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Summary

In this thesis the growth and optoelectronic properties of the ternary n-type
amorphous zinc tin oxide (a-ZTO) and p-type crystalline VoOg3 are discussed
in the context of providing suitable and sustainable candidates for transparent

conducting oxide applications.

As an amorphous ternary oxide the defect chemistry that controls the optical
and electronic properties of a-ZTO is complex. While studies have investigated
how the Zn/Sn cation ratio affects the charge carrier concentration and mobil-
ity, however how these key properties vary in the low thickness regime is not
fully understood. a-ZTO thin films were grown by non-reactive magnetron sput-
tering, then using a combination of UV-vis spectrophotometry and Hall effect
measurements the optoelectronic properties of these films were probed as the
thickness was varied. Below 10 nm, the electrical performance is seen to degrade
due to reductions in both charge carrier concentration and mobility. In this same
range, the optical band gap is observed to rise 0.33 eV. Using X-ray diffraction
(XRD) and an in-vacuo sample transfer from magnetron growth chamber to X-
ray photoelectron spectroscopy (XPS) the structural and chemical environments
of the films were investigated and found to be consistent across the thickness
range. Finally, this in-vacuo sample transfer method was employed again to
transfer to Scanning Tunneling Microscopy,/ Scanning Tunneling Spectroscopy
(STM/STS) systems to probe the surface topology and the electronic band gap
of the films. STS measurements observe a similar shift in the electronic band

gap of the material, confirming the presence and scale of the shift.

Next, the local bonding structure in amorphous zinc tin oxide (a-ZTO) is
probed to gain insight into charge carrier generation and electron mobility in
the material. As an amorphous ternary oxide that acts as an intrinsic semi-
conductor, the defect chemistry in the material is quite complex but extremely
pertinent to its performance. Using a combination of X-ray Absorption Spec-
troscopy (XAS) techniques at the Zn and Sn K-edges, I examine the effect vary-
ing the inter-cation ratio has on the local chemical and bonding environment
of a-ZTO prepared via two growth methods; spray pyrolysis and magnetron
sputtering. It is seen that a-ZTO grown by magnetron sputtering shows no
changes in the chemical environment as the cation ratio is varied, meanwhile
XANES analysis of spray pyrolysis grown samples shows alterations to spectra

likely due to the effects caused by different precursors. Although a slight shift



in Sn-O bond length is visible between magnetron sputtered and spray grown
samples no correlation could be discerned between bond length and variation in
cation ratio. It is concluded that a-ZTO, while amorphous over longer ranges,
is locally comprised of ZnO and SnOs ”building blocks”. An alteration in the
cation ratio changes the hybridisation at the conduction band minimum result-
ing in the observed variation in the mobility, charge carrier concentration and
band gap.

Finally, I performed a study into the growth and optimisation of V503 as
a candidate p-type TCO. Initial work focused on the growth of high quality,
epitaxial VoO3 films on (0001) Al,O3 substrates by reactive magnetron sput-
tering. High performance p-type behaviour was observed, with a Figure of Merit
(FOM&)=455.3+45.5 Q! observed. Following this the effectiveness of Mg as
a dopant in the V503 films was examined. XPS spectra confirmed the Mg
presence in the films, and X-ray Diffraction (XRD) spectra showed the Mg?*
cations did not affect the crystallinity of the V,O3 lattice. However, Mg inclu-
sion was found to have no clear impact on the optical or electrical properties
of the V503 films. To investigate the Mg incorporation in the V503 films a
high resolution scanning transmission electron microscopy (STEM) study was
performed. This indicated the growth of both corundum and bixbyite phases in
both doped and pure V503 films. Moreover the bixbyite phases was observed
to grow directly on the corundum (0001) Al,O3 substrate. Through energy dis-
persive X-ray spectroscopy (EDX) mapping the Mg content was observed to be
homogeneous amongst the V5Og films indicating that clustering of MgO along
grain boundaries did not occur. Finally, the growth of epitaxial CuyO thin films
was investigated as suitable material to pair with V503 in order to form bilayers
and nanolaminates with the goal of increasing the p-type conductivity of the
composite material. Using XPS the chemical and oxidation state of the films
was confirmed while XRD measurements exhibited that epitaxial CusO [111]
was grown on (0001) Al,O3 substrates. UV-vis spectroscopy measurements in-
dicated an optical band gap of 2.2 eV, in agreement with the expected value

from literature.
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Chapter 1

Introduction

In the modern era, transparent conducting oxides are becoming increasingly
integral to our day-to-day lives. These materials which combine seemingly mu-
tually exclusive properties of concurrent high optical transparency in the visible
range, and high electrical conductivity, are utilised in a wide variety of optoelec-
tronic applications such as photovoltaics, thin film transistors, and flat panel
displays. Although Si-based electronic technology has been well established for
several decades, it is not suitable for transparent electronic applications due to
its low optical band gap of 1.12 eV. For this reason the development of high
performance, chemically stable and easily manufactured transparent conducting
oxides (T'COs) is essential.

Few can argue that the rise of smartphones and digital devices has changed
society. Even 30 years ago, it would have been difficult to foresee the immense
effect they have had on the way we live our lives. With an increasing percent-
age of our time spent looking at screens, the digital world is growing in size
and influence and has changed the way people across the world communicate.
The global organic light emitting diode (OLED) market alone was estimated
to be worth € 53.5 billion in 2024, and is expected to grow to € 404.9 billion
over the next ten years [1]. Despite the demand for better electronics, bigger
screens, and flexible devices, few consider how crucial optoelectronics, and in-
deed TCOs, are to the performance of the technologies upon which many of our
lives depend. Furthermore, considering the impact these devices have had not
only on the information and communication industry, but also in fields such as

education, arts, and manufacturing, the sphere of influence of optoelectronics
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seems likely to grow. Similarly, due to climate emission agreements, such as
the 2015 Paris Agreement and the European Union’s 2030 emission reduction
targets, photovoltaics have seen a surge in popularity in recent years with the
hope they will help society move away from a dependence on fossil fuels. There
is a number of obstacles that must be overcome to reach this goal, neverthe-
less the popularity of photovoltaics is expected to grow over the coming years as
more countries switch towards renewable sources of energy. TCOs are frequently
used in solid-state photovoltaics as hole or electron transport layers to collect
charge. Therefore, increasing the electrical performance while lowering the cost
of the TCO layer represents an obvious path for increasing the cost efficiency
of these devices. Despite the growing demand and applications of TCOs, the
predominant n-type, Sn:Ins O3, is not suitable from a cost or sustainability point
of view. Moreover, the performance of p-type TCOs to date is unsatisfactory
and has limited the development transparent electronics such as transparent pn
junctions, p-i-n solar cells and higher efficiency OLEDs. In this thesis, I inves-
tigate amorphous zinc-tin oxide as a low-cost, sustainable n-type TCO. a-ZTO
is known to be comprised solely of common and abundant materials [2], and
has previously been prepared through a variety of different growth techniques.
In this work, I sought to explore, characterise and optimise the performance of
a-ZTO thin films, through thickness and composition studies, with the goal of
making a-ZTO a viable alternative to Sn:In,O3 for TCO applications. In the
penultimate chapter, I examine the growth and performance of V503 as a high
potential p-type TCO. This is achieved by preparing crystalline V,Og thin films
and then attempting to improve the material’s electrical performance through
the lens of extrinsic doping and subsequently by combining it with CusO to
prepare nanolaminate structures.

In Chapter 2, a review of the relevant TCO literature is presented. First,
the physical principles upon which TCOs operate are discussed, and following
this an oversight of the field is provided, explaining the strengths and shortcom-
ings of the materials which historically have seen considerable use in industrial
applications such as Sn:InyO3 (ITO) and Al:ZnO (AZO). Next, more recent de-
velopments in the field of n-type TCOs are outlined, with particular emphasis
placed on amorphous multicomponent oxides as this subject shall be the focus
of the results presented in Chapters 4 and 5. Following this, a critical assess-
ment of the performance of p-type TCOs is presented. A considerable amount
of literature has been published on p-type TCOs, yet their performance remains

subpar. In this assessment, the factors that contribute to this poor performance
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are discussed along with an overview of the approaches researchers have taken to
overcome these inadequacies. Finally, transparent conducting materials (TCMs)
and correlated metals are considered as alternative approaches towards realising
high p-type conductivity in transparent materials.

In Chapter 3, the techniques and methods used to grow and characterise the
thin films discussed in this work are outlined. Particular attention is paid to
magnetron sputtering as this was the main deposition method used in this the-
sis, and a key aspect of my research. As a student of the CDT ACM program,
another key aspect of my PhD was the training I received in a wide variety of
characterisation techniques. A brief discussion of the experimental techniques
relevant to this work is presented thereafter. These range from basic electri-
cal and optical characterisation which are used to evaluate the performance
of the various TCOs to more involved techniques such as scanning tunnelling
microscopy (STS), x-ray absorption spectroscopy (XAS), and high resolution
electron microscopy.

Chapter 4 examines the role that thickness plays upon the performance of
a-ZTO. Films were grown via non-reactive radio frequency (RF) magnetron
sputtering and show impressive electrical performance with a peak conductivity
of 394 S/cm observed for a 12 nm thick film. Examination of the optical band
gap indicates a blueshift occurs in the films as the thickness is reduced. Fol-
lowing this the chemical environment of the films is probed using an in-vacuo
x-ray photoelectron spectroscopy study, while scanning electron microscopy is
utilised to examine the films’ morphology. Finally STM and STS are performed
to further investigate the band gap shift, the results demonstrate a shift in the
electronic band gap of the material in agreement with the UV-vis data pre-
sented. Mechanisms that may be responsible for this band gap blueshift are
then evaluated.

In Chapter 5, the results of a XAS study on a-ZTO as the inter-cation ratio
is altered are presented. As the inter-cation ratio is known to affect both charge
carrier density and carrier mobility, XAS is employed to investigate this effect
and examine the local chemical and bonding environment in a-ZTO as the film
composition is varied. The results demonstrate that the chemical environment
in a-ZTO does not vary greatly as the cation ratio is changed and while x(R)
spectra indicate a slight shift in the Sn-O bond length, no longer range bonding
order could be observed in these a-ZTO films. With this knowledge, I update the
hypothesis to explain the observed variation in conductivity with inter-cation

ratio, and propose a theory of the local bonding environment in a-ZTO thin



films.

Chapter 6 provides a study into the growth and characterisation of VoO3 as
a p-type TCO material. V50Os3 is a correlated metal and thus exhibits extremely
high conductivities making it an attractive option for p-type TCO applications.
However, although the material possesses metal-like charge carrier densities the
hole mobility of the film remains low which limits the overall conductivity of
the material. In this work I examine two approaches to increasing the conduc-
tivity of the V5Og films, firstly by substitutional doping with Mg, and then
by considering a nanolaminate approach. Using a combination of electrical,
optical and x-ray characterisation the performance of pure and Mg:V,03 thin
films are evaluated. Furthermore, an electron microscopy study is performed
to examine the Mg dopant incorporation into the V503 thin films, which also
provides valuable insight into the crystalline growth of the V503 films. Finally,
the growth of CusO by films is investigated and optimised in preparation of
creating Vo03/CusO bilayers and nanolaminates. Using a combination of XPS
and optical characterisation it is confirmed that CusO is grown. Then through
a combination of reciprocal space mapping, and 26 and ¢ XRD scans, epitaxial
[111] orientated CupO films are observed to grow on (0001) Al,Og substrates.
Although no nanolaminate or multilayer samples are produced in this work, the
results presented are encouraging and form a strong basis for future Vo03/CuyO

nanolaminate studies.



Chapter 2

Literature review

2.1 Overview of transparent conducting oxides

2.1.1 Band Theory

In molecular orbital theory, electron energy levels in atoms are quantised by
well defined atomic orbitals. When two atoms combine to form a molecule their
atomic orbitals hybridise to form molecular orbitals. In this molecular orbital
theory, the highest energy molecular orbital occupied by electrons is referred
to as the HOMO, while the lowest unoccupied molecular orbital is referred to
as the LUMO. If a large number, N, of atoms come together to form a solid,
each discrete energy level is split into NV levels. Energy levels that are extremely
close in energy to one another may hybridise and as the number of atoms in a
solid is extremely large (N ~ 10%2), the energy levels can be considered as a
continuum, or as an energy band. The equivalent of the HOMO is the valence
band maximum (VBM), while the energy band formed from LUMOs is referred
to as the conduction band minimum (CBM). The difference in energy between
these two energy bands is referred to as the band gap (E,) and is described in
Eq. 2.1, where

Ey=FEcpym — Eveum (2.1)

A metal is defined as having an overlap between the valence band (VB) and
the conduction band (CB) while an insulator is defined as having a large energy
gap between the two bands. This leads to high conductivity in metals as it

is easy to generate itinerant charge carriers, while in an insulator the large
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Figure 2.1: Electrons must have sufficient energy to be excited from the valence
band in order to act as free charge carriers. In a degenerately doped semicon-
ductor, additional electrons must be excited to higher energies to act as charge
carriers, known as the Moss Burstein shift. Adapted from Dixon et al. [3].

bandgap limits charge carrier concentration leading to low conductivities. A
semiconductor is a material that has a small bandgap such that charge carriers
may be generated and promoted to the CB of the material if sufficient energy,
generally in the form of heat or light, is provided. Thus, the conductivity of
semiconductors is temperature dependent. It is expected therefore that as the
bandgap of the material decreases the conductivity will increase as it becomes
less difficult to excite charge carriers from the VB to the CB. Conversely, as
the bandgap decreases the transparency of the material will decrease as more
incoming photons are absorbed in charge carrier excitation processes. If the
bandgap of the material exceeds 3.1 eV, the maximum energy of the visible
light spectrum, then the material will be transparent to visible light. Thus
when one considers transparency and conductivity with traditional band theory,
they are generally seen as mutually exclusive properties. TCOs operate by
simultaneously possessing a large bandgap (>3.1 €V), while also having a donor
defect level that lies close to the CBM. This discussion shall be dealt with
in more detail in Section 2.2.2, however these defect levels should be shallow
(< 0.025 eV) relative to the CBM so that at room temperatures a significant

charge carrier concentration may be generated.
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2.1.2 Moss-Burstein shift

As semiconductors, TCOs are inherently reliant on defects within the crystal
lattice to generate charge carriers. Intrinsic TCOs rely on defects such as oxy-
gen vacancies, hydrogen interstitials or metallic cation interstitials to contribute
to the charge carrier concentrations [4, 5]. Frequently however, these intrinsic
TCOs are doped with extrinsic elements to raise the charge carrier concentration
and thus increase the conductivity of the material. In both cases as the charge
carrier concentration increases, electronic states at the CBM become filled, and
thus the Fermi energy moves into the CB. As electrons promoted by photoemis-
sion processes must be excited above the Fermi energy this leads to an effective
widening of the optical bandgap. This effect was first described by Moss and
Burstein independently in 1954 and is known as the Moss-Burstein shift [6, 7]
and is demonstrated in Figure 2.1. This effect is often quite advantageous for
TCOs as, due to the widening of the optical bandgap, it can increase the optical
transparency of a material. The Moss-Burstein shift can be described mathe-

matically as
EJP = EMP 4+ B, (2.2)

Where Egof’t is the optical bandgap of the material, and Eé‘/f B is the Moss

Burstein shift energy.

