
which have the rutile structure, can be prepared by high temperature solid state
reactions.* ¥ An increase in the band gap would be expected when doping of the
wider gap SnO,, which has a band gap of 3.596 eV1? into the lower gap TiOs.

However, pronounced band gap bowing has been observed at low Sn concentrations,
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with the band gap reaching a minimum value at x = 0.02.

Although anatase is thermodynamically unstable compared to rutile, and there-
fore not accessible through the solid state route, it can be stabilised as epitaxial
layers up to higher temperatures. Recently the Egdell group has investigated Sn-
doped TiO, anatase films with X-ray photoemission spectroscopy.?t Figure shows
valence band XPS of Sn-doped anatase TiO,, which shows a weak peak at the bot-
tom of the main O 2p valence band. This peak increases in intensity with increasing
Sn doping level. A peak at this position could stem from hybridisation between Sn
bs and O 2p states. However, hydroxides on the sample surface can also lead to
a peak at this binding energy and assignment to Sn 5s states proved controversial

with referees.
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Figure 8.1: Expanded view of the valence band region of Sn,Ti; ,O2. A weak Sn 5s peak is
observed at the bottom of the valence band.?!

The main aim of the following investigation is to confirm that this peak is in-

deed associated with Sn 5s states, and to present a thorough analysis of hard X-ray
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8 Hard X-Ray Photoemission Spectroscopy of TiO, and Sn-doped TiOs Thin Films

photoemission spectra (HAXPES) of doped and undoped anatase. The collected

valence band spectra are compared to calculations of the density of states.

8.2 Experimental

Thin films of TiOy and Sn-doped TiO5 on 0.5% Nb-doped SrTiOs (001) were grown
via sol-gel dip-coating. A Nb-doped substrate was chosen to ensure a high conduc-
tivity. The three thin film samples investigated here are TiO, on 0.5% Nb-doped
SrTiO3 (001), Sn-doped TiOs on 0.5% Nb-doped SrTiOsz (001), and an uncoated
0.5% Nb-doped SrTiO3 (001) substrate. Henceforth, they shall be referred to as
TiO,, Sn:TiO,, and Nb:SrTiO3.

30 mL of the precursor solutions were prepared in a Ny atmosphere in a glove box.
For the TiOy sample a precursor solution of Ti(IV)isopropoxide in 2-propanol with
a propoxide concentration of 0.25 mol/L was prepared. A mixed alkoxide solution
of Ti(IV)isopropoxide (99.999% trace metals basis, supplied by Sigma-Aldrich Inc.)
and Sn(IV)isopropoxide (10 % (w/v) in isopropanol/toluene, 99.99% trace metals
basis supplied by Sigma-Aldrich Inc.) in 2-propanol with an overall concentration
of 0.25 mol/L was prepared for the Sn:TiO, sample. The molar ratio between the
Sn- and Ti-precursor was 0.1 to 0.9 giving a doping level of 1%. To both solutions
150 puL of nitric acid HNOj3 were added as a catalyst. The substrates were cleaned
with 2-propanol and dried under Ny flow. Both samples were dipped eight times at

a removal speed of 0.35 cm/min.

All three samples were annealed for 5 hours in air at 600°C, and under a con-

stant Ny flow for 5 hours at 800°C. Both times the cooling rate was set to 5°C per
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minute. The Ny was used at higher temperatures to avoid oxidation of the substrate
crystals, giving rise to defects which could compensate the n-type doping due to Nb
and reduce the conductivity. This would lower the conductivity of the substrates
leading to potential problems due to sample charging when conducting HAXPES

experiments.

Core level and valence band spectra of the three samples were investigated by
Al Ka (hv = 1486.6 €V) and hard X-ray photoelectron spectroscopy (hv = 6472
eV). Al Ka XPS measurements were performed by Dr. R. Palgrave on a Thermo
Scientific K-Alpha system at University College London. Hard XPS (HAXPES) was
conducted at the BL12XU beam line at SPring-8 in Japan (for a detailed descrip-
tion of the experimental set up, please refer to . Calculations of the density
of states for undoped and Sn-doped anatase were conducted by Prof. G. Watson at

Trinity College, Dublin.

8.3 Computational

The density functional theory (DFT) calculations were performed using the HSE06
(Heyd-Scuseria-Ernzerhof) hybrid functional as proposed by Krukau et al.“* A rea-
sonably small 2 x 2 x 1 anatase cell with one Sn atom, i.e 1 Sn, 15 Ti and 32 O

atoms, was chosen.
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8.4 Results and Discussion

8.4.1 Core Level Spectra

Figures [8.2] and show conventional XPS and HAXPES survey spectra for all

three samples, respectively. All peaks could be assigned to core levels of the ele-

ments expected in the samples.

O2s/Sr4p

C1s Sr3p Sr 34 Ti3p/Sr4s
/ N, Tiss \
AKX A A

(b) O1s

Ti2s \\ O2s/Srd4p

Ti3p/Sré4s

Intensity / a.u.

Sr3p Sr3d
Ti 3s \

C1s
./ RSN Y

Ti\?s O2s/Sr4p
Ti3p/Sr4s
Ti3s \,
.