2.1.3 Band structure considerations

Band structure is an important factor when it comes to designing and choosing
a TCO material. There are several factors to consider for the band structure.
N-type TCOs should possess a strong electron affinity. Electron affinity is the
amount of energy released when an electron is added to a neutral atom, and
thus acts as a guide as to the ease of doping to the system. Secondly, TCOs
should have a large energy gap (> 3.1 eV) between the Fermi energy (Er) and
the next nearest energy band in the CB, known as CBM+1. This high degree of
separation helps prevent free carrier absorption, where electrons acting as charge
carriers are promoted to higher energy bands by optical absorption. Finally,
and possibly the most important factor when considering the band structure of
TCOs, is the dispersion of the valence and conduction bands. Conductivity in
TCOs, described in Eq. 2.3, is proportional to the charge carrier concentration
and mobility. The mobility, defined as the drift velocity of the carriers per unit

electric field depicts the ease with which charge carriers can move through the
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crystal lattice. The conductivity is given as

o = e(nepte + nppin) (2.3)

where ¢ is the conductivity of the material, n is the charge carrier concentration,
e is charge of an electron, and subscripts e and h refer to electrons and holes
respectively. In the case of heavily doped semiconductors the contribution of
the minority carrier towards conductivity is found to be insignificant and thus
can be ignored.

The mobility is in turn inversely proportional to the effective mass (m*) of an
electron moving through the lattice. The effective mass describes the effective
lowering of the rest mass of an electron (m.) due to the periodic potential that
exists within a crystal lattice. Using Band Theory the effective mass of charge
carriers can be related to the structure of the VB and CB at the VBM and
CBM. Assuming a periodic potential exists the energy in the conduction band
can be expressed as

hk?

E(k)=Ey+ oy (2.4)
where E(k) is the energy with wavevector k, Ey is the energy at the point where
k = 0, and % is the reduced Planck constant. Taking the second derivative of
Eq. 2.4 with respect to the wavevector k, one can see that the effective mass is
directly proportional to the curvature of the conduction band, a property known
as dispersion. , ,

- (2.5)

A higher band dispersion therefore leads to a lower effective mass and thus

higher charge carrier mobility in the material. In a practical sense this means
that molecular orbitals with dominant s-orbital character at the CBM show the
lowest electron effective mass. This is repeatedly shown in literature where ma-
terials with s-orbital such as In, O3, ZnO, SnO4 show consistently lower effective
masses than materials with a d-orbital derived CBM such as TiOs [8].

2.1.4 Reflection edge

A further consideration that must be taken into consideration when designing
a TCO is the reflection edge. One can observe from Eq. 2.3 that there are
nominally two routes to increase the conductivity of a TCO material; either

by increasing the charge carrier mobility or by increasing the concentration of
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charge carriers present. It is found that increasing the free carrier concentration
beyond 3 x 10! ¢cm~3 may introduce issues such as the solubility limits of
dopants and a drop in mobility due to increased electron scattering at dopant
sites, however a more serious issue for TCO materials is the shift of the reflection
edge into the visible light region. Classical Drude theory gives that the plasma
energy of a material is proportional to the charge carrier concentration of a

material, this is shown in Eq. 2.6.

e n

=)

Where # is the reduced Planck constant, wy, is the plasma frequency, € is the

he, = R ) (2.6)

permittivity of free space, €, is the relative permittivity of the material, and
n is the charge carrier concentration. At energies below the plasma energy
the material will begin to reflect a significant portion of the incident light. As
the dielectric function, and thus relative permittivity of many TCOs lie within
a similar range of values it is generally observed that as the charge carrier
concentration exceeds 1 x 10?2 cm™3, the plasma energy will begin to shift
beyond 1.75 eV, and into the visible light spectrum. Any further increase in
the charge carrier concentration will cause the transparency of the material
to rapidly deteriorate. Thus it is the common approach in TCO research to
optimise the charge carrier mobility to avoid the reflection effects seen when the

charge carrier concentration is increased too high.

2.1.5 Figure of merit

TCO research has been an active field of research for several decades. As a
result there is a multitude of TCO materials that have been synthesised and
characterised using different growth methods and employing various dopants.
It is thus useful when comparing TCO materials to have a metric with which to
grade their performance. As the performance of a TCO material is dependent
not only on its optical transparency but also its electrical conductivity any
performance metric should taken into account both of these factors. A metric
that is often used in literature for comparative purposes is a figure of merit
(FoM). One of the first FoMs was introduced by Fraser and Cook in 1972 for
sputtered Sn-doped Inp,O3 (ITO) [9], it follows the formula

T

F=_—
Rgp,

(2.7)
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where F' is the FoM value, T is the average transmittance in the visible light
region and Rgy, is the sheet resistance of the thin film. The main issue with the
use of this FoM is the emphasis it places on the resistivity of the material. While
T can vary from 0 % to 100 %, Rg;, can vary over several orders of magnitude,
thus Rgj, becomes far more valuable in terms of optimisation for a higher FoM.
This led to Haacke developing another figure of merit, shown in Eq. 2.8, which

places a greater emphasis on transmittance using a normalisation factor ¢ [10].

T4q
F =

= %o (2.8)

q is typically set to 10 which leads to a maximum F' value for 90% transmittance
which is perfectly adequate for a TCO. The Haacke FoM was used for several
decades [11], however it too faces challenges in its application. As both T and
Rgsp, depend upon the thickness of a sample, using the Haacke FoM is not a fair
and accurate measure to compare the performance of materials as F is found to
be sample dependent rather than material dependent.

Gordon et al. developed a thickness dependent FoM based off equations 2.7
and 2.8 and using the thickness independent conductivity (o) and absorption
coefficient (o) [12].

o 1

r=2

a  Rsp In(T +R) (2.9)

The Gordon FoM, written as FOM and expressed in units Q! represents a
fairer comparison between TCO materials. Typical values for this FoM include
F:ZnO (7 Q7 1), AL:ZnO (5 Q7!) and Sn:InyO3 (4 Q1) [12]. However, the
Gordon Figure of Merit also has its shortcomings, as it is only concerned with
the summation of T'+ R, any decrease in reflectivity creating a higher trans-
mittance will have no net impact on the FoM despite an objectively improved
performance. In addition, as many laboratories only have access to instruments
to measure transmission data, this FoM is less commonly used and becomes
difficult to use to compare published results. As the transmittance and Rgp
of many n-type TCOs are within similar ranges of values, there is not much
variance in their calculated FoMs. In addition, due to the difficulties that many
of the common FoMs face they have not been extensively used in this work. It
should be noted that due to the greater variance in both T" and Rgy, for p-type
TCOs they see more frequent use and indeed are used to evaluate the perfor-

mance of VoO3 in Chapter 6.
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2.2 N-type TCOs

2.2.1 Historical overview

The first TCOs discovered by Karl Bideker in the early 20" were simple binary
oxides such as CdO, PbO and Cuz0 [13-15]. Although at the time of discovery
a full description of their behaviour was not understood, it was shown that
through varying the O partial pressure CuyO was exposed to, one could control
its conductivity over 6 orders of magnitude [15]. Since that point, the research
into TCOs has expanded rapidly, such that there is currently over 140,000 papers
published on ZnO since the turn of the 215 century. TCOs are now used in a
wide field of applications and can be prepared via a variety of growth methods
such as atomic layer depositon (ALD), pulsed laser deposition (PLD), molecular
beam epitaxy (MBE), sputtering, and spray pyrolysis allowing a high degree of

control on size and morphology [3, 4, 16].

2.2.2 Binary oxide TCOs

The first TCOs that saw use in applications were simple binary oxides such as
ZnO and SnOs, which were used in the 1940s and 1950s to prevent the build
up of frost and condensation on the windscreen of airplanes [17]. These binary
oxides were used for several decades owing to the fact that they are both easy
to produce and extremely low cost. However due to the low concentration of
intrinsic defects, their overall conductivities remain poor which in turn limits
their electrical applications. To address this issue, binary oxide TCOs are often
doped with extrinsic elements to introduce donor and acceptor states into the
crystal lattice. The theory was borrowed from the doping of conventional semi-
conductors where an element of differing chemical valency is introduced causing
the generation of electrons or holes for charge transport. For the greatest ef-
ficiency the introduced donor defect level should be shallow, within 0.025 eV
of the CBM, or resonant (above the CBM) so as to allow appreciable charge
carrier concentrations at room temperatures. Deep donor defect levels (> 0.025
eV from the CBM) should be avoided as they are unlikely to contribute to
significant charge carrier concentrations and may lead to intraband absorption,
decreasing the transmittance of the material. Doping of binary oxides has found
large success with Al-doped ZnO (AZO) and Sn-doped InyO3 (ITO) among the
most popular [18-22]. The impressive performance of ITO in particular has lead

to it becoming the industry standard for TCOs since its development by Rup-
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precht [23], and it has found countless applications as transparent electrodes in
flat panel and liquid crystal displays [18, 24], photovoltaics [20], and thin film
transistors [25, 26]. Although these binary oxides have proven to be extremely
successful their performance is heavily reliant on having high crystallinity due
to the scattering of charge carriers that occurs at grain boundaries in polycrys-
talline samples [3]. This requirement for high crystallinity necessitates growth
temperatures often beyond the thermal budget and glass temperature of com-
mon plastic substrates such as polyethylene terephthalate (PET) and restricts
the compatibility of these TCOs for various applications [27].

2.2.3 Multicomponent TCOs

A breakthrough in the field came in 1996, when Hosono et al. proposed a
blueprint for the design of new TCOs using heavy metal cations with the (n-
1)d1%ns® electronic character, where n is the principal quantum number of the
valence electrons of the atoms in their neutral state [28-31]. The theory pro-
posed by Hosono et al. relies on large isotropic s-orbitals that comprise the
CBM to form continuous conduction pathways in the material. As the s-orbital
radii is larger than the intercation distance, strong conduction pathways exist
for electrons even when the material is in a highly amorphous state [25, 32].
This is in contrast to covalent semiconductors such as Si, which rely on highly
anisotropic sp® hybridised orbitals [25, 33]. Due to their highly anisotropic na-
ture of the bonding orbitals any disorder introduced into the bonding matrix
severely degrades carrier transport, which becomes dominated by hopping be-
tween localised tail states [4], as illustrated in Figure 2.2. An example of a TCO
developed using this multicomponent oxide template is indium-zinc oxide (1ZO).
Even for samples grown at room temperature, IZO shows optical and electrical
performance on a par with polycrystalline ITO grown at 400 °C [34]. A subtle
but important improvement to IZO is the addition of Ga to form indium-gallium-
zinc oxide (IGZO). Ga?T has a strong ionic potential which allows it to bond
strongly with O atoms preventing excessive free carrier generation which arises
from oxygen vacancies in the material [4]. As the mobility of charge carriers is
not limited by ionised impurity scattering the mobility may increase resulting in
excellent mobilities of between (10-100) cm?/V-s [35-37]. In addition, given the
extra disorder in the material from the introduction of an additional cation, a
variety of cation compositions can be achieved while maintaining the amorphous

nature of the material circumventing the issue of grain boundary scattering that
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a b
Covalent semiconductors, for example, silicon Post-transition-metal oxide semiconductors
Crystalline Crystalline

sp3-orbital

Figure 2.2: The highly anisotropic sp® hybridised orbitals in a:SiH leads lo-
calised states impeding electron transport. In contrast the (n-1)d!%ns® electronic
character of materials suggested by Hosono et al. leads to strong conduction
pathways even in an amorphous state. Figure reproduced from [25].

exists in polycrystalline samples. Moreover, as these multicomponent TCOs are
being deposited as amorphous films they are compatible with a low thermal
budget as well as a wider range of substrates making them more attractive for

transparent flexible electronics.

2.2.4 Issues with indium

For quite some time ITO has been the industry standard in TCOs, with com-
mercial polycrystalline ITO typically exhibiting conductivities of ¢ = 5 x 103
S/cm, and a Figure of Merit of roughly 1.19 x1072 Q! [22, 38, 39]. However the
use of indium has many issues. Firstly, indium has a very low natural abundance
in the Earth’s crust (0.1 ppm) vs. Zn (132 ppm) [40, 41]. This is exasperated
by the fact that indium does not exist as a sole mineral and therefore is only
produced if it is recovered as a by-product from the refining of of Zn and Pb
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ores. Consequentially the unit price of indium can fluctuate significantly, which
is not ideal as ITO is a key component in many TFT and solar cell devices.
To compound this issue, there are no natural resources of In in the EU which
results in researchers and manufacturers being reliant on imports and subjected
to inflated sales prices. The summation of these factors led the European Union
in 2020, to place In amongst a list raw materials of critical economic impor-
tance with a significant supply risk [42]. Although the EU judged the supply
risk to In to be reduced in their most recent materials sustainability report [43],
a long-term sustainable alternative would be an obvious benefit.

A second explanation for the desire to move on from ITO is the development
of flexible electronics. PET, which is the nominal substrate of choice for flexible
electronics, has a glass temperature of just 80 °C, far below the processing tem-
perature for ITO which typically ranges from 200-600 °C [44]. Although there
have been some improvements in the performance of ITO produced at lower
temperatures, these are usually in the form of amorphous ITO which presents
inferior electric properties (¢ = 1.5 — 2 x 10% S/cm) [3], to its polycrystalline
counterpart (¢ = 5 — 10 x 10* S/cm) [24]. To add to this issue, ITO is well
known to be a very brittle material. Irreversible cracks appear in polycrystalline
ITO thin films at a bending angle of 36°, these films had a maximum bending
angle of 60°, with the conductance dropping by 3 orders of magnitude across
this range [3]. Amorphous ITO is known to be even more brittle than its poly-
crystalline counterpart [45]. In comparison, graphene is known to be able to
operate as a flexible transparent conductor up to a bending angle of 138° [46].

Beyond a performance or cost concern, the final concern over the use of In
comes from a health viewpoint. As the mining and utilisation of In is still a rel-
atively recent development, there is a significant amount that remains unknown
about the possible short and long term health risks associated with its use. This
is exemplified in the contrast of what is considered the respiration exposure limit
between the US Occupational Safety and Health Administration (recommended
limit of 0.1 mg/m?, but no regulated limit) [47], and the Japanese equivalent
(0.0003 mg/m?) [48], a 3 order of magnitude difference. Furthermore, indium
lung disease is known to be a potentially fatal disease caused by the inhalation
of indium particles [49], and even when the disease does not present, In workers
show higher incidence of lung lesions, reduced diffusing capacity and in acute
cases; emaciation, liver damage and an enlarged spleen [50]. To compound this
issue it appears that the exposure route may have a considerable impact on the

In lifetime in the body. With inhalation, there is similar levels of In in blood
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Figure 2.3: Heat-map of the effective mass of electrons at the CBM of binary
oxides. Figure reproduced from Hautier et al. [8]

plasma in current workers as those with a median time since exposure of 4.6
years [51, 52].