T T T T T T T T T T T
600 500 400 300 200 100 0
Binding energy / eV

Figure 8.2: Al Ka (hv = 1486.6 ¢V) XPS survey spectra for (a) Nb:SrTiOs, (b) TiOg, and (c)
Sn:TiOs. The spectra were aligned assuming the binding energy of C 1s to be 285.0

eV.
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Figure 8.3: HAXPES (hv = 6472 V) survey spectra for (a) Nb:SrTiOg, (b) TiO2, and (¢) Sn:TiOs.
The spectra were aligned using the Fermi edge of a gold reference.

Due to the difference in photoelectron cross sections between conventional and
hard XPS, the relative intensities of the core levels vary as a function of photon
energy. Table gives theoretical cross sections calculated by Scofield for the main

peaks observed in the survey spectra of the three samples investigated here.
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Table 8.1: Computed photoelectron cross sections for filled orbitals ¢ and for one electron in the
orbital o/e” for core levels observed in the XPS and HAXPES spectra of Nb:SrTiOs3,
TiO3, and Sn:TiOs. Values for o at two energies, 1500 eV and 6000 eV, were taken from
Scofield.”3 The energies are close to the ones used in the work presented here, 1486.7
eV and 6472 €V respectively. oo and oy/e” are the relative cross sections compared
to the highest cross section at each energy.

1500 eV 6000 eV
Core level o o/e” Orel  Orel/€” o  ofe”  Owl  Owl/e”

St 3s 25018 12509 1272  36.71 1716 858  80.36  82.82
St 3ps/, 08439 14610 29.71  42.88 1807 452 84.62  43.61
St 3pyy, 30176 15088 15.34 4428 996 498  46.65  48.07
Sr 3ds), 39579 6597  20.12 19.36 276 46 12.95 4.45
Sr 3ds), 27255 6814 13.86  20.00 195 49 9.13 4.71

Sr 4s 3910 1955 1.99 5.74 252 126 11.81 1217
St 4ps, 6822 1705  3.47 5.01 211 93 9.90 5.10
St 4pyy, 3545 1772 1.80 5.20 117 o8 5.46 2.63

Ti 2s 43447 21724 22.09  63.76 2071 1036 97.03  100.00
Ti 2ps, 69340 17335 35.25 50.88 81 213 39.85  20.53
Ti 2p1p, 35766 17883 18.18 5249 450 225 21.06 21.71

Ti 3s 6333 3166  3.22 9.29 283 142 13.27  13.67
Ti 3ps, 7141 1785  3.63 5.24 102 26 4.78 2.46
Ti 3pujs 3680 1840 1.87 5.40 o4 27 2.52 2.60
Ti 3ds), 107 18 0.05 0.06 034 0.06 0.02 0.01
Ti 3ds, 73 18 0.04 0.06 024 006 0.01 0.01

Ti 4s 475 238 0.24 0.70 21 11 0.99 1.02

O 1s 38989 19495 19.82 5721 682 341 31.95 32.93

0O 2s 1872 936 0.95 2.75 37 18 1.71 1.77
O 2ps, 170 42 0.09 0.12 084 021 0.04 0.02
O 2p, 86 43 0.04 013 043 021 0.02 0.02
Sn 3ds, 196710 32785 100.00 96.22 2135 356 100.00 34.35
Sn 3ds, 136290 34073  69.28 100.00 1531 383  71.73  36.96
Sn 4ds, 21139 3523  10.75  10.34 283 47 13.26 4.55
Sn 4ds, 14725 3681 7.49 10.80 204 o1 9.57 4.93

In addition to the difference in cross sections, a second apparent difference is the
lack of the C 1s core levels in the HAXPES spectra. Due to the high energy X-rays
used in HAXPES, bulk sensitivity can be achieved. The higher inelastic mean free
path compared to XPS makes HAXPES relatively insensitive to contaminants such

as hydrocarbons and hydroxides on the sample surface.
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Figure 8.4: Ti 2p core level spectra for Nb:SrTiO3, TiOs, and Sn:TiOs measured with (a) conven-
tional XPS and (b) HAXPES.

Figure shows the Ti 2p core level for all three samples, both measured by
conventional XPS and HAXPES. A shift in binding energies between the XPS and
HAXPES spectra is apparent. Table summarises the positions of the Ti 2p peaks
from peak fits. Al Ka XPS spectra were calibrated assuming the C 1s binding en-
ergy was 285.0 eV, and HAXPES spectra were calibrated using the Fermi edge of a
gold reference. The shift in binding energy is most likely an artefact arising from
poor electrical contact between the samples and the manipulator: the samples were
mounted using double sided carbon loaded sticky tape. The slightly increased spin
orbit splitting (S.0.S.) for the Nb:SrTiO3 sample measured in the HAXPES data is
due to the asymmetry of the Ti 2p., core level in HAXPES and the better experi-
mental resolution in the HAXPES experiment which better reveals the intrinsic line

shape.
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Table 8.2: Binding energies Ep (subject to an uncertainty of +0.4 ¢V) and spin orbit splitting
(S.0.8.) for Ti 2ps/, and Ti 2p./, measured by conventional XPS and HAXPES. The
shift between XPS and HAXPES is also given.

Sample  Eg(XPS) /eV Eg(HAXPES)/eV Shift / eV

Ti 2ps;,  Nb:SrTiOg 458.55 459.64 1.09
TiO, 458.56 459.44 0.88
Sn:TiO, 458.78 459.63 0.85
Ti 2py, Nb:SrTiOs 464.31 465.49 1.18
TiO, 464.31 465.17 0.86
Sn:TiO, 464.52 465.37 0.85
S.0.S.  Nb:SrTiOg3 5.76 5.85
TiO, 5.75 5.73
Sn:TiO, 5.74 5.74

Figure [8.5 shows the Sr 3p core level for the three samples measured with Al
Ka XPS and HAXPES. Strong attenuation of the core levels is apparent in the
thin film samples, indicating good coverage of the substrate. The attenuation is
very similar in XPS and HAXPES with the intensity of the Sr 3ps/, core level of

the TiO, thin film dropping to below 4% and to below 10% for the Sn:TiO, thin film.

The observation that the attenuation is not more pronounced in Al K« than in
HAXPES cannot be rationalised assuming complete and uniform coverage of the
SrTiO3 substrate by a film ~24 nm thick. Instead, the results imply that a fraction
of around 4% (undoped film) and 10% (doped film) of the film area must consist of

pinholes.
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Figure 8.5: Sr 3p core level spectra for Nb:SrTiO3, TiO2, and Sn:TiO5 measured with (a) conven-
tional XPS and (b) HAXPES.

A similar trend as seen in the Sr 3p core level can be observed for the Sr 3d core

level shown in figure
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Figure 8.6: Sr 3d core level spectra for Nb:SrTiO3, TiO3, and Sn:TiO3 measured with (a) conven-
tional XPS and (b) HAXPES.

Table [8.3] summarises the attenuation of the Sr 3p and 3d core lines for the TiO,
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and Sn:TiO, thin film samples compared to the substrate Nb:SrTiO3 for XPS and
HAXPES. Values for the residual intensity are derived from the peak areas of the

core levels fitted by pseudo-Voigt functions.

Table 8.3: Residual intensity « of the Sr 3p and 3d core levels for the two thin film samples
compared to the substrate for both XPS and HAXPES measurements. All values are
subject to an uncertainty of +0.05)

Core level Sample «(XPS) /% a(HAXPES) | %

Sr 3]93/2 T102 5.10 3.42
Sn:TiO, 9.58 9.39
Sr3py,  TiO, 6.78 3.92
Sn:TiO, 10.97 9.66
Sn:TiO, 8.63 9.67
Sr 3ds, TiO, 3.83 8.74
Sn:TiO. 15.17 11.54

The differences in attenuation between XPS and HAXPES stem from the mor-
phology of the sample. Both thin films show a varying density of pin holes across the
surface. This combined with the small spot measurements leads to a slight variation

in attenuation.

8.4.2 Satellites in the Ti 2p and O 1s Core Levels

The satellite structures in core levels are of interest as the energy separation between
them and the intensity of the peaks can give information about the chemistry of the
compounds. Good quality, high resolution XPS data is necessary to identify satellite
structures. Here, the first high quality HAXPES study of the Ti 2p core levels of
Nb:SrTiOg3, TiO,, and Sn:TiO, is presented. The core lines and satellites are shown

in figure The intensities of the spectra are normalized using the Ti 2ps/, peak.
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Figure 8.7: HAXPES Ti 2p core level spectra for the three samples (a) Nb:SrTiOs, (b) TiOs, and
(c) Sn:TiO5 are shown. The intensity associated with Ti3" ions is marked with *.

All three spectra show two satellites at the higher binding energy side of the
core lines. Whilst the satellite peaks are symmetric in the two thin film samples,
the substrate 2p.;, line has an asymmetric profile. In addition, the spectrum for
the Nb:SrTiO3 substrate shows intensity at the lower binding energy side of the Ti

2pss. This is attributed to a small number of Ti" ions present due to Nb doping. 44
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Figure 8.8: Ti 2p core level for the TiOs sample fitted with pseudo-Voigt functions.

Figure [8.8 shows the Ti 2p core level for the TiO, sample fitted to pseudo-Voigt

functions. From fits of all three samples, satellite separations were derived and are

summarised in table Only one satellite per core level could be identified. Adding

of additional satellite peaks at around 5 - 6 €V separation was not successful as their

intensity always converged toward zero.

Table 8.4: Satellite separations AFE for the 2p core lines and relative intensities of the satellites
I/, and I/, in comparison to the intensities of 2ps;, and 2p.1/, main core lines.

Separation / eV

rel. Intensity

System  Ti 2py, Ti 2ps, Ti 2p1, T 2ps,
Sr'TiO; 13.99 13.65 0.18 0.24
TiO9 13.54 13.47 0.17 0.24
Sn:Ti0, 13.43 13.49 0.16 0.29

The separation energies reported here agree with values from the literature (see

table for a summary). The difference in relative intensities compared to data

from the literature is due to the fact that all previously reported data stemmed from

conventional XPS, whereas here HAXPES was used.
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A very low intensity plasmon loss related peak at 25.6 eV separation from the Ti

2ps, core line could be observed.