2.2.5 In free alternatives

Finding an viable alternative to ITO has been an ongoing field of research for
several decades. Computational studies are extremely useful in this regard as
a large number of binary and ternary oxides can be modelled and the expected
effective mass calculated. Although computational modelling rarely agrees per-
fectly with empirical data it does allows high throughput screening of material
properties and thus is an invaluable tool in identifying materials of interest. A
study of the effective masses of electrons in binary oxides as seen in Figure 2.3
finds that the highest electron mobilities are possessed by ZnO, SnO45 and Iny O3
[8]. While this study justifies the use of these binary oxides as host materials
for doped TCOs it does not provide any guide for further exploration of binary
oxide TCOs.

One of the forerunners as an alternative to ITO, is IGZO. As discussed
previously, IGZO is a multicomponent oxide that can perform extremely well
even when in an amorphous state. As-deposited IGZO grown on a PET plastic
substrate at room temperature was shown to possess mobilities of 10 cm?/V's,
which is an order of magnitude greater than a-Si:-H [25]. It has found success
as a material used in TFTs [36, 37], as well as being used to detect harmful
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gases [53-55]. However, gallium is also a rare element and is frequently used in
other applications raising concerns over cost. Furthermore many of the health
concerns regarding the toxicity of indium also carry over into gallium [56]. An-
other alternative to ITO that has been suggested is Al-doped zinc oxide (AZO),
Al is readily and cheaply available which goes some way to resolve the issues
facing ITO and IGZO. More importantly, RF sputtered AZO has showcased
conductivities as high as ¢ = 5 x 103 S/cm [38] which is extremely close to
commercial polycrystalline ITO (6.6 x 10% S/cm) [24, 38]. However, Zn can see
increased chemical activity depending on the oxidising strength of the deposi-
tion environment, and as a result large area AZO films see uneven distributions
of electrical conductivity which limits their applications [57]. Furthermore, as
the conductivity of AZO relies upon a high level of crystallinity this presents
an issue for large area depositions where variations in crystalline grain size can
impact the uniformity of material performance.

A recurring theme across high performance n-type TCOs is the presence
of extrinsic dopants in a ZnO, SnOy or InyO3 host matrix. In order to focus
on low-cost, common and abundant options I shall focus on ZnO and SnOs.
In the pure form these materials rely on intrinsic defects to generate charge
carriers resulting in low conductivities (0.01-1 S/cm) in both ZnO and SnO,
[58, 59]. While extrinsically doping these materials has proven very successful
with materials such as GZO, AZO and FTO seeing use in industrial applications,
another approach is to combine the binary oxides to form a ternary oxide. Zinc
tin oxide is an excellent example of this. There are two crystalline forms of zinc
tin oxide; the perovskite form ZnSnOjs [60] and the inverse spinel phase ZnsSnQOy
[61]. While these crystalline phases show transparencies > 80% in the visible
range [62, 63], they require elevated growth temperatures and significant Hy
flows to generate charge carriers, and hence achieve conductivities of 102 S/cm
[64]. An alternative option is to use the amorphous phase of zinc tin oxide (a-
ZTO). Nanocrystalline and amorphous materials typically exhibit lower mobility
due to increased ionised impurity scattering at grain boundaries, however using
the multicomponent oxide theory [30, 31], a-ZTO can exhibit mobilities as high
as 35 cm?/V:s in an amorphous form [65, 66]. The amorphous form has the
added benefit of that due to the increased density of dangling bonds, the charge
carrier concentration is much higher than the crystalline form [62, 67].

Furthermore, a-ZTO has been deposited using a wide variety of deposition
techniques such as; RF magnetron sputtering [65, 68, 69], spray pyrolysis [70],
mist-CVD [71], spin-coating [71], sol-gel, [74] and atomic layer deposition (ALD)

16



N-type TCOs

Species o L E, T Prep. Ref.
(S/em) | (em?/V-s) | (eV) | (°C) | method
Zno_QQSDOQ_QQ 445 35 3.7 500 RF MS [65]
Zno_208n02_2 220 18 >3.1 60 RF MS [68]
ZnSnOj3 - 20-50 3.3-3.9 | 600 RF MS 69
Zn0_618n02_71 304 10.5 - 450 SP 70
ZHQ_72SDOQ_72 - 14.6 3.01 350 mist-CVD 71
ZnSnOj3 - 6.88 3.22 350 | spin-coat 71
Zng 55109 53 0.14 15.7 >3.1 500 spin-coat 72
Zn0.5Sn02‘27 0.1 3 2.8 450 PLD 73

Table 2.1: Comparison of the conductivity, electron mobility, band gap and
treatment temperature of a-ZTO thin films prepared via differing growth tech-
niques. Abbreviations: radio frequency magnetron sputtering (RF MS), spray-
pyrolysis (SP), chemical vapour deposition (CVD), pulsed laser deposition
(PLD).

[75]. As is shown in Table 2.1, these deposition methods exhibit a range of
conductivities and charge carrier mobilities. This is partly due to the fact that as
a-ZTO is an intrinsic semiconductor, it relies heavily upon oxygen vacancies and
metal cation interstitials to generate charge carriers. This makes the material
quite sensitive to the oxygen partial pressure during growth, the control of
which can vary greatly between deposition techniques. In addition, a-ZTO is
also sensitive to post-growth treatments such as annealing in an O atmosphere,
which can passify oxygen deficiencies, reducing the charge carrier density but
increasing the Hall mobility of the material [65]. Conversely, annealing in a Hy
or Ny atmosphere is seen to increase the charge carrier concentration in a thin
film [65].

The optical and electrical properties of a-ZTO can also be controlled by the
intercation ratio within the material. As ZnO has a lower band gap of 3.3 eV
compared to SnOs 3.7 eV, it is expected to see some variance in the optical
performance as the stoichiometries are varied [76]. A less intuitive result is the
dependency of the electrical properties on the Zn/Sn ratio [77]. As shown in
Figure 2.4, high charge carrier densities are observed at high Sn contents, while
at high Zn concentrations the charge carrier mobility increases. This can partly
explain the variation in performance of a-ZTO observed by researchers [2, 69,
72, 78, 79].

The electrical properties of a-ZTO are currently below the best performing

TCO options such as ITO and AZO however it does possess a number of ad-
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Figure 2.4: a) Carrier concentration vs Zn/Sn ratio, and b) Hall mobility vs
Zn/Sn ratio. It is observed that a-ZTO films with high Sn content exhibit
higher charge carrier densities while films with higher Zn concentrations show-
case higher carrier mobilities. Figure reproduced from Zhussupbekova et al.
[77].

vantages such as being composed solely of common and abundant materials [2],
not requiring high depositions temperatures and a high chemical stability [68]
which can affect the performance of TCOs such as AZO and GZO in particular
[4]. This cation ratio dependency along with the sensitivity of the material to
growth and post-growth conditions, allows a wide number of parameters to tune
in order to optimise the performance of the material for a specific application.
In fact, a-ZTO has already been implemented in a wide range of applications
such as organic light emitting diodes (O-LEDs) [68], photovoltaic cells [80], gas
sensors [81], and TFTs [82, 83].

Two areas in which the knowledge of a-ZTO is lacking are; how the optoelec-
tronic performance of the material is dependent on the material thickness, and
why the electrical performance of the material depends so strongly on the inter-
cation ratio. The first issue is applicable to how a-ZTO will be used in various
industrial applications, while the second issue has implications for optimising
the electrical performance as whole by modulating the Zn/Sn ratio within the
films. Both are thus important for the continued development and improvement

of the material and therefore shall be considered in Chapters 4 and 5.
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2.3 P-type TCOs

2.3.1 Motivation and historical overview

While n-type TCOs are a well explored field with a wide variety of industrial
applications the development of their p-type counterparts has lagged behind.
Viable p-type TCOs would allow significant advancement in transparent elec-
tronics and allow greater functionality and lower power consumption in many
applications.

Thin film transistors are a basic element of modern circuits and are used in a
wide variety of transparent electronics to control basic units of pixels in systems
such as flat panel displays, liquid crystal displays, and active matrix organic light
emitting diodes (AMOLEDSs) [84]. A significant progression in the conventional
semiconductor industry came with the integration of complementary logic circuit
design [84]. When n-type metal-oxide semiconductor transistors (NMOS) are
combined with p-type metal-oxide semiconductor transistors (PMOS), they can
form complementary metal-oxide semiconductor (CMOS) logic. CMOS tech-
nology offers lower power consumption, low waste heat generation as well as
a high noise margin and therefore would allow significant advancement in the

performance of transparent electronics if realised [85].

Another use of p-type transparent conducting oxides is p-n junctions. These
are devices that combine n-type and p-type semiconductors to form a diode
device. These p-n junctions have many applications in fields such as AC current
rectification, surge protection, light emitting diodes as well as generating and
receiving radio frequency signals [84]. Other applications include thermometers,
photodetectors and radiometers [86]. A final highlighted application of p-type
TCOs is for use in hole transport layers (HTL) in solar cell devices [87-89)].
The need for society to divest from fossil fuel energy sources towards renew-
able and sustainable alternatives is well documented. Many countries including
Ireland have signed up to the Paris Climate Agreement which states that emis-
sions in each country should be reduced by approximately 50 % by 2030 [90].
Despite this, the energy demands of Ireland and the world continue to grow.
One promising technology which already sees significant interest is solar cells.
Their research and development has seen significant interest and growth over
the past decade as researchers seek to improve their performance and efficiency.
Conducting p-type oxides are often implemented in solar cells as hole trans-

port layers as is illustrated in Figure 2.5 where their wide band gap, high work
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Transparent electrode ‘ Transparent electrode

n-i-p type p-i-n type

Figure 2.5: Schematic of n-i-p and p-i-n type perovskite solar cells. N-type
TCOs such as ITO, SnOs or TiOs are typically used for the ETL or transparent
electrode. Higher preforming p-type TCOs are needed to reduce losses and
carrier recombination effects [93].

function and good hole conduction is essential to the extraction and transport
of holes created in the photoactive layer, particularly in p-i-n type devices [91,
92]. For satisfactory performance the p-type TCOs should have sufficient va-
lence band structure to allow good hole mobility as well as optical transparency.
The work function of the material should be aligned with the work function of
the top contact as well the valence band maximum of the photoactive layer in
order to suppress diffusion of charge and the loss of energy in the device. It is
thus apparent that while high performance p-type TCOs have struggled to be
developed thus far, the ongoing growth of optoelectronics in today’s society in
addition to the rising energy demands makes the research and development of
viable p-type materials an area of great interest to many in the TCO commu-

nity.

2.3.2 Doping binary oxides p-type

There have been many approaches to developing p-type TCOs. The first of
which was to dope known TCO materials such as ZnO, SnOs, and InyO3 with
acceptor impurities to generate electron ”holes” (h) that may act as charge
carriers. The success of this approach was quite limited however due to these
TCO materials being intrinsically n-type. While the native defect concentration
in these binary oxide TCOs may not be high enough to generate sufficient n-
type conductivities, it is more thermodynamically favourable to generate hole
killing traps than it is to allow a high hole concentration within the material
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Figure 2.6: The distribution of effective masses of electrons (blue) and holes
(red) in binary and ternary oxides as a multiple of an electron’s rest mass.
Reproduced from Hautier et al. [99].

[94, 95]. Moreover in accordance with the selection criteria described in Section
2.1.3, in order to ensure high charge carrier mobility the valence band maximum
of a material should be comprised of highly dispersive bands. However, the
VBM in many binary oxides demonstrates highly localised behaviour due to the
high electronegativity of the O anions [96-98]. This hole localisation leads to
extremely high effective masses in many p-type TCOs, resulting in mj, > m. as

is shown in Figure 2.6

2.3.3 Cu 3d'Y based materials
CUQO

CusO was first reported as a TCO by Bédecker in 1907 and over a century
later it still remains relevant to ongoing research in p-type TCOs. The main
attraction of this p-type metal oxide is a hole mobility up to 256 cm?/V-s and
bandgap of 2.17 eV [84, 100]. In addition, CuyO has been prepared by a variety
of growth methods such as PLD [101-103], ALD [104-106], and magnetron
sputtering [100, 107, 108].

The high hole mobility in CugO is attributed to the nature of the band
structure near the VBM. In Cu,O, the Cut ions possess a full 3d'° electronic
configuration, with the energy level of Cu 3d'° orbital close to the O 2p® orbitals.
This leads to significant mixing between the orbitals and as a result a more

dispersed valence band maximum with higher mobility is achieved [109, 110].
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A theoretical hole effective mass of 0.24 m, has been calculated [111], although
experimental results has this figure slightly higher at 0.58 m,. and 0.69 m,
respectively [112].

Despite the high mobility reported for CuyO its overall performance as a
TCO remains unsatisfactory. Its bandgap of 2.17 eV is lower than the 3.1 eV
required for optical transparency meaning that thin films often exhibit a clear
brown colour under visible light. A more serious issue however is its extremely
low electrical conductivity. It is widely established that the main hole generating
defect in CusO is V¢, [113, 114], with an estimated activation energy of 0.45 eV
above the VB [115]. The concentration of these Cu vacancies has been shown
to be highly dependent on O partial pressure during growth or post-growth
annealing conditions [100, 116]. However as an ionic compound, CuzO favours
the formation of self-trapped polarons through distorting the nearby crystal
lattice of V¢, over the formation of itinerant charge carriers [117]. As a result,
Cuz0 films generally only report charge carrier densities and conductivities of
1.7 x 10" em™=3, and 0.014 S/cm respectively [118]. A final consideration in the
discussion of CusO is the narrowness of the processing window to obtain pure
CusO without a parasitic CuO phase forming. Although CuO is also a p-type

semiconductor, its presence would degrade the electrical performance of CusO.

Delafossites CuMO,

Following the limited success of the CusO TCO, Hosono et al. developed a
new approach for the design of novel p-type TCOs known as chemical modu-
lation of the valence band (CMVB) [119]. This idea is based of the successful
hybridisation that occurs between the fully occupied O 2p and Cu 3d orbitals.
The delafossite structure is based on the chemical CuMOs formula, where M
is a trivalent cation such as (B, Al, Cr, Ga, Sc, In or Y). The first delafossite
TCO, CuAlO,, was designed by Kawazoe et al.. In its undoped state it shows
a large optical bandgap (3.5 eV), corresponding to an average transparency of
70% in the visible range. Moreover, the addition of Al atoms has a serious
impact on the conductivity with values as high as 1 S/cm being recorded [119].
However, while the Al cation contributes to conductivity through charge carrier
generation it also causes serious degradation in the mobility of the material.
This is attributed to the 3d Cu-O-Cu linkages in CusO being interrupted and
replaced by Cu-O-M-O-Cu links, resulting in strong anisotropy being observed

between the ab-plane hole effective mass (2.6m.) and the c-plane effective mass
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(38.95m,) for CuAlOy [120]. Compared to CuAlOq, the delafossite CuCrOg
shows improved electrical performance reaching conductivities as high as 220
S/ cm when doped with Mg. However, the optical properties of CuCrOs remain
an area to improve as it typically only sees transparencies as high as 30% [121].
An attempt to improve the transparency dropped the conductivity to 1 S/ cm
[122]. The main challenge delafossites face for performances similar to n-type
TCOs is their low conductivities stemming from deep acceptor levels [123], cou-

pled with a polaronic conduction [124, 125].