Satellites in the XPS spectra of 2p core levels of transition metals and their com-
pounds have been well known since the 1970s. Most research focused on the late

transition metals (TMs) where satellites arise mainly due to charge transfer mech-

anisms, 050

Table 8.5: Separation energy and relative intensity (in relation to the main core level) of satellites of
the Ti 2p core lines as reported in the literature. A and R indicate the TiOy polymorphs
anatase and rutile.

Separation / eV rel. Intensity
System Ti2pi,  Ti 2psy, Ti2pi,  Ti 2psy,
TiF43 12.7 12.4 ] ]
Ti0y%2 12.6 13.3 - -
TiOy (R & A)* 13.6 13.6 - -
TiO, (R)™ 134 130 024 025
25.0 254 0.05 0.06
TiOy (R & A)=° 5.0 5.1 0.07 0.07
13.4 13.5 0.40 0.25
25.7 25.6 0.14 0.12
TiO, (R)™ 134 134 : 0.20
25.7 - 0.13 -
TiO, (R)5" 13.2 132 . ;
SrTi0z%4 13.7 13.6 0.2 0.19
29.2 29.8 0.1 0.08
SrTi055" 13.2 13.2 - -
BaTiO3=° 13.1 13.2 - -
24.5 - 0.20 -

A number of experimental studies of the Ti 2s and 2p core levels exist, which all
show satellites on the high binding energy side of the core level peaks. Table |8.5

summarises values from the literature for the separation and relative intensities of
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satellites observed on the Ti core levels for TiO,, TiF3, SrTiO3, and BaTiOs.

From this overview, it is apparent that in all reported cases one satellite per core
line is observed at a separation energy of approximately 13 eV from the main core
lines. However, some references report further satellites. The existence of the addi-

tional satellites has been subject to debate.

To add to the controversy surrounding these satellite peaks, the physical mech-
anisms leading to the satellites still provoke controversy. The main satellite peaks
observed at 13 eV separation from the core lines are agreed to be shake-up satellites.
Shake-up is a process where a second electron from a filled orbital is excited to a
higher unfilled orbital during the photoionisation from a core level. However, there
is ongoing discussion on the nature of the filled and empty states involved. Four
main explanations have been proposed in the literature:

1. Charge transfer from a ligand p to a metal 3d leve] 23638740

2. Charge transfer from a ligand p to a metal 4s,p orbitals®34142

3. An excitonic or polaronic process, where shake-up occurs from the outermost
p state to the unoccupied s state of the ligand.*344

4. Charge transfer as in 1, but where the final state is strongly influenced by
hybridisation between metal d and ligand p orbitals in the final state.#®4240

The simple charge transfer models proposed in 1 and 2 were initially widely ac-

1.4 pointed out that they cannot account for the fact that

cepted, but de Boer et a
satellite energies in ScyO3 are smaller than in TiO,, even though the separation be-
tween valence and conduction bands are larger. However, it has subsequently been

noted by Okada et al.?®4° that neither of the first three models can cope with the

relative intensities of the satellite peaks compared to the core levels. They proposed
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a revised charge transfer model which takes hybridisation between metal d and lig-
and p orbitals in the final state into account. This model gives reasonable separation

energies and relative intensities.

The higher satellites, which are sometimes observed at approximately 25 eV sep-
aration from the main peak, are attributed to valence electron plasmon loss pro-

cesses, BH4ST

In addition to the satellite structures observed on the Ti 2p core level the O 1s
core line also shows a complex satellite structure. Figure shows a detailed view
of the satellite structure of the O 1s core line for all three samples. In the Nb:SrTiO3
spectrum five satellite components could be identified, indicated in the figure as I-V.
They appear at the following separations from the main core line: 6.30 eV (I), 11.89
eV (IT), 14.10 eV (III), 16.94 eV (IV), and 19.45 eV (V).

—— Nb:SITiO,
— TiO2
— Sn:TiO2

Intensity / a.u.
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Figure 8.9: Satellites of the O 1s core line for Nb:SrTiO3, TiOs, and Sn:TiOs measured by HAX-
PES.
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The observed satellite peaks are in agreement with data reported by Kohiki et

al.*” They interpreted the satellite peaks using first principle calculations as follows:

1. T is due to interband transitions from the O 2p valence band into the ligand
field split to, and e, Ti 3d levels.

2. II and IIT were interpreted as arising from O 2p valence electron plasma exci-
tation, strongly shifted from the expected value of 20 eV by interaction with
other excitations.

3. IV and V could not be interpreted with confidence. They were thought to be

caused by excitation of valence or semicore states.

8.4.3 Valence Band Spectra

Figure [8.10] shows the valence band spectra for all three samples measured with
conventional XPS and HAXPES. The shape of the valence band changes due to the

differences in cross sections between the two methods.

The intensity above the bottom of the valence band in the conventional XPS of
the undoped film, or for the bare substrate, cannot be attributed to the hybridisa-
tion between Sn 5s and O 2p states. It must arise from hydroxide contamination of
the surface. This assignment of the structure in conventional XPS is controversial.
In HAXPES however, hydroxide peaks are not observed, so that the occurrence of

the peak can be, without doubt, attributed to the Sn states.
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Figure 8.10: Valence band spectra for Nb:SrTiO3, TiO2, and Sn:TiOs measured with (a) conven-
tional XPS and (b) HAXPES.

Figure shows a wide view of the valence band, which also includes the Sr
4p and O 2s core lines. The Sn-doped sample shows the Sn 4d core levels. From
previous measurements on Sn-doped TiOy conducted by the Egdell group, the Sn

doping level in the thin films used here could be estimated to be approximately 1%.2

216



8 Hard X-Ray Photoemission Spectroscopy of TiO, and Sn-doped TiOs Thin Films

Srdp

Intensity / a.u.

VB

Intensity / a.u.

VB

Nb:SITiO,

Nb:SITiO,

30 25 20 15 10 5 0 -5 30 25 20 15 10 5 0

Binding energy / eV Binding Energy / eV
(a) (b)

Figure 8.11: Valence band spectra for Nb:SrTiO3, TiO2, and Sn:TiOs measured with (a) conven-
tional XPS and (b) HAXPES. * marks the hydroxide peak in the conventional XPS

spectra.

8.4.4 Polarisation in Valence Band Spectra

Spectra of the Sn-doped TiO, thin film at two different electron optical geometries,
horizontal and vertical, are shown in figure 8.12] In horizontal geometry, the angle
between electron emission and the polarization vector of the synchrotron beam € is
0°, whereas in vertical geometry 6 is 90°. This causes a change in the differential
(i.e. angle resolved) photoionisation cross sections and results in different relative

intensities of orbitals in the XPS spectra.
Depending on the geometry, intensity appears above the bottom of the valence

band. This is the state attributed to hybridisation between Sn 5s and O 2p. Due

to its predominantly s character, the peak mostly vanishes in vertical geometry.
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Figure 8.12: HAXPES spectra of the low binding energy region for a thin film of Sn:TiOy. (a)

shows the valence band (VB) and core levels up to a binding energy of 32 eV, (b)
shows an expanded view of the valence band ans the Sn 5s state.

These experimental results were compared to density of state calculations pre-
pared by Prof. G. Watson, Trinity College, Dublin. To correct for the difference in
cross sections, subshell cross section values from Scofield? for 6 keV and 8 keV were
divided by the number of electrons present, and interpolated for the actual experi-
mental value of 6472 eV. From the following equation, which was first presented in
chapter 2, we derived differential (i.e. angle resolved) cross sections from Scofield

using asymmetry parameters calculated by Trzhaskovskaya et al. 480

do; 0y 5 2 2 :
= 1 1+ 5(3008 0 —1)+ (d +~ycos”0)sinfcos g (8.1)

For both detectors, horizontal and vertical, ¢ is 90° leading the second angle de-
pendent term to go to zero. For the horizontal geometry 6 = 0° the cross section is
multiplied by 1+ 8 and for the vertical geometry with 6 = 90° the cross section is
multiplied by 1 — $/2. Values for 8 at 5 and 10 keV were taken from the work of

Trzhaskovskaya et al.“®" These were then interpolated to an energy of 6472 eV to
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be equivalent to the cross sections from Scofield.

The Scofield cross sections, beta values and the corrected cross sections are given

in table 8.6l For Ti 4p the situation is slightly complicated as it is not occupied in

the ground state of Ti. As an approximation the values for Ti 4s were divided by a

factor of two.

Table 8.6: Cross sections from Scofield?® o;, one electron cross sections o;/e~, 3 values for 5 and
10 keV from Trzhaskovskaya et al 489 and interpolated value for 6472 eV, and cross
sections for horizontal o;(hor) and vertical geometry o;(ver).

orbital o oi/e”  Pokev  Brokev  Boarzev  oi(hor) oi(ver)
Ti 4s 18.593 9.296 1.975 1.977 1.976 27.662 0.113
Ti 4p 9.296 4.648 13.831 0.057
Ti ?)ds/2 0.283 0.239 0.301 0.227 0.279 0.371 0.247
Ti 3d3/2 0.196 0.301 0.227  0.279
O 2s 31.558 15.779 1.953 1.963 1.956 46.642 0.348
O 2ps/, 0.705 0.266 0.148 0.062 0.123 0.299 0.250
O 2p1, 0.359 0.136 0.083 0.121
Sn 5s 79.003 39.502 1.992 2.000 1.994 118.282 0.111
Sn opsp2 19.889 15975 1.474 1.257 1.410 38.501 4.712
Sn 5P/ 12.060 1.474 1.257 1.410
Sn 4d5/2 239.888 41.328 0.895 0.641 0.820 75.299  24.377
Sn 4d3/2 173.390 0.927 0.675 0.853

The partial densities of state for Ti, O, and Sn in undoped and 1% Sn-doped TiO,

in horizontal and vertical geometry are shown in figures [8.13] and [8.14]
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Figure 8.13: Partial densities of state for Ti and O in undoped TiOs in (a) and (c) horizontal and
(b) and (d) vertical geometry.
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From the partial densities of state total densities of state for 1% Sn-doped TiO,
were calculated (see figure [8.15). The calculated density of states fits the experi-

mental data remarkably well.

horizontal
vertical

DOS/ a.u.

T T g T g T T T
-20 -15 -10 -5 0 5

energy / eV

Figure 8.15: Calculated total densities of state for 1% Sn-doped TiOs in horizontal and vertical
geometry.