Spinels nd®

Continuing the search for a viable p-type TCO, researchers began to improvise
on the closed shell-O 2p hybridization theory Hosono et al. had put forward to
develop a new family of materials, spinels. These transition metal oxides were
based on transition metals with the nd® electronic configuration with a low
spin ground state. This resembles the 3d!° closed shell electronic configuration
present in delafossites. Spinels follow the formula ZnM,O4 where M = Co3*,
Rh3*, Ir3* [126]. In this configuration, the Zn atoms form ZnO tetrahedra while
the corresponding M atoms form MO, octahedra. Based on absorption spectra
ZnCos0y4, ZnRh50y4, Znlr,O4 show band gaps of 2.26 eV, 2.74 eV, and 2.97 eV
respectively [127]. However there remains some doubt over the magnitude of
these figures as the band gap of ZnRh,0O4 has been measured to be 2.1 eV by
Mansourian-Hadavi et al. [128] and 1.2 eV by Singh et al. [129]. Of these spinel
materials ZnCosQy, is the most studied, showing conductivity values as high as
21 'S/ cm [130]. While the d° spinels show impressive conductivity for a p-type
TCO the flat valence band maximum as well as a polaronic hopping conduction
mechanism present in all the aforementioned materials represents a barrier to
their further improvement [127]. This is exemplified by the extremely high
effective mass m* = 18m,, and low hole mobility y = 0.028 cm?/ Vs of ZnCoy04
[131]. A further challenge spinels face is the high cost of the precious metals
Rh and Ir, which constrains their inclusion in large scale industrial applications
[132].

2.3.4 Oxychalcogenides

A consistent issue that Cu™ based ternary oxides face as we have seen above
is low charge carrier concentration coupled with a low hole mobility. As men-

tioned above, due to the low valence band dispersion that many transition metal
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oxides possess the resulting hole mobility is low and unsatisfactory. An alter-
native approach that has seen some success is to partly or fully replace oxygen
with other chalcogenides (Ch) elements, where Ch = S, Se and Te. A more
dispersed valence band is expected from greater hybridization due to increasing
covalency between the Cu 3d!? and Ch np® orbitals in increasing order (O, S,
Se and Te). An example of this approach is layered oxychalcogenides such as
LaCuOS [133]. LaCuOS forms as a layered 2D material, consisting of alter-
nating layers of [LagO2]*t and [CuySs]?~ stacked along the c-axis. The LaO
layers confine the CuS to 2D layers leading to quantum confinement and the
expansion of the optical bandgap to approximately 3.1 eV [134]. Moreover, as
the charge carriers are formed from Cu vacancies [135], they are extracted to
[CusS2] layers and so are not scattered by charge carrier impurities [136]. This
is shown in Mg-doped epitaxial film LaCuOSe which shows a p-type conductiv-
ity of 910 S/ cm [135]. There is however several issues that oxychalcogenides
face. Firstly, chalcogenides are well known for the toxicity and incompatibility
with vacuum systems which makes dealing with them inside and outside the
vacuum chamber problematic. Furthermore, the materials are also sensitive to
atmospheric conditions. In addition, it is noted that the intrinsic charge car-
rier concentration in oxychalcogenide materials is typically quite low, therefore
doping of LaCuOS via Mg?t or Sr?* on the La®t site is necessary to raise the
charge carrier concentration and conductivity from 2 x 10'® em™3 and 6 x 107°
S/cm, to 2.7 x 10?Y em ™3 and 20 S/cm [134, 137, 138]. It is also noted that
despite the high conductivities achieved in Mg-doped LaCuSeO, due to the high
charge carrier concentrations the materials shows no optical transparency [135].
Finally, while the mobility of the material improves due to the increased disper-
sion of the valence band maximum as one goes from S to Se and then Te, this is
accompanied by a simultaneous decrease in the optical bandgap from 3.14, 2.80
to 2.40 eV respectively [139]. It is felt therefore that despite the promising hole
mobilities and conductivities reported, these do not outweigh the additional ex-
pense of materials and cost in complexity of preparation when compared to the

previously mentioned spinel materals.

2.4 Transparent Conducting Materials (TCMs)

Based on the success of the oxychalcogenides in increasing the mobility of the

holes, and the difficulty of finding suitable dopants for oxides, researchers have
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begun to look past oxides and now examine a wider variety of materials known as
transparent conducting materials (TCMs). The most well researched of these
materials are copper iodide and boron phosphide which have been known as
transparent p-type materials since 1908 and 1957 respectively [140]. However,
ternary chalcogenides such as CuAlSy [141, 142], and CuZSs [143, 144] have
also seen attention due to the higher mobility they possess compared to oxide

materials.

2.4.1 Copper lodide

Of these candidates, Cul in particular, has seen a surge in popularity in recent
times. There are number of phases of Cul that may form depending on the
temperature and pressure of the system, below 643 K, y-Cul which possesses
a zincblende structure dominates [145, 146]. Cul possesses a theoretical direct
bandgap of 3.203 eV [147], which has been measured experimentally as 3.118
eV [148], making it highly transparent to visible light.

The VBM of the material is comprised of I 5p and Cu 3p and 3d orbitals
which leads to an anisotropic hole effective mass. This manifests as a light
holes which possess an effective mass of 0.3 m,, and heavy holes along the
(111) and (100) directions with an effective mass of 2.1 m, [148]. Cu vacancies
have been calculated to have the lowest formation energy among native defects
and thus are believed to control the charge carrier density of the material [149,
150]. These Vi, are most easily formed in I-rich growth conditions. Both the
charge carrier concentration and hole mobility are found to depend strongly on
the temperature of the system. This is attributed to anisotropic nature of the
VBM leading to effectively two conductivity channels. The first channel has low
hole mobility x = 0.15 cm?/V-s and respectable charge carrier concentration of
1.2x10' cm ™2 and dominates at temperatures below 50 K [151]. The second
channel which dominates at room temperature exhibits impressive mobility for
a p-type TCM (= 9 cm?/V-s) and carrier density of 1.2x10'® cm~=2 [151].

The properties discussed thus far make Cul appear to be an attractive TCM
candidate however the two main issues it faces are its difficulty with doping
and its sensitivity to O incorporation. As both Cu and I atoms exist within the
material in a +1 and -1 oxidation state respectively, this makes it difficult to find
suitable dopant atoms to raise the charge carrier concentration to the 102° cm™3
typically observed in n-type TCOs. In addition, Cul is extremely sensitive to

05 exposure, with a significant Os incorporation within minutes of exposure to
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atmospheric conditions. While O incorporation does add to the conductivity by
producing more V¢, within the crystal lattice [152], it also reduces the mobility
due to ionised impurity scattering [151]. The challenge for Cul then is that it
remains challenging to increase its charge density by two orders of magnitude
to meet that of its n-type counterparts, while simultaneously the native charge

carrier density is higher than preferable for a gate material for TF'T applications.

2.4.2 Boron Phosphide

Boron Phosphide is currently used as a hardening material on aircraft wind-
screens, however it has been known as a p-type conducting material for several
decades [153]. A high throughput computational study on more than 30,000
materials highlighted it as a promising candidate TCM due to its extremely
high hole mobility [154]. This hole mobility which has been computationally
calculated to be as high as 900 cm?/V's is from the good overlap between the
B 2p and P 3p bands leading to a dispersive valence band maximum [155]. In
fact Shohno et al. have reported p-type conductivities of 2600 S/cm and intrin-
sic charge carrier densities in the range of 1 x 107 — 1 x 10'® em~2 [153]. To
this point, as there are no known hole-killing defects that arise in the material
and Be has been suggested as an effective dopant to raise the material’s charge
carrier concentration due to the low formation energy of Bep defects and no
self-compensation mechanisms predicted [139]. The optical properties of BP
are the subject of some debate in the literature. Computational studies predict
an indirect band gap at 2.26 eV and a direct bandgap at 4 eV [154], however
the value of the direct band gap reported in experimental studies ranges from
2.2 to 6 €V [156-158].

The largest issue BP faces is it’s synthesis [156]. B is an extremely inert
element, therefore to be able to react B and P, diborane and phosphine are
typically used, however both of these chemicals are highly toxic [159]. Further-
more the dopant Be, suggested from high throughput computational studies is
also known to be extremely toxic. Sputtering of B in a phosphine atmosphere,
or alternatively co-sputtering from a P source has been suggested however this
introduces other practical challenges such as a having a phosphine gas line or

the reaction of the P sputtering target with water or air.

26



Correlated metals as TCOs

2.5 Correlated metals as TCOs

An approach that has gained traction over the past number of years is the use
of correlated metals as TCOs. Although they possess low carrier mobilities as
is typical for correlated metals, their metal-like charge carrier densities enables
them to achieve extremely high conductivities [160]. Correlated systems have
been known for several decades, they describe materials that are predicted to be
conductors by Band Theory but in fact behave as insulators. CoO and NiO are
both examples of this. Both materials possess half-filled d-orbitals and as such
the Fermi level lies within the 3d band thus implying the materials should behave
like metals. In contrast to this, CoO is one of the strongest insulators presently
known [161]. The defining characteristic of these correlated systems is that
their electrons can no longer be described as non-interacting entities, instead
each electron has a complex effect on the behaviour of its neighbours. Correlated
materials can be further separated into a number of subcategories such as spin
Peierls, Mott-Hubbard insulators and high temperature superconductors. As
this work is based on exploiting Mott-Hubbard insulators and correlated metals,
I shall focus on them. The effect of strong electron correlation can be understood
by examining the band structure of a correlated metal, shown in Figure 2.7.
The Coulomb repulsion between electrons (U) leads to a split in the d-band.
The strength of this splitting is generally observed to increase across rows, and
decrease down the columns of the periodic table. The strength of the electron
correlation in a system is quantified by a renormalisation factor Zj, where

U _ Miang

Zk::—:

= (2.10)

where W is the bandwidth of the occupied O 2p and metallic d states [162,
163]. As the electron correlation also acts to deviate the mobility of the system
away from the band effective mass of non-interacting electrons, mj,,,» Zr can
also be expressed in terms of this. The renormalisation factor may take values
0 < Zi < 1, where Z;, = 0 represents a Mott insulator where all charge carriers
are localised and Zj = 1 represents a non-correlated system where the effective
mass of charge carriers is fully represented by the band structure value [164].
One concern that correlated systems face due to their extremely high charge
carrier concentration is the encroachment of the reflection edge into the visible
light range which occurs at 1.75 eV. The screened plasma energy hw,,, written in

full in Eq. 2.6, describes the energy at which the reflection edge lies. It can be
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seen that fiw, oc . In this regard, the enhanced effective mass that correlated
metals exhibit from electron correlation is to their benefit. The high effective
mass acts to counteract the high charge carrier concentration and shifts hw,

below 1.75 eV, enabling optical transparency in the visible region [165].

D;D

Mott insulator Without U Correlated
metal

Figure 2.7: Schematic of valence band modification due to electron correlation
illustrating the Coulomb repulsion (U) and occupied bandwidth (W) terms.

The n-type correlated materials CaVOs, and SrVO3 have previously been
examined as prospective n-type TCOs. Zhang et al. report conductivities as
high as of 3.5 x 10 S/cm for a 45 nm film of SrVO3, and 2.6 x 10* S/cm for a
38 nm film of CaVOj3 [165]. This is represented in Figure 2.8 where the n-type
correlated systems SrVO3 (20 nm film) and CaVOs3 (38nm) have higher conduc-
tivities than epitaxially grown ITO (500 nm film) [165]. One of the shortcomings
of these materials is their relatively poor optical performance as n-type TCOs,
however due to their extremely high conductivities this can be addressed by
reducing the thickness of the films. Zhang et al. [165] report that as the film
thickness of SrVOs is reduced from 45 nm to 4 nm the optical transmittance in
the visible range increases from 60 % to 75 %, while the conductivity drops only
by a factor of two. These n-type correlated systems offer therefore a low-cost
alternative to In based n-type TCOs [166].

Correlated metals have also been suggested as p-type TCOs, and are known
as p-type metals. There are a number of candidate materials such as doped NiO
and Co3z04 but the two that show the most promise are doped Cr,O3, and V503.
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Figure 2.8: Experimental data showing the balancing of plasma frequency and
conductivity in well known metals, n-type TCOs and correlated n-type systems.
Green circles represent bulk crystalline ZnO, with green rhombuses representing
500 nm epitaxial ITO. Adapted from Zhang et al. [165].

Cry03 is an antiferromagnetic insulator with a Néel temperature T = 307 K.
Its structure is well characterised, and is seen to adopt the corundum structure
with a rhombohedral primitive unit cell, with the unit cell parameters a = 0.4958
nm and ¢ = 1.3594 nm [167]. Although there have been some reports of native p-
type conductivity pure CroQOg is generally considered a complete Mott insulator,
with a Z ~ 0 [168-170]. Due to a strong U value there is a large energetic
splitting of the 3d band. Typical of a Mott insulator, the CBM is predominately
comprised of empty Cr 3d orbitals while the VBM is a combination of full Cr 3d
states hybridised with O 2p orbitals. The material has a direct band gap which
has been measured experimentally to be E; ~ 3.4 eV, and is in strong agreement
with computational reports. To overcome its insulating properties CryOg3 is
often doped with elements such as Mg [171-174], Ni [171, 175], and Li [171,

176] or co-doped with Mg and N in order to introduce itinerant charge carriers.
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Previous studies on a 150 nm Mg and N co-doped film, report conductivity
values of as 0.33 S/cm, coupled with 65% transmittance in the visible region
[177]. The main challenges that CroOj3 faces is its conduction mechanism which
comprised of the small-polaron hopping of holes resulting in mobilities as low
as u~1x107% em?/V-s [178]. Recently researchers working on CryO3 studied
alloying the material with S, in accordance with the CMVB method developed
by Hosono et al. in an attempt to raise the mobility of the material [119, 179].

A more promising p-type correlated metal is VoO3. V5Og3 exists in a number
of phases, namely; a corundum structure with a rhombohedral primitive unit
cell which is observed under ambient conditions and behaves as a paramagnetic
metal. Upon cooling, the material undergoes a phase transition at ~ 170 K to a
monoclinic structure which behaves as a antiferromagnetic insulator [170, 180].
In recent years, a third VoO3 phase has been discovered which also forms under
ambient conditions in a bixbyite structure [181, 182]. This bixbyite phase has
a 0.07 eV higher enthalpy of formation per formula unit than the corundum
phase and thus is considered metastable [183]. At room temperature and in
the V3T oxidation state, the V 3d bands are split into two-fold degenerate e,
bands and three-fold degenerate t5, due to the crystal field. Furthermore, due
to the trigonal distortion due to the rhombohedral lattice, the t5, bands are
further split into a low lying doubly degenerate e band a non-degenerate a4
band with a 0.3 eV energy difference [168]. This e} is partially filled by V
valence electrons resulting in the Ep lying within the valence band and the
p-type conductivity that is observed in the material. Typical of a correlated
metal the material sees strong conductivity, with charge carrier concentration
typically >10%2 cm™3 resulting in conductivities ranging from 400-2122 S/cm
[184].

Regarding its optical performance, VoOgs sees a strong interband absorption
onset at 3.6 eV which occurs as charge carriers are promoted from O 2p bands
to V 3d eg4 bands [184]. The reflection edge or plasma energy (fiw,) of VoOg3 has
been measured using ellipsometry as 0.97 eV, which is agreement with previous
measurement of V,Og3 single crystals which have a hw, = 1 [184, 185]. The
largest shortcoming V2Og3 possesses as a p-type TCO is the absorption it sees
in the visible range due to V d-d transitions. As there is no change in orbital
angular momentum in these transitions they are forbidden, yet they remain a
limitation of the optical transparency of the material.

Doping of VoO3 with Ti, and in particular Cr is a well established practise
[187-189]. The effect of this doping is to slightly increase the transition temper-
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Figure 2.9: Schematic of a nanolaminate structure where a TCO and a lower
electron density n material are combined to tune the refractive index of the
composite material. Reproduced from Caffrey et al. [186].

ature of the paramagnetic to antiferromagnetic insulator phase transition [190].
As the utilisation of V503 as a TCO is a relatively novel concept, effective
dopants are still not well known. Sarmadian et al. investigated Mg, Sc and Y
as substitutional dopants in the bixbyite phase of the material, and predicted
Mg to act as a shallow acceptor in the system [191].

An alternative approach to improving the TCO performance of V503 is
the use of nanolaminates. Nanolaminates refer to repeating pseudo-2D layers
of alternating materials, a schematic of this structure is shown in Figure 2.9.
Nanolaminates have been previously shown to be able to effectively tune a wide
variety of material properties such as refractive index [186], band gap [192],
oxidation state [193] and thermoelectric properties [194, 195]. To tune the
refractive index, individual layers with thicknesses far below the wavelength of
the incident light are stacked. In this regime, known as the long-wavelength
limit, the incident light will interact with the refractive index of the composite
material rather than those of the individual layers [196]. To my knowledge, a
nanolaminate approach has not yet been applied to improve the performance
of V503 thin films, however given its effectiveness in modulating the optical
properties of other TCOs it may offer an attractive route to the improvement
in electrical performance of Vo053 films.

Despite the shortcomings in its optical performance it is clear that V503
is a material with high potential as a p-type TCO. With hw, ~ 0.97, there is
scope to further improve the conductivity of the material either by doping the
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material or by increasing the renormalisation factor in order to decrease the

hole effective mass. Thus it shall be a focus of the later work of this thesis.
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Chapter 3

Methodology

3.1 Thin film synthesis

The predominant growth technique used in this work is radio frequency (RF)
magnetron sputtering, in the following paragraphs I will explain the basis of op-
eration for DC sputtering, then magnetron sputtering and finally RF magnetron
sputtering. As samples were deposited in a reactive and non-reactive sputtering

environment both of these approaches shall be described and explained.

3.1.1 Sputtering

Sputtering is typically used in high vacuum conditions as it allows for the de-
position of high purity elements and compounds, with a high deposition rate
and typically low surface roughness. This ability to produce high quality films
makes sputtering a favoured deposition technique for research applications [64,
197, 198], while the the high reproducibility and throughput aspects mean it
sees significant use for depositing large area surface coatings in a wide variety
of industrial environments [199].

Prior to any sample depositions a bulk cylindrical disc of the desired material
is prepared, hereafter this shall be referred to as the ”sputtering target”. The
sputtering process can be described as the energetic bombardment of the sput-
tering target with gas ions. Ar gas is typically used for this purpose as it is inert
and is relatively cheap compared to other noble gases. Ar gas is introduced into
the vacuum chamber, where it is ionised by a strong DC electric field in order

to form a plasma. These Art ions are then accelerated towards the sputtering
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target. In a mechanism that is analogous to a cue ball striking a pyramid of
billiard balls, the energetic bombardment of the target with Ar™ ions produces
a plume of sputtered atoms from the sputtering target. Secondary electrons
are also produced in the bombardment process through inelastic collisions of
ArT with the sputtering target. The secondary electrons are accelerated under
the electric field and upon collision with a neutral gas atom may impart their
kinetic energy or cause an ionisation event, creating further ions for the sput-
tering process. These secondary electrons thus play a vital role in sputtering
process as they sustain the plasma energetically as well as enriching the plasma
by generating gas ions. The plume of sputtered atoms will coalesce on a sub-
strate resulting in a growth of a thin film. There is insufficient time and space
for a thorough discussion on substrates here, nonetheless the choice of thin film
substrate can have significant impact on the growth mode and characteristics
of a thin film.

The main drawback of sputtering as a deposition technique is the low levels
of Ar gas ionisation which leads to a low sputter rate and the need for a high
deposition pressure [199]. This high deposition pressure can result in an uncon-
trolled plasma, and the resputtering of the material that has already condensed

on the substrate, further slowing the deposition rate [199].

3.1.2 Magnetron sputtering

Magnetron sputtering is a modification of sputtering developed to address the
aforementioned issue of low Ar ionisation. In a conventional glow discharge
electrons are lost to recombination at the walls of the chamber. However, in
magnetron sputtering a magnetron is introduced behind the sputtering target
orientated such that one pole lies in the centre of the target while the other
pole lies along the edge of the target. The magnetic field causes the secondary
electrons produced in ion bombardment to follow circular trajectories close to
the target surface, as illustrated in Figure 3.1. The circular trajectories of the
secondary electrons increases the ionisation rate of Ar gas atoms, thus increas-
ing the gas ionisation efficiency and thereby increasing the ion current density
arriving at the sputtering target [200]. This increased ion current density in-
creases the bombardment rate of the sputtering target allowing an increase in
the deposition rate of a thin film. Moreover, the increased gas ionisation ef-
ficiency permits a reduction in the gas pressure of the system which in turn

decreases the scattering rate of sputtered atoms and increases the deposition
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rate of a thin film. For these reasons DC magnetron sputtering is extremely

popular for thin film depositions for industrial applications.
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the magnetron which leads to higher ionisation rates near the surface of the
sputtering target. Figure adapted from Gudmundsson et al. [201].

However, there are some disadvantages to magnetron sputtering that should
also be discussed, primarily the amount of the sputtering target that is wasted
during use. Due to the circular trajectories of the secondary electrons, the
plasma is heavily concentrated along these magnetic field lines resulting in a
toroidal shaped region of the sputtering target, colloquially referred to as the
"racetrack”, being preferentially sputtered. Once the material in the racetrack
has been sputtered away the sputtering target must be replaced, however as the
racetrack presents as only a fraction of the total area of the sputtering target
a large amount of the sputtering target is wasted which is far from ideal from
an industrial point of view. There are several modifications to magnetron sput-
tering that are available to rectify this issue such as alterable magnetic arrays
[202], and varying the sputtering target shape [203] however they are beyond

the scope of this work.

3.1.3 RF Magnetron sputtering

Most sputtering for industrial applications takes place using DC biases, how-
ever in instances where it is desired to deposit a non-conductive material the
application of a unidirectional bias can cause issues. A positive charge build-up
will occur at the surface of the sputtering target which may result in arcing

between the sputtering target and walls of the chamber. A common solution to
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this issue is radio frequency (RF) power being supplied to the sputtering target
in the form of a high frequency AC capactively coupled source. The logic of this
approach is that the charge accumulated by ion bombardment during one half
cycle is neutralised by the electron bombardment in the next half cycle. Radio
frequencies between 5-30 MHz are possible, however, 13.56 MHz is the typical
frequency used as this is the frequency allotted to deposition and film growths
by international communication authorities [200]. The high frequency switch-
ing of the bias accelerates both the high velocity electrons and low velocity ions

towards the sputtering target in alternating cycles. The electrons have a much

Before self-bias
— After self-bias

NV / N\

Voltage

Time

Figure 3.2: Alternating bias is applied to the sputtering target. Due to the lower
intertia of the electrons the target self-biases to a negative bias thus increasing
the period of time ions are attracted to the sputtering target.

lower inertia than the ions, and so for a given voltage applied by the generator
a much larger electron current will arrive at the sputtering target than ion cur-
rent. This large electron current acts to shift the median voltage at the target
to a negative bias, commonly referred to as self-biasing [200]. The effect of this
self-biasing is to extend the lifetime of the negative bias of the sputtering target
relative to the positive as is in shown in Figure 3.2. Thus the ions present in
the plasma are attracted to the sputtering target for a greater period of time
thus increasing the sputtering rate of the system. Using this approach RF sput-

tering allows a continuous and sustainable approach to sputtering insulating

36



Thin film synthesis

materials [200, 204, 205]. Moreover, due to the positive bias applied by the AC
electric field there is an increased concentration of oscillating electrons close to
the target surface which serves to increase the ionisation rate of gas atoms in
the plasma allowing for lower gas pressures and higher deposition rates.

While there are several advantages to RF sputtering it rarely sees use in indus-
trial applications. This mainly due to RF systems being more expensive, while
generally having a lower deposition rate than DC sputtering systems [204]. For
this reason industrial applications typically sputter using conductive metal tar-
gets as they are less expensive and less brittle than compound targets, however
in research laboratories where these factors are less of a concern RF sputtering

sees significant use.

3.1.4 Reactive sputtering

So far we have considered cases where the sputtering target is comprised of the
desired material for sample growth, however there are cases where one would like
to change the chemical composition or oxidation state of the sputtered material.
This process, known as reactive sputtering, is achieved by introducing additional
gases to the chamber during the sputtering process which may react at the target
surface to form a new compound at the substrate. Because reactive sputtering
requires a reactive gas atmosphere, in instances of high partial pressures it is
possible to observe complete oxidation of the sputtering target surface. This is
colloquially referred to as target poisoning, and creates a hysteresis loop with
the deposition rate observed in the chamber [206]. This is illustrated in Figure
3.3.

The hysteresis effect comes from the rate of formation of a compound layer

on the target surface

1. A - B. Referred to as the metal region, in this region the sputtering rate
is high, while some compound may form on the target surface it is quickly

sputtered away.

2. B - C. Point B is referred to as the oxide point. At this point the rate of
compound of formation exceeds the sputter rate from the target surface,
and due to the increased bonding energy of a compound, the deposition

rate drop dramatically.

3. C - D. Referred to as the compound region, in this region despite the

reduction in the reactive gas partial pressure, the deposition rate remains
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low as the compound formation rate at the target surface remains high.

4. D - A. When the reactive gas pressure drops sufficiently low enough, the
rate of sputtering from the target surface exceeds the rate of compound

formation as the target surface returns to its metallic state.
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Figure 3.3: Reactive sputtering hysteresis loop. Once the reactive gas pressure
reaches the oxide point the sputtering rate will drop dramatically, and will only
recover if the reactive gas pressure drops to point D.

As previously mentioned it is typically unfavoured in industrial applications
to use RF sputtering due to the increase cost and the comparatively slow depo-
sition rate. As a result, in instances where it is desired to grow a non-conductive
material reactive sputtering is typically used. An additional advantage of re-
active sputtering is that it allows greater control of the oxidation state of the
deposited film when compared to non-reactive sputtering of oxide targets. How-
ever, the hysteresis behaviour observed between the deposition rate and reactive
gas partial pressure can add significant complication to thin film depositions.
Low reactive gas partial pressures can result in the growth of sub-stoichiometric
films. Meanwhile high reactive gas partial pressures, that may be close to the
oxide point, can result in large variations in the sputter rate as any small per-
turbation to the deposition conditions may cause the target to go into the com-

pound region. This potential for large fluctuations in growth conditions is far
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from ideal, especially in attempts to grow stoichiometric films with a high de-
gree of accuracy and consistency as is necessary for the growth of bilayers which

is discussed in Chapter 6.

3.1.5 Structure of the deposition chamber

The growth chamber used to produce the vast majority of samples and work
presented in this thesis is shown pictured in Figure 3.4a, while a schematic of
the chamber is shown in Figure 3.4b. The magnetron sputtering cathodes pro-
duced by AJA International were planar with fixed magnetic arrays. These are
compatible with cylindrical sputtering targets of 5.08 cm diameter and 0.32 cm
thickness. As is shown in Figure 3.4b, one magnetron was placed vertically,
while the other was placed on an adjacent flange at angle of 50 ° to the surface
normal of sample.

A rotating sample stage ensured an equal growth rate of the thin films across
the substrates, this is particularly important for depositions from the magnetron
canted at an angle of 50°. Both magnetrons were equipped with shutters, which
were utilised to expose or close off a sputtering target. The main purpose of
this was to allow the pre-sputtering of sputtering targets while keeping the
sample substrate pristine. The sample stage was equipped with a SiC heating
element produced by UHV Design. This SiC heater allowed a maximum heating
temperature of 800 °C, beyond which the element would begin to oxidise and
performance would decrease rapidly. The temperature of the heater was mon-
itored using a thermocouple placed at the bottom of the heater. The spatial
separation between the heater and sample holder meant there was a thermal
lag between the temperature of the heater and sample. To overcome this issue,
upon the heater reaching the desired deposition temperature the chamber was
allowed to thermally equilibrate for one hour before thin film depositions begun.
The main deposition chamber has a base pressure of 1 x 10~° mbar, obtained
by a turbo pump and rotary roughing pump. The pressure of the main chamber
during depositions was controlled using a mass flow controller to restrict the Ar
pressure. Similarly, in order to facilitate reactive sputtering the chamber was
connected with independent Ny, and O gas lines each with their own mass flow
controllers.

In instances where an in vacuo transfer was desired a vacuum suitcase was con-
nected to the loadlock. This permitted the transfer of samples between vacuum

chambers without exposure to atmospheric conditions. The base pressure of the
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vacuum suitcase was 2 x 107'° mbar. In order to improve electrical contact
with the sample for X-ray photoelectron spectroscopy (XPS) and scanning tun-
nelling microscopy (STM) measurements, prior to sample growth, gold contacts
were deposited on the four corners of the 1x1 cm? substrates. Additionally, as
the magnetron growth chamber and STM are in different buildings, after growth
samples were transferred to the STM using a ”vacuum suitcase”. The vacuum
suitcase was connected to the STM preparation chamber, thus enabling sample

transfer under UHV conditions.