The most apparent differences between horizontal and vertical geometry that are

obvious in both experimental data and DOS calculations are as follows:

1. The relative intensity of the Sn 5s state is lower in the vertical geometry.

2. At the bottom of the valence band the intensity of the first two peaks changes,
leading to the intensity maximum being at lower binding energy for vertical
geometry compared to horizontal geometry.

3. At the top of the valence band the intensity on the vertical geometry increases.

8.5 Concluding Remarks

Three samples of TiO,, Sn:TiOs, and Nb:Sr'TiO3 were analysed using soft and hard
x-ray photoemission spectroscopy (HAXPES). Core levels were studied, in particu-
lar the satellites present around the Ti 2p and O 1s peaks, which was only possible

due to the high quality of the HAXPES data.
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It is shown that the peak above the bottom of the valence band can indeed be

attributed to a Sn state, and is not due to hydroxide contamination of the surface.

Due to the special setup of the beam line at SPring-8, which has two analysers
at different geometries, an in depth analysis of the valence band was possible. The
resulting spectra were compared to DFT calculations by Prof. G. Watson. After
correcting the density of states with the asymmetry parameters and different cross

sections the data was in excellent agreement with the calculations.
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9 A Sol-Gel Approach to Growth
of InoO3 Thin Films

9.1 Introduction

Following on from the growth of Iny,O3 epitaxial thin films using molecular beam
epitaxy (MBE), and the sol-gel dip-coating method developed for TiO,, the next
step was to combine the approaches from both to attempt a sol-gel dip-coating ap-

proach for the growth of nanostructured epitaxial In,O3 thin films.

As described in chapter 4, the orientation of the Y-stabilised cubic zirconia,
Zr1xYxOg.x /o or YSZ, substrate has a critical influence on the growth morphol-
ogy of the In,O3. Whilst (110) substrates result in nano rods, (100) substrates show
square islands. Here, the sol-gel method was employed to grow In,O3 thin films both
on YSZ (110) and (100). The amount of InyO3 deposited in "limited dip" sol-gel
dip-coating is significantly lower compared to MBE with film thicknesses expected
to be in the range of a few nm. The low deposition rates are mainly due to compar-
atively dilute precursor solutions which become necessary due to the instability of

the precursor towards premature hydrolysis.

Laboratory-based X-ray diffraction could not be used to characterise the samples
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due to the the almost vanishing intensity of epilayer reflections close to substrate
Bragg peaks. Here we use reciprocal space maps from synchrotron-based XRD in

combination with AFM results to study the nanostructured thin films.

9.2 Experimental

Thin films of InyO3 were grown via a sol-gel dip-coating method based on the previ-
ously developed method for TiO,. 30 mL of the precursor solutions were prepared
under N, atmosphere in a glove box to prevent premature hydrolysis of the indium
precursor. A solution of In(III)isopropoxide (5 % (w/v) solution in isopropanol,
>99.9%, supplied by Sigma-Aldrich Inc.) in 2-propanol with a propoxide concentra-
tion of 0.1 mol/L was also prepared. The concentration was kept lower, compared
to the TiOy precursor, as the indium precursor is less stable, but can be acceptably
stabilised at lower concentrations. It must be noted that the shelf life of the indium

solution lies under 24 hours, compared to a few days for the titanium based solutions.

The precursor solution was immediately removed from the glove box and trans-
ferred into a wide necked round bottom flask for the dip-coating. Single crystal
YSZ (110) and (100) substrates were cleaned with 2-propanol and dried under Ny
flow. The substrates were then dipped into the solution and held stationary for
one minute, after which they were withdrawn from the solution at a removal speed
of 0.35 cm/min. Thereafter, they were hydrolysed in a stream of wet nitrogen gas
for five minutes. This process was repeated until the desired number of dips was

reached. The number of dips varied between two and eight.

Dip-coated samples were placed in recrystallised alumina boats and annealed at
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1000°C in a muffle oven for five hours. The cooling down rate for all experiments

was set at 5°C per minute.

AFM in combination with synchrotron-based reciprocal space mapping was used
to characterise the samples. XRD was conducted on beam line I16 at the Diamond
Light Source, Didcot, UK. Data were acquired using a Pilatus 100K area detector
with the long axis of the detector in the scattering plane. Images for construction
of 3D data sets were collected in a single 6 scan which ensured variation in both
longitudinal and transverse wavevector transfer within the scattering plane. As in
chapter 7, a series of images was used to construct an evenly spaced mesh of points
of intensity as a function of h, k,[, and in some cases these data were used to con-
struct 3D isosurfaces, with processing and visualisation using a Matlab code written
by Prof. S. Collins. Unfortunately, the Matlab code was only available remotely
and processing a single data set took several hours. It was therefore found to be
more informative and efficient to present the data simply using the 2D image plate
frame capturing maximum intensity in the scattering after conversion of the data

from pixel coordinates into 3D reciprocal space.

9.3 Results and Discussion

9.3.1 Influence of the Substrate on Surface Morphology of

Thin Films of In,O3

As found on MBE grown samples, the orientation of the YSZ substrate determines
the surface morphology of the thin films. Due to the low precursor concentra-
tion used for the sol-gel dip-coating, the size of the structures drops significantly.

Nanorods grown on YSZ (110) at 1000°C using MBE have a length of up to 15 um,
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whilst sol-gel dip-coating grown nanorods have lengths of approximately 190 nm and
widths of below 50 nm. Islands grown on YSZ (100) with MBE at 900°C have side
lengths of 1 pm, whilst sol-gel dip-coating islands grown at 1000°C have sides which
are approximately 125 nm long. Figure[9.1]shows two AFM images of nanorods and

islands grown via sol-gel dip-coating which are representative for all samples grown.

I um

Figure 9.1: AFM images of InyO3 nano structures on (a) (100) and (b) (110) YSZ.

9.3.2 Reciprocal Space Maps of Thin Films Grown on YSZ
(110)

Prior to measuring the sol-gel dip-coated sample, a molecular beam epitaxy pre-
pared sample of In,O3 on YSZ (110) was investigated. Reciprocal space maps of
this sample are shown in figures 9.2 and 0.3l The two dimensional maps in figure
show the (440) thin film reflection in close proximity to the more intense (220)
substrate reflection. The thin film Bragg reflection is elongated along the [ direction,
corresponding to the transverse [001] direction perpendicular to the long axis of the

rods.
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Figure 9.2: 2D reciprocal space maps around the (440) reflection of an MBE-grown InyO3 epitaxial
thin film. The second, brighter signal stems from the substrate (220) reflection. h, k,
and [ are given in reciprocal lattice units of the substrate.

Figure|9.3|shows the very weak (220) film reflection which has no nearby substrate
Bragg peak, and is also elongated in [. The (220) reflection is 400 times weaker than
the (440) reflection as shown in laboratory-based X-ray diffraction (see figure 4.9).
This reflection was used to give isosurfaces of the Bragg reflection in three dimen-
sions (see figure[9.4). As observed in both (440) and (220) reflections, an elongation

in [ is present.
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Figure 9.3: 2D reciprocal space maps around the (220) reflection of an MBE-grown InyO3 epitaxial
thin film. h, k, and [ are given in reciprocal lattice units of the substrate.
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Figure 9.4: Isosurfaces of the (220) reflection of an MBE-grown InyOj epitaxial thin film. h, &,
and [ are given in reciprocal lattice units of the substrate.

Unfortunately the (220) reflection was too weak to allow acquisition of data from
sol-gel grown samples, but it was possible to confirm film growth of In,O3 by locat-
ing off-specular (860) and (772) reflections where transverse wave vector transfer is
along [1T0} and [001] directions respectively. These off-specular reflections for the
MBE grown sample are shown in figure

234



9 A Sol-Gel Approach to Growth of In,Os Thin Films

(a) (860) (b) (772)

Figure 9.5: 2D reciprocal space maps around the (a) (860) and (b) (772) reflections of an MBE-
grown Ins O3 epitaxial thin film. A, k, and [ are given in reciprocal lattice units of the
substrate.

Reciprocal space maps for two sol-gel samples taken around the epilayer (860)
and (772) reflections are shown in figure [9.6, Both samples were grown on YSZ
(110) which were dipped into the precursor solution two and seven times respec-
tively. The reciprocal space maps clearly show the Bragg peak from the thin film,
with the thicker seven-dip sample showing an elongation along [ comparable to the
MBE-grown sample. In comparison, the thinner two-dip sample shows an almost
circular diffraction spot consistent with the non-elongated real space morphology.

The diffuse intensity on the left of all four maps stems from the substrate.
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Figure 9.6: Reciprocal space maps around the (a) and (b) (860), and (c) and (d) (772) reflection
of the InyO3 epilayer of (a) and (¢) a two-dip, and (b) and (d) a seven-dip sample on
YSZ (110).

From the reciprocal space maps the coordinates of the maximum intensity of the

thin film reflection were extracted. They are summarised in table
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Table 9.1: Coordinates of the point of maximum intensity from the epilayer in the reciprocal space
maps of InyO3 grown on YSZ (110) and coordinates of the bulk reflection. h, k, and !
are given in lattice units of the substrate and are subject to an uncertainty of +0.002.
2d and 7d refers to two and seven dip samples, respectively.

Sample hklreﬂ hklbulk h k l

24 (860)  (4.0673.050 0)  4.089 3.083 0.018
(772)  (3.559 3.559 1.017) 3.575 3.586 1.002
7d (860)  (4.0673.0500)  4.073 3.045 0.001
(772)  (3.559 3.559 1.017) 3.567 3.556 1.006

The non-zero [ values for the (860) reflection may reflect misalignment or possi-
bly tilt in the epilayer. The lattice parameters indicate a small contraction of the
epilayer lattice spacings in h and k directions and an elongation in [ for the two-dip

sample.

9.3.3 Reciprocal Space Maps of Thin Films Grown on YSZ
(100)

As well as samples grown on YSZ (110), thin films on YSZ (100) were prepared and

investigated by synchrotron-based XRD. Figure [9.7] shows reciprocal space maps of

the (006) and (116) reflection of the InyO3 epilayer of a six-dip sample. Here, the

epilayer peak is slightly elongated in h.
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Figure 9.7: Reciprocal space maps around the (a) (006) and (b) (116) reflection of the Inp,Ogs
epilayer of a six dip sample on YSZ (100).