Figure 3.4: a) Image and b) schematic of the RF magnetron sputtering system
used for sample growths. Dual cathodes equipped with shutters allowed for dual
or alternating depositions. A rotating sample stage ensured equal deposition of
sputter material across the sample.

3.1.6 Spray pyrolysis

While the majority of the thin films that are discussed in this work were pre-
pared via RF magnetron sputtering, in Chapter 5 a number of sample were
prepared via spray pyrolysis. For this reason it is appropriate to briefly cover
this technique.

Spray pyrolysis is a low-cost, high speed growth technique which although
is considered more aggressive than RF magnetron sputtering, has strong po-
tential to upscale for industrial scale applications. The process involves mixing

precursors, comprised of metal salts dissolved in solvents, and spraying them
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Figure 3.5: Image of the interior of the spray pyrolysis chamber used for growths
of zinc-tin oxide samples

through an atomizer onto the heated surface of a chosen substrate. The pre-
cursors are then evaporated leaving behind a thin film [207]. Control over the
stoichiometry in films is achieved by careful choice of the type of metal salt, the
choice of solvent and the ratio of precursors in the mixture. The selection of
the best performing precursor components depends on a number of factors such
as; metal salt solubility, precursor chemical compatibility, and rate-of-formation
of unwanted by-products during growth [207]. As there is a large variation in
these deposition parameters, the optimisation of spray pyrolysis films is quite
an involved process.

Spray pyrolysis synthesis in this work was performed using a custom built
spray pyrolysis deposition chamber comprised of a large Abbess 18 Cube stain-
less steel chamber equipped with an atomizer nozzle (PNR Air assisted ultra-
sonic atomiser, model MAD 0331 B1BA). The distance from the tip of the
nozzle to the substrate is 29 cm [208]. The optimal position for the substrate
during growth was established from empirical growth trials. Substrates were
heated using a hotplate of area 10 x 10 cm, which possessed a small temper-
ature gradient across the surface area. A thermocouple was attached directly

to the heater in order to provide accurate temperature readings. In order to
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control the heating to a desired temperature, a proportional-integral-derivative
(PID) was utilised which also allowed the current temperature of the heater to
be read. In this growth chamber, both compressed air and nitrogen are available
as carrier gases, with their low modulated by mass flow controllers. Addition-
ally, the internal Oy concentration within the growth chamber could be varied
between 0-21 %, and is monitored using an Os sensor a distance of 35 cm from
the atomizer [208].

3.2 Optical characterisation

Characterising the optical properties is an important step in evaluating the po-
tential of any TCO. To achieve this transmission and reflectance measurements
were run in the UV-visible spectral range of 1.5 - 3.1 eV. The system used was
a PerkinElmer Lambda 650S UV-vis spectrophotometer equipped with an inte-
grating sphere, small spot kit, and dual tungsten and deuterium lamps to probe
the spectral range from 1.5 - 5.8 eV. The integrating sphere is comprised of a
spherical measuring chamber with photodetector and walls coated with highly
reflective paint such that any light that enters the chambers will be reflected
without loss until it reaches the detector. This serves to improve the signal-to-
noise ratio of the system. The small spot kit is used to focus the beam to an
area of 1x1 cm?, to match the dimensions of the samples and again increase
the signal-to-noise ratio.

The absorption of a film can be expressed as in Eq. 3.1
A=1-(T+R) (3.1)

Where A is the absorption of the film, T is the transmittance and R the re-
flectance. However this fails to include the thickness dependency of absorption
and thus make it difficult to compare films of varying thicknesses and composi-

tions. Instead the absorption coefficient shown in Eq. 3.2 is typically used

_ —In(T + R)

- (3.2)

(07

where « is the energy-dependent absorption coefficient of the material and ¢ is
the thickness of the thin film. A spectrum of the variation in the absorption co-
efficient with incident photon energy can be used to extract the optical bandgap

of materials. These spectra, known as Tauc plots, were first proposed by Tauc
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Transition \ ¥ ‘

Direct allowed 1/2

Direct forbidden | 3/2
Indirect allowed 2
Indirect forbidden | 3

Table 3.1: Tauc plot coefficients

in the late 1960’s for the estimation of bandgaps in amorphous semiconductors
such as amorphous Si and Ge [209, 210]. The method was later developed and
expanded upon by Davis and Mott [211], and today is widely applied to cal-
culate the bandgap from optical absorption data. The Tauc method is based
off the assumption that the energy-dependent absorption coefficient can be ex-
pressed by

(a.hw)'/ = B(hv — E9™") (3.3)

where h is Planck’s constant, v is the frequency of light, v is a constant depen-
dent upon the nature of the electronic transition, B is a constant, and Eg)”t is
the optical bandgap. The full range of values 7 may take are given in Table
3.1. An example of a Tauc plot is shown in Figure 3.6. Due to the relatively
large optical bandgap in amorphous zinc tin oxide the absorption coefficient
remains near zero until well into the UV region of the light spectrum. A linear
extrapolation is drawn from the point of onset of absorption, and the optical
bandgap is estimated as the point that this extrapolation crosses the abscissa,
marked as a black square.

It is worth noting that while the Tauc method is commonly applied to a range
of materials and systems there is little consensus as to which properties the elec-
tronic structure of material must possess for the Tauc method to be appropriate
[212]. This can lead to ambiguity in how the Tauc method should be applied to
define the bandgap of a material, particularly for transition metal oxides such as
NiO, Fe304, and Co304 which can see discrepancies as large as 2 eV for their re-
ported optical band gap [212]. In addition, the Tauc method assumes perfectly
parabolic bands which may not be always be accurate. Moreover, amorphous
materials often exhibit significant sub-band gap states, known as tail states as
the valence band maximum and conduction band minimum bleed into the band
gap. In UV-vis spectrophotometry these are often observed as the presence of
Urbach tails in Tauc plots. These tail states can lead to a rise in absorption

below the formal bandgap and blur the point at which linearity occurs, this
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shall be discussed further in Chapter 4.
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Figure 3.6: A Tauc plot of a direct allowed transition in amorphous zinc tin
oxide

3.3 Electrical characterisation

Electrical measurements were performed in this work using the Hall effect. The
Hall effect is the response of charge carriers to an external magnetic field applied
perpendicular to the direction of current flow. While the conductivity of a film
may be calculated using a simple van der Pauw configuration, shown in Figure
3.8, by introducing the Hall effect one may also measure the Hall mobility of the
material. Furthermore, provided one has knowledge of the film thickness, the
charge carrier concentration can also be estimated, and by observing the slope
of the associated Hall voltage plots the semiconductor type (n-type or p-type)
may be determined.

When an external magnetic field is applied perpendicular to the current the

charge carriers experience a Lorentz force Fy, which is represented in Eq.3.4
Fr =q(v x B) (3.4)

where q is the fundamental charge of an electron, v is the velocity of the
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Figure 3.7: The Lorentz force (Fr) caused by the external magnetic field (B)
being applied perpendicular to flow of current (I) causes a transverse motion in
the charge carriers. This deflection leads to a build up of charge on one side of
the material and a potential difference known as the Hall voltage (Vi) forming.

charge carrier and B is the strength of magnetic field applied. The Lorentz
force leads to a deflection in the path of the charge carriers until the charge
carriers are concentrated enough to repel the addition of any additional charge
carriers. This build up of charge leads to a transverse electric field, and a
potential difference across the sample known as the Hall potential

IB

VH == = IB/J,HRSh (3.5)
ncqt

Where I is the current flow in the system, n. is the number of charge carriers,
t is the thickness of the films, g is the Hall mobility and Rgp is the sheet

resistance of the film. Rearranging this formula gives

— VH
- IBRgy,

HH (3.6)

Therefore by applying a known magnetic field, the mobility of a material can
be obtained by measuring the Hall voltage and sheet resistance. In this work,
the sheet resistance (Rgp) was measured using a four-point-probe method in
the van-der-Pauw configuration (illustrated in Figure 3.8). In this method, a
current is applied across two adjacent contacts, for the sake of convenience we
shall pick contacts A and B (I45). While this current is applied, the voltage
across points C and D is recorded (Veop). We can then define the vertical sheet
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Vertical
direction

Horizontal direction

Figure 3.8: The van der Pauw configuration used to contact samples for electri-
cal characterisation

resistance, Rap,cp, as

Rap,cp = ‘I/C—D (3.7)

AB

To minimise the effects of any inhomogeneities that may exist within the sam-
ple and obtain a more accurate vertical sheet resistance, a current is applied
between points C and D (I¢p) while the voltage between points A and B is
recorded (Vag). Inputting these values into Eq. 3.7 gives the value Rop ap.
To minimise the effect of inhomogeneities further, the polarity of the current
applied across points A and B, and C and D is reversed, giving the values
Rpa.pc, and Rpco,pa. The Rgy, in the vertical direction (Ryert), can therefore

be calculated as

Rap—cp + Rcp-aB+ Rpa—pc + Rpc—Ba
4

Ryert = (38)

An equivalent equation can be derived for Rpg,,., the sheet resistance in the
horizontal direction. Rye,+ and Rpy,. can then be combined using the van der

Pauw formula (Eq. 3.9) to calculate the Rgy, of the material as whole.

TRyert TRy,

e  Esn 4e Fsn =1 (3.9)

Thus by measuring the parameters Ry ..+ and Ry, the Rgp of a material
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can be calculated even without the sample thickness. To measure the Hall volt-
age, current and voltage were measured across opposing contacts of the sample,
Iac and Ipp respectively, while a magnetic field was applied perpendicular to
the surface normal of the thin film. To reduce error terms in Hall voltage calcu-
lations the direction of the applied magnetic field is switched and the polarity of
the applied current I4¢ is reversed during measurements. Samples in this work
were measured in the van der Pauw configuration using a combination of silver
wire and silver adhesive to contact the sample. Contacts were manually made
by transferring silver paint to the film using a wooden toothpick and quickly
attaching a silver wire before the paint dried. The contacts were made as small
as possible on the surface of the film so as to minimise error in measurements.
An 800mT electromagnet was used to apply the external magnetic field to the

sample, allowing a 0.1 cm?/V-s resolution.

3.4 X-ray characterisation

3.4.1 X-ray diffraction

X-ray diffraction is a technique used to determine the crystalline composition
and orientation of a material. X-rays incident upon a material may elastically
scatter from core electrons of atoms as the X-ray impinges upon the crystal
lattice. Diffraction is a form of scattering, where the incident beam is reflected
back from the material at angle of 6, as illustrated in Figure 3.9. Therefore,
0 can also be defined as the angle made when the incident and diffracted path
of X-rays is bisected by the plane vector of the atoms. Furthermore, the total
change in angle of the beam is 26. Constructive interference will occur for X-rays
diffracted off consecutive atomic layers when the path difference they have trav-
elled, 2dpy; sin 8, is an integer multiple of the X-ray wavelength. This construc-
tive interference is observed as an increase in the intensity of X-rays diffracted
through a given value of 20. This relationship is summarised in Bragg’s law of

diffraction shown in Eq. 3.10
nA = 2dp,; sin 0 (3.10)

where n is the order of the diffraction, A is the wavelength of the beam of
incident X-rays, and 6 is the angle of the incident beam with respect to the

interlayer spacing dpx;. As interlayer spacing may depend upon the orientation
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of the material being examined, the Miller indices (h, k, ) are used to denote

the crystallographic plane or reflex being probed.

Figure 3.9: When the path difference between consecutive diffracted X-ray
beams is integer multiples of 2d sin # constructive interference will occur. Figure
adapted from [213].

In most modern XRD systems, X-rays are generated when electrons pro-
duced via thermionic emission from a W filament, are accelerated using a high
voltage towards a Cu or Mo anode. Upon collision with the anode, the high
kinetic energy of the electrons may be converted to form X-rays. The X-rays
generated can be monochromated to reduce the bandwidth of wavelengths in-
cident upon the sample. The monochromator is comprised of Ge crystals con-
structed such that they fulfil the Bragg condition at one specific wavelength.
By restricting the range of conditions that may fulfil the Bragg condition higher
resolution diffraction peaks can be obtained. Moreover, as passing through the
monochromator is dependent not only on the wavelength of the X-ray but also
upon its direction. This directional dependence collimates the beam and further
improves the resolution as any angular divergence of the beam incident on the
sample is translated to the detector. While monochromators can offer higher
resolution spectra, one disadvantage of their use is a significant reduction in
the intensity of the incident X-ray beam. Consequentially to obtain compara-
ble signal-to-noise ratios, scans must be run over a long period of time. The
majority of XRD work presented in this thesis took place on the D8 Discover
instrument with a monochromated Cu source with wavelength A=0.1506 nm.
However, polycrystalline and amorphous samples were run on the D8 Advance
system equipped with an unmonochromated Mo source. Due to the lack of
monochromation both the Kay and Koy peaks are present which broadens the

observed peaks, however the increase in X-ray intensity is beneficial for poly-
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crystalline samples which can suffer from a lower reflected signal.

3.4.2 Grazing Incidence XRD

Grazing Incidence XRD (GIXRD) is a modification of standard XRD usually
implemented to maximise the signal in polycrystalline thin films [214]. The
penetration depth of X-rays in most materials is relatively high (> 1 pm), thus
in low scattering materials such as polycrystalline or amorphous films, the 26
signal collected may be dominated by signal from the substrate. By maintaining
the X-ray source at low angles, one can increase the path the incident beam
travels through the sample, thus increasing the signal received. In order to
fulfil the Bragg condition the detector arm is swept through a larger range of
260 positions. It is worth noting that GIXRD can struggle to examine highly
textured materials such as polycrystalline samples due to the increased levels of

signal lost through surface scattering effects.

3.4.3 X-ray Reflectometry

X-ray Reflectometry is a technique used throughout this thesis to obtain the
thickness of thin films. Similar to XRD, this technique relies upon measuring
the intensity of X-rays produced via interference effects, in this case when they
are reflected from interfaces that lie within a thin film [215, 216]. In air, the
refractive index is generally taken to be unity. As seen in Eq. 3.11, because the
refractive index of the thin film being examined > ng;., total external reflection
is observed until the incident beam of X-rays reaches a certain critical angle.
sinfo = L (3.11)
ng
Where 6¢ is the critical angle, n; is the refractive index of the initial medium
and ny the refractive index of the final medium.

Above the critical angle the intensity of the reflected signal decreases, with a
form that is dependent on the structural properties of the sample. The observed
oscillations are typically referred to as Kiessig fringes and their frequency and
magnitude depend on the thickness of the film and the density difference between
film and substrate [215]. Higher levels of roughness in the film leads to increased
scattering of the incident X-rays and thus a faster damping of the XRR signal.
The roughness therefore can be modelled as the rate of extinction of the XRR

signal. In addition, as refractive indices can be related to the density of a
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material, one can use the critical angle to model the density of the thin film. As
XRR relies solely on the electron density of a material, a significant advantage it
possesses is that it is completely independent of the crystal structure or defects
present in a sample [217]. There does exist however an upper limit on the
film thicknesses that XRR can measure. For the Bruker D8 Discover used in
this work this limit is 100 nm. Beyond this thickness, the period of Kiessig
fringe oscillation exceeds the angular resolution of the instrument and no X-ray
reflection is observed. Additionally, beyond this point the coherence length of
laboratory X-ray sources becomes insufficient and more powerful and coherent

X-ray sources become necessary.