The coordinates of the maximum intensity of the thin film reflection were ex-
tracted from the reciprocal space maps, which are summarised in table 9.2 For
both reflections the [ values are slightly increased in comparison to values expected
for unstrained InyO3, and a small displacement in h and k from zero for the (006)

reflection is indicative of either tilt or misalignment.

Table 9.2: Coordinates of the point of maximum intensity from the epilayer in the reciprocal space
maps of InyO3 grown on YSZ (100) and coordinates of the bulk reflection. h, k, and [
are given in lattice units of the substrate and are subject to an uncertainty of +0.002.
6d refers to the six dip sample.

sample  hklyep hklpur h k l

64 (006) (0 0 3.050) 0.003 0.002 3.052
(116)  (0.508 0.508 3.050) 0.513 0.511 3.051

9.4 Concluding Remarks

Based on the results of TiO, thin films, it has been possible to show growth of In,O3
thin films via the sol-gel dip-coating process. Due to the increased reactivity of the

indium precursor, the solution had to be diluted, leading to very thin films. Al-
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though AFM images showed the expected nanorods and islands as have previously
been observed on MBE grown samples, the laboratory-based XRD could not give a

diffraction pattern.

Therefore, synchrotron-based XRD was used, which showed diffraction spots for

all three investigated samples and consequently provided proof for the growth of

epitaxial crystalline thin films.
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10 Conclusions

This thesis aims to further the understanding of fundamental characteristics of some
of the most widely used oxides. A wide range of characterisation methods has been
employed, including a number of synchrotron-based experiments covering reciprocal
space mapping, and soft and hard X-ray photoelectron spectroscopy. Furthermore
a new approach to the growth of high quality thin films is presented. It is shown
that sol-gel dip-coating can produce epitaxial, highly ordered thin films. A brief

summary of the work completed is presented below.

Chapter 4 connects to previous research performed by the Egdell group and in
many ways presents the motivation for the research presented in this thesis.1™ In,Os
thin film and nanostructured samples, grown on (111) and (110) YSZ substrates by
MBE, were investigated using reciprocal space mapping in conjunction with AFM.©
The primary focus lay on strain in the thin films, and Poisson ratios were deter-
mined. In addition, an explanation of the growth of nanorods on YSZ (110), based

on minimisation of surface and interface energies, was presented.”

Chapters 5 and 6 investigated doping of In,O3 with gallium and thallium in bulk
samples. Ga is shown to reduce the band gap of In,Oj significantly through dif-
fuse reflectance spectroscopy and X-ray photoemission spectroscopy (XPS). A pro-

nounced surface segregation of gallium is shown in XPS and low energy ion scattering
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(LEIS). In the case of thallium doping calculations by Dr. D. O. Scanlon showed
a significant decrease in the band gap and subsequently provided the motivation to
investigate this system. Due to the health and safety risks associated with thal-
lium and its compounds analysis was restricted compared to the Ga-doped system.
Nevertheless, it could be shown that the band gap did decrease as predicted, and

significant surface segregation of the dopant was observed.®

Chapter 7 introduces the problem of high quality growth of metal oxide thin
films. MBE is a highly sophisticated method which leads to epitaxial thin films or
nano structures that are of very high quality, as presented in Chapter 4. However,
it can be time consuming, and due to the necessary ultra high vacuum systems
the experimental effort can be substantial. One of the set goals for this research
was to develop a sol-gel dip-coating method which could compete with MBE pre-
pared samples. To achieve this, the TiO, system was investigated first and, based
on earlier experiments by Dr. F. E. Oropeza in the Egdell group, a design of ex-
periments approach was selected.” Ideal growth conditions were identified and the
resulting epitaxial thin films of anatase TiOy were investigated using laboratory-
and synchrotron-based X-ray diffraction (XRD), where well resolved Laue or Pen-
dellésung fringes were observed. 3D reciprocal space maps were prepared which
present an extended view of the thin film Bragg reflections, including these fringes
and truncation rods. Furthermore, strain caused by an increase in temperature was
investigated using synchrotron-based XRD. Whilst SrTiO3 substrates resulted in the
described anatase films, R-plane Al;O3 substrates used in the same sol-gel solution

lead to rutile thin films.

Chapter 7 concludes with the introduction of Sn-doping of TiO,y, and Chapter 8

follows up with the investigation of doped and undoped samples using soft and hard
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X-ray photoelectron spectroscopy. It was confirmed that intensity at the bottom of
the valence band which was previously observed, does present a Sn state and not
hydroxide contamination.’” HAXPES measurements were able to show the satel-
lite structures on Ti 2p and O 1s core levels at very high resolution. An in-depth
analysis of the valence band at two different HAXPES geometries was shown and

compared to density of state calculations.

Chapter 9 closes the circle by presenting In,Oz thin films prepared by the new
sol-gel dip-coating method. As the films were extremely thin, synchrotron-based 2D
reciprocal space maps were collected which show the Bragg peaks from the epitaxial
films. AFM images showed the same type of nano structures as observed on MBE

grown sample although on a much smaller scale.

From this thesis two major avenues for future work present themselves. Firstly,
the results from bulk Ga-doped In;Os in combination with the knowledge regard-
ing the effects of strain on Iny,Oj3 thin films could be employed to investigate such
effects in Ga-doped InyOj3 thin films. Secondly, the developed sol-gel method could

be extended to other metal oxide systems and substrates.
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