Critical point
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Figure 3.10: An example of an XRR plot used to calculate film thickness as the
frequency of Kiessig fringe oscillation is correlated to the film thickness.

3.4.4 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a technique used to identify and
verify the elemental and chemical composition of thin films. XPS is based
on the photoelectric effect first theorised by Einstein in 1907. Photons have

quantised energies depending on the frequency of their oscillation (v) as shown
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in Eq. 3.12.
E = hv (3.12)

where FE is the energy of the photon, and h is Planck’s constant. When a
photon of sufficient energy strikes a material it may excite an electron to a
higher energy level or out of the atom entirely. This effect is demonstrated in
Figure 3.11. Electrons emitted in this process are called photoelectrons. Any
excess energy the photon may possess is transferred to the photoelectron in the

form of kinetic energy such that
hv =Exk +®+ Ep (3.13)

where E is the kinetic energy of the photoelectron, ® is the work function of

the material and E'g is the binding energy of the core level electron in the atom.

Ex=hv—(Es+ ®)
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Figure 3.11: Illustration of the photoemission process

In order to generate X-rays for XPS, a thoriated tungsten filament is heated
to produce electrons via thermionic emission. The electrons are then accelerated
towards an anode by a potential difference of 10-15 kV. As the high kinetic en-
ergy electrons bombard the anode, typically composed of Al, an X-ray emission
line spectrum is produced. This line spectrum can be subsequently monochro-
mated using quartz crystals and Bragg’s laws of diffraction described in Eq.
3.10 to select the Al Ko line at 1486.7 eV [218]. When the sample is exposed

to this X-ray irradiation photoelectrons are produced. The photoelectrons pass
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through a dual electrostatic lens system before reaching a HemiSpherical Anal-
yser (HSA). The first electrostatic lens selects the analysis area of the sample
and specifies the angular acceptance of the detector. The second electrostatic
lens retards the photoelectrons through the use of a lens voltage. The HSA
serves to function as a filter, only allowing electrons with the correct kinetic
energy, which corresponds to the chosen pass energy to reach the detector. It is
comprised of two concentric hemispheres of radii Ry, and Ry respectively. The
inner sphere is negatively biased (V7), while the outer sphere is positively bi-
ased (Vo) with respect to V the median equipotential between the two spheres.
Consequentially, there exists an inverse square field between the two spheres.
The pass energy (E,) is defined as the energy of a photoelectron that travels
through the HSA along the equipotential plane V [219], it can also be defined
through Eq. 3.14 where

E(VQ — ‘/1)
Ey="p —m (3.14)
Ry Ro>

The resolution of XPS spectra depends upon the entrance and exits slits chosen,
the acceptance angle of incoming electrons and the pass energy selected. Typical
pass energy values range between 20-50 eV, with lower pass energies allowing
high resolution XPS spectra. However, a balance must be struck as reducing
the pass energy also decreases the intensity of the signal collected. Usually the
XPS is run in constant analyser energy mode, where the pass energy of the
HSA is held constant while the retarding potential of the second electrostatic
lens is varied thereby allowing the measurement of a specified range of kinetic
energies. The measured kinetic energy can be related to the photoelectron
binding energy using Eq. 3.15, and as the binding energies of photoelectrons
are characteristic of the elements present, XPS may thus be used to examine

the elemental compositions of films [220].
Ex =hv— (®+ Ep) (3.15)

In addition to elemental identification, XPS can also give information on the
chemical state of elements within a sample. This can be seen as a shift in the
Ep of a core level peak position, usually referred to as a chemical shift. This
perturbation in the Ep is due to the Coulomb interaction that occurs due to
an electronegativity difference when two atoms are in close proximity of each
other, such as being bonded [220].

The intensity of the incoming photoelectrons relies upon a number of factors
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such as the elemental concentration, source current, monochromator alignment,
detector efficiency and detector focus. In addition, it also relies upon the relative
sensitivity factor (RSF) of a particular atomic orbital. The RSF is an indicator
of how easy it is to excite a specific core electron from a particular element
relative to a C 1s orbital which is defined to have a RSF = 1 [220]. Therefore as
the source current, monochromator alignment, detector efficiency and focus all
remain constant throughout a particular scan, one can use the RSF to compare

the concentration of elements within a sample

Ia
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(3.16)

where 1]\% is the concentration of element A relative to the concentration of

element B. I4 and Ip represent the intensity of the photoelectron signal from
A, and B respectively. Similarly, S4 and Sp are the photoionisation cross-
sections of elements A and B. E%" takes into account the difference in escape
depths for electrons of a given Ex for elements A and B. And finally, A;prpa,
and A\;pppp are the inelastic mean free paths in elements A and B for that
photoelectron kinetic energy and thus relate to the sampling depth.

Although XPS is an extremely powerful technique it does have some limita-
tions. Firstly, XPS assumes a perfectly homogeneous distribution of elements.
Therefore if the distribution of elements is uneven, the observed spectra may
not be an accurate representation of the overall elemental composition of the
material. Additionally, XPS relies on measuring the kinetic energy of emit-
ted photoelectrons to convert to binding energy and thus identify the elements
present samples in a sample. Within this principle lies a requirement that elec-
trons may only be elastically scattered before leaving the material. Due to this
requirement XPS is restricted to being a surface sensitive technique [221], as
a photoelectron may only travel a finite path before energy loss interactions
take place [222]. The average path length a photoelectron may travel before an
inelastic collision occurs is referred to as the inelastic mean free path (Ajppp).
The inelastic mean free path is element specific and depends on the energy of
the incident photon however for most laboratory XPS sources the A\jppp is <
10 nm. For examining the elemental depth profile of a material XPS is typically
combined with sputter and annealing cycles.

In this work an Omicron MultiProbe XPS system equipped with a monochro-
matic Al Ka source (XM 1000, 1486.7 V) and hemispherical electron energy
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analyser (EA125) was used to verify elemental compositions. The instrument
has a base pressure of 5 x 107! mbar, and an instrumental resolution of 0.6
eV for a 20 eV pass energy and slit settings of 4.5 mm. For XPS on a-ZTO,
a pass energy of 50 eV was typically used which corresponds to 1.0 eV instru-
mental energy resolution. Although there is a drop in energy resolution, a-ZTO
presents broad core level peaks, and a higher pass energy allows a higher inten-
sity signal to be collected. Routine operation consisted of running a spectrum
over all available energies to obtain a survey spectrum, before subsequent scans

focusing on core level orbitals.

3.5 Synchrotron X-ray characterisation

3.5.1 X-ray Absorption Spectroscopy

As previously discussed XPS is a technique based on the principle of photoe-
mission. X-rays incident on a material may excite a photoelectron from a core
energy level, which is then used to examine the elemental and chemical character
of the material. One drawback of XPS however is the limitations of laboratory
X-ray emission sources, which are limited to the soft X-ray region such as 1486.7
eV for Al which is a common XPS X-ray source. X-ray absorption spectroscopy
(XAS) is another X-ray spectroscopy technique which allows one to obtain chem-
ical and bonding information from a material. XAS is based on analysing the
modulation of the X-ray absorption coefficient p(E). The oscillations in p at
and above the absorption edge are sensitive to the types and distances of atoms
neighbouring the absorbing atom. Although XAS requires a synchrotron light
source it presents a number of advantages when compared to XPS. Firstly, the
intensity of the incident light beam is far higher than what is available with XPS
in a laboratory setting, allowing one to scan faster due to an improved signal-to-
noise ratio. Secondly, while laboratory X-ray sources are limited to producing
soft X-rays, synchrotron facilities allow the selection of a much broader range of
X-ray energies, well into the hard X-ray region. Finally, while in laboratory X-
ray sources the incident X-ray beam has a fixed energy, in synchrotron facilities
this energy can be tuned, allowing one to probe a far greater range of atomic
core levels. In this work I shall discuss and present results using both X-ray
absorption near edge structure (XANES) and extended X-ray Absorption Fine
Structure (EXAFS) techniques. The summation of both of these techniques is

commonly referred to as XAS or alternatively X-ray absorption fine structure
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(XAFS). Both XANES and EXAFS are based on the same physical principle,
the modulation of p with X-ray energy, however as they focus on separate parts
of the XAS spectrum they can provide different information.

As described in Eq. 3.13, when an X-ray is incident upon a material, pho-
toemission may occur if the X-ray energy is greater than the binding energy of
an electron in a core level of the atom. Any excess in energy is given to the
photoelectron in the form of kinetic energy. If the incident X-ray does not have
sufficient energy to excite a photoelectron, then the electron will not be per-
turbed from its well defined quantum state and the X-ray will not be absorbed.
When the photon energy is equal to the binding energy of an electron in a core
level a sharp jump in p is observed. This is typically referred to as an absorp-
tion edge, which corresponds to the promotion of an electron to the continuum.
Following the absorption event, the atom is defined to be in an excited state
with a core hole. The atom may exist in this excited state for a finite period
before decay processes occur, these may either take the form of fluorescence or
Auger electron emission.

The measurement of u(F) is conducted using the Beer-Lambert law which
states

I=1Ie ™ (3.17)

where Iy is the intensity of the incident X-ray beam, I is the intensity of the
beam after passing through the sample and t is the thickness of the sample.
Rearranging this one gets the form typically used to describe p.

W(E) = In(~2) (3.18)

Thus by measuring the intensity of the incident and transmitted X-ray beam

the energy dependent X-ray absorption coefficient may be measured.

3.5.2 X-ray Absorption Near Edge Structure

XANES measures the variation in g as the incident beam energy is swept from
below the binding energy of a core level electron in the material to approximately
30 eV beyond the absorption edge. Although XANES is typically a more qual-
itative technique than quantitative, it is extremely sensitive as a probe of the
local chemical and oxidation state of a material. XANES relies on the fact that
there is a finite number of chemical environments that an atom may exist in,

and the XANES spectra of these different chemical environments are consistent
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within a functional group and easily distinguishable from one another. This is
illustrated in Figure 3.12. The observed changes in spectra are due to changes
in electron density that occur during bonding, which have a knock-on effect on

the binding energy of core level electrons. A XANES spectrum can be divided
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Figure 3.12: The XANES spectra of the Fe K-edge illustrating the effect of
different oxidation states and functional groups. Reproduced from Newville
[223].

into three main areas of interest

1. Pre-edge region - Features in the pre-edge region are based on promotions
from core-levels to available bound excited states. These low intensity fea-
tures are typically electric quadrupole rather than strongly allowed dipole
transitions, for example 1s — 3d, or 1s — 4d transitions. Therefore, the
intensity of pre-edge features typically decreases as the population of the
d-orbital increases. As a result, pre-edge features are a useful guide to the

oxidation state of transition metals.

2. Absorption edge - The XANES peak shape and position are highly reliant
on the chemical environment of the absorbing atom as is shown in Figure
3.12. Often the differences in XANES lineshapes can be quite subtle in

which case du/dE is examined.

3. Post-edge region - Analysis of the post-edge region typically extends up to
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30 eV beyond the absorption edge. Fitting of the post-edge features can be
quite complicated however it is possible to use a combination of principle
component analysis (PCA) and linear combination analysis (LCA). These
analysis techniques can allow one to deconvolute and estimate the number

and relative concentration of functionalised groups in a given spectrum.

3.5.3 Extended X-ray Absorption Fine Structure

Extended X-ray absorption fine structure (EXAFS) treats the p signal as it
extends far above the absorption edge, and involves sampling the configuration
of neighbouring atoms that surround the absorbing atom. When a photoexci-
tation occurs, the photoelectron is ejected from the absorbing atom and may
scatter off the electrons of neighbouring atoms. As the absorption coefficient
relies on whether there is an available unfilled electronic state at the location of
the absorbing atom, the presence of electron scattered back from the neighbour-
ing atom will alter p [223]. Thus EXAFS allows one to examine the scattering
paths and neighbouring atoms that surround atoms of the chosen absorption

edge. pu is typically described using Eq.3.19
1(E) = po(E) + x(E) (3.19)

Where pg is the absorption spectra expected for a single isolated atom, and
X(E) is the EXAFS term. This can be rearranged to

(3.20)

Where Ap is the step edge jump as shown in Figure 3.13. As EXAFS relies
upon the scattering of the photoelectron from neighbouring atoms, and this is
most easily understood by considering the wave-nature of the photoelectron, it
is common to convert x(FE) from energy space to k-space where k is the wave

number of the photoelectron, given by

2m(E — E())

k= 2

(3.21)

Where m is the mass of the photoelectron, E is the energy of the incident X-
ray, Fy is the absorption edge energy and h is the reduced Planck constant.

The primary quantity used in EXAFS analysis is x(k). When this signal is
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Figure 3.13: The extended p signal shown along with the estimated signal from
a single isolated atom g at the Sn K-edge.

plotted against the photoelectron wavenumber, k, a clear oscillatory function
is observed. However, typically the y(k) signal decays quite rapidly with k,
therefore it is common procedure to multiply x(k) by k2, or k3 so as to extend
the EXAFS signal. As mentioned, the x(k)k? signal possesses a clear oscillatory
nature, that is comprised of one or more frequencies. The frequencies that
appear in x(k)k? spectra correspond to different near neighbour coordination
shells that each scatter the photoelectron along a different path. This can be
observed by applying a Fourier transform to the y(k)k? signal, thus converting
the signal back in real (R) space, where the x(R) peaks correspond to the

configuration of atoms that surround the average absorbing atom.

3.5.4 XAS data analysis

In XANES analysis it is standard procedure to normalise the spectra such that
the absorption coefficient varies between 0 and 1. This is achieved by subtract-
ing a pre-edge and post-edge function from the p signal so the post-edge region
has an intensity of approximately 1. In this work the pre-edge function used
was a first order Victoreen function [223, 224], while the post-edge function was
a constant.

In EXAFS analysis, subsequent to absorption coefficient normalisation, the bare
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atom absorption coefficient () is modelled. This can either be achieved by us-
ing a MBACK function developed by Weng et al. [225], or by using a spline
function to model pg. This bare atom contribution is subtracted from the u spec-
tra, to obtain a signal that solely depends on the interference of the scattered
photoelectron. The signal is then converted into k space. A k weighting of k2
was considered appropriate and was applied across all samples. A Kaiser-Bessel
window function was then applied to the x(k)k? signal to remove additional
noise from the spectra before, finally, a fast Fourier transform (FFT) was per-

formed on the signal to obtain a x(R) spectrum.

Instrumentation

Synchrotron sources provide a highly collimated and intense beam of X-rays with
a range of energies. For XAS measurements it is important to be able to tune
the wavelength of X-rays incident upon the sample. This is usually achieved
in the hard X-ray region above 3 keV, using a double crystal monochromator
comprised of two parallel and near perfect Si (111) crystals. The first crystal is
centered on the incident X-ray beam and using Bragg’s law of diffraction (Eq.
3.10) is rotated to reflect one particular wavelength of light. Due to the near
perfect Si crystal, the reflected beam shows a very small energy spread with a
high reflectivity coefficient (= 100%). The diffracted beam then hits the second
Si crystal which has the same lattice spacing as the first. The second crystal is
orientated such that it is parallel to the first, so that it intercepts the reflected
beam and re-diffracts it so that it is parallel to the incident beam. In this
method, the wavelength of X-rays may be easily selected by rotating the set of
Si (111) crystals through a single axis.

One challenge that synchrotrons face is the stability in the wavelength of the
X-rays. The angular change needed to produce a different X-ray wavelength
can be of the order of 1 x 10™% °, which can be difficult to maintain due to
mechanical drift over time. Another issue is temperature drift, as there can be
over 1 kW of power passing through an area the size of a few mm? [223]. This
amount of power may cause the production of a significant amount of heat in
the Si crystals which may cause the wavelength to drift as the temperature rises.
In this work, both XANES and EXAFS was performed at the BALDER beam-
line at the MAX IV synchrotron facility in Lund, Sweden. XAS was carried
out at room temperature at the Zn and Sn K-edges, which occur at 9.66 and
29.2 keV respectively. The XANES and EXAFS spectra measured at the Sn
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edge were collected using a transmission configuration, while XANES data at
the Zn edge was collected using a PIPS detector in fluorescence detection mode.
Multiple scans were recorded for a given spectra and subsequently merged in

order to improve the signal-to-noise ratio.

FEFF fitting

FEFF is an ab initio calculation software developed by Bruce Mattis and John
Rehr, to model EXAFS spectra [226, 227]. It can be used to extract bonding
parameters from x(R) spectra such as bond type, bond distance and coordi-
nation number. The version of FEFF software used in this work was FEFFS.
FEFF works by modelling the crystal structure of a material as selected from a
crystallographic database [228]. It then simulates a x(k)k? and x(R) spectra for
this crystal structure and then aims to fit the observed spectra to the calculated
spectra using the EXAFS equation (Eq. 3.22)

x(k) = S3 Z %ﬁgk)e*%z”?ed&“w sin(2kR; + 6;(k)) (3.22)

P J

where j indicates shells of like atoms, S is the passive electron reduction factor,
Nj is the coordination number of an atom in the jth shell, & is the photoelectron
wavenumber, R; is the distance to the neighbouring atom, U? is the Debye
Waller factor and A (k) is the electron mean free path. There is also an induced
scattering amplitude f; (k) and phase shift J, (k) which are dependent on the

atomic number of the scattering atom.

3.6 Microscopic characterisation

3.6.1 Scanning Tunneling Microscopy

Scanning tunneling microscopy (STM) was first developed by Gerd Binning and
Heinrich Rohrer in 1981, and they later received a Nobel prize for their work in
1986. STM is based upon the concept of quantum tunneling between a biased
probe and an atomically clean, conductive surface of a sample. An atomically
sharp tip is held extremely close to the surface of a sample, then a bias (V) is

applied to the tip which allows electrons to quantum tunnel from the tip of the

60



Microscopic characterisation

probe to the surface of the sample or vice versa.
I oc e *z (3.23)

where I is the tunneling current, k is a constant, and z is the distance between
the probe and sample surface. As seen from relationship 3.23, the tunneling
current is exponentially dependent on the distance between the tip and the
sample, therefore STM can be used to map the topography of a surface.

STM is typically operated in either constant current mode (CCM) or con-
stant height mode (CHM). In constant height mode, the height of the tip above
the surface of the sample is held constant. As the tunneling current relies heav-
ily on the distance between the tip and sample, CHM can be used to scan the
surface topology for atomic steps or other morphological features. Conversely,
in constant current mode, the tunneling current is held constant as the tip is
rastered over the surface of the sample. Using a feedback loop to control and
record the tip height, the tunneling current is held constant and the topography
of the sample may be traced out. As electrons tunnel from the tip of the probe
to the sample, STM is continuously probing the electronic structure of a sample.
Therefore STM can also be used to detect different chemical species on a surface

due to changes in the measured electronic structure of the sample.

3.6.2 Scanning Tunnelling Spectroscopy

Scanning Tunnelling Spectroscopy (STS) is a technique closely related to STM.
In this technique instead of the tip being rastered across the surface of a sample,
the tip position and height is held constant while the tip bias is swept from a
positive to negative voltage (V). By recording the tunneling current (I), the
density of states in the valence band and conduction band can be probed, and
by examining the resulting dI/ dV plot, the fundamental bandgap of the material
at that point can be estimated. Often in STS a grid measurement system is
implemented, whereby the bandgap of the material is measured at multiple
points on the grid, these can then be averaged to estimate the bandgap of the
whole sample.

In this work a commercial Createc low-temperature STM, with base pres-
sure of 3x10~1 mbar, was utilised to examine samples in both STM and STS
modes. Measurements were conducted in CCM mode at a temperature of 77 K.

Single-crystalline W-tips with a (001) orientation were used, which were elec-
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trochemically etched in NaOH solution.

3.6.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a useful technique for examining the
morphology of materials far below the resolution limit of light based micro-
scopes. As such SEM was used in this work to examine the morphology of thin
films grown by magnetron sputtering.

In SEM, an electron beam is produced either by thermionic or field emission
from an electron gun. The electron beam is then collimated and accelerated
down the column of the microscope by a potential difference in the range of 5-
30 kV. In this column a series of electromagnetic lenses focus the electron beam
to a point which can then be rastered across the surface of the sample. The elec-
tron beam interacts with the sample producing a range of signals each offering
differing information. The main signals in SEM are the secondary electron (SE)
signal, the back scattered electrons (BSE) signal, and energy dispersive X-ray
spectroscopy (EDX). Secondary electrons are produced by inelastic scattering
processes that arise between the electron beam and the material. Due to the
edge effect, where the intensity of the SE signal increases around edges in the
sample, the SE signal is extremely useful for characterising the topography of
a material. The BSE signal is produced by the elastic scattering of electrons in
the electron beam from atoms in the material. As the cross section for Ruther-
ford scattering increases with atomic Z-number, the BSE signal can be useful
for examining the distribution of elements within the sample. Finally, EDX
spectroscopy is a technique that is available in SEM imaging however because
it was used far more frequently with scanning transmission electron microscopy
(STEM), it shall be discussed in Section 3.6.4.

The two main limitations of SEM are the requirement for samples to be
conductive, and the resolving power of the technique. While the former can be
resolved by sputter coating the specimen with C or Au, the latter proves to be
a more fundamental issue. The Rayleigh criterion, described in Eq. 3.24, states
that the maximum resolution that may be achieved by a microscope depends
on the wavelength of the particle used for imaging.

A
bmin = 1227 (3.24)

where 6 is the angular resolution in radians, A is the wavelength of light, and
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D is the diameter of the circular aperture. This explains why scanning electron
microscopes, by using high energy electrons for imaging, allow higher resolving
power than light microscopes. Scanning electron microscopes typically have a
maximum accelerating voltage of 30 kV, however, the main limitation to the
resolving power of the instrument is aberrations in the electron beam. While
electromagnetic lenses in the electron column attempt to focus the beam and re-
move these aberrations, due to the electron nature of the beam some aberrations
in the beam shape will always be present. Therefore, the maximum resolution of
a SEM depends on a number of operating parameters such as beam size, chosen
accelerating voltage and type of signal collected, but is typically in range of 1-20
nm.

SEM images were taken using a Zeiss Gemini Ultra SEM. Prior to imaging,
samples would be ultra-sonicated in acetone and isopropyl alcohol to remove
any surface contaminants. Samples were then placed on SEM imaging stubs
and grounded using silver paint to reduce charging effects during imaging due
to a non-conductive substrate. Microscopy work was typically done using a low
beam energy (5-10 kV) to reduce charging effects and maximise surface contrast

for SE imaging.

3.6.4 Scanning Transmission Electron Microscopy

The first transmission electron microscopy (TEM) was developed in 1931 by
Max Knoll and Ernst Ruska. For this work, Ruska later shared the Nobel Prize
in physics with Gerd Binning and Heinrich Rohrer in 1986. TEM has seen a rise
in popularity over the past 2-3 decades due to the higher spatial resolution it
offers over SEM. The increased accelerating voltages used in the electron column
of transmission electron microscopes, typically in the range of 80-300 kV, enable
nanometre level resolution imaging. Scanning transmission electron microscopy
(STEM) is a modification to TEM where a condenser lens is added to the column
before the electron beam reaches the sample. This changes the electron beam
from a parallel illumination of the sample, to a point that can be rastered across
the sample. STEM has seen increased popularity over TEM in recent years due
to the increased spatial resolution it offers which when combined with techniques
such as EDX, electron energy-loss spectroscopy (EELS) and 4D-STEM make it
a powerful technique for local chemical and structural analysis.

The interaction of the electron beam as it passes through the sample in

STEM allows for a different range of signals than are available in SEM. These
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are namely bright field (BF) imaging, annular dark field (ADF) imaging, high
angle annular dark field (HAADF) imaging, diffraction as well as EDX and
EELS. For succinctness I shall focus on HAADF, EDX and EELS techniques
as these were the techniques used in this work. The HAADF signal used for
imaging, relies on inelastically scattered electrons typically scattered between
an angle of 50-200 mrad from the central axis. As the electron electron cross-
section increases with Z-number, higher atomic number elements will scatter
strongly and appear brighter in HAADF imaging. An advantage of HAADF
imaging when compared to TEM, is the ease of interpretation of images as mul-
tiple scatterings do not take place due to the high angle of collection, as well as
allowing one to ignore the interference of electrons. One limitation of HAADF
imaging however is its insensitivity to lighter elements due to the weak elastic
and inelastic scattering at high angles from light elements. For this application
ADF is typically used as it shows a much higher signal-to-noise ratio for lighter
elements.
An important factor in any electron microscopy is aberration control and min-
imisation. Although theoretical calculations state that the resolving power of
many STEM microscopes should be in the picometer scale, due to imperfections
in the electromagnetic lenses used to focus the electron beam, aberrations are
introduced which limit the possible resolving power of the microscope. Low
order aberrations have a large impact on the shape of the electron beam. While
the lowest order aberrations can be reduced by correctly focusing the electron
beam to the correct height of the sample, higher order aberrations still remain
and limit the resolving power of the microscope. In some sophisticated systems
aberration corrected software is introduced which analyses the shape of the in-
cident beam and may control the electromagnetic lenses to reduce aberrations
present and increase the imaging resolution.

STEM work in this thesis was carried out on a FEI Titan G2 80-200 ChemiS-
TEM, equipped with a Schottky type FEI X-FEG electron gun, a Cs probe
corrector, an in-column Super-X EDX unit with a dual electron energy-loss

spectroscopy (EELS) detector.

3.6.5 Energy-Dispersive X-ray Spectroscopy

Energy-dispersive X-ray spectroscopy (EDX) is an extremely useful tool in elec-
tron microscopy as it allows simultaneous high resolution imaging and elemental

space mapping. The technique is based on the excitation of core-level electrons
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as the electron beam interacts with the sample. As electrons in the electron
beam collide inelastically with atoms of the sample they may excite a core level
electron, in the process creating an electron hole. The atom in this excited
state is unstable, and the core hole has a finite lifetime before an electron from
a higher energy level will fall down to replace the core-level population, with the
difference in energy between the two energy levels being released as an X-ray.
As the energy difference between core energy levels is characteristic of individ-
ual elements and their atomic structure, by measuring the energy of the emitted
X-rays EDX can be used as a tool for elemental identification.

While EDX is extremely useful for live elemental mapping it does have lim-
itations, particularly in detecting light elements with a Z-number < 11. This is
due these elements producing very low energy X-rays which are prone to strong
absorption by the sample. Moreover, it is not possible to accurately calculate
the amount of oxygen in a sample, which given the prevalence of oxide ma-
terials across many fields is problematic. While O content can be estimated
by calculating the ratio of cations in an area and relating this to the expected
coordination of the cations, this approach cannot be verified as stoichiometric

information is not available from EDX.

3.6.6 Electron Energy Loss Spectroscopy

Electron energy loss spectroscopy (EELS) is a technique used during electron
microscopy that can provide chemical and physical characterisation on the ele-
ments present. As has been previously discussed in Section 3.6.5 as the electron
beam passes through the sample it may loses energy due to inelastic processes.
In EDX, one is focused on the signal produced by the atoms from these in-
teractions, in EELS one considers the losses to the electron beam from these
inelastic collisions. There are two regions that are considered in EELS; core-loss
EELS, where the electron beam excites core level electrons, and low-loss EELS
which gives information on plasmons and small excitations that exist within the
materials. Core-loss EELS can be used to collect information on the chemical
and oxidation state of the elements present with extremely high spatial resolu-
tion. Meanwhile, low loss EELS provides information on the plasmons that are
present in a material, which can be correlated to the bandgap of a material. The
identification of these plasmons can be a useful tool for confirming the chemical
stoichiometry present in a sample. While EELS can be a powerful tool, it too

has limitations. Low-loss EELS detectors typically have a resolution of 1-2 eV
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which makes the identification of any smaller shifts in the bandgap quite diffi-
cult. Similarly, while it is possible to observe shifts in chemical and oxidation
state with core loss EELS these shifts are often far smaller than the large shifts
between chemical states seen in XPS, thus making it a less effective than XPS
for probing chemical and oxidation state changes. The dual EELS detector used
in this work allowed the simultaneous measurement of both low-loss and core

loss peaks.
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Chapter 4

Band gap variation in
amorphous zinc tin oxide
thin films

In the previous chapters I have examined the fundamental properties and prin-
ciple of operation of TCOs. I have explored the properties that define a high
performance TCO and identified issues with the current industrial forerunner in
Iny03:Sn (ITO), as well as explaining the motivation for the considerable effort
that has been spent to find a suitable alternative. In this chapter I shall explore
a promising alternative candidate in amorphous zinc-tin oxide (a-ZTO). In this
study I shall explore how the behaviour of a-ZTO varies with thickness in the
low thickness regime and specifically how this relates to its optical and electrical

performance.

4.1 Introduction

A promising alternative to IGZO is zinc tin oxide (ZTO). While ZTO is available
in a number of forms including the crystalline ZnSnOj3, and ZnsSnQy, in this
thesis I shall focus on its amorphous form (a-ZTO). a-ZTO shows low than 10
% absorption in the visible light region, and conductivities as high as 445 S/cm
[65]. a-ZTO has also been produced by a wide variety of deposition techniques
such as magnetron sputtering [78], ALD [76, 229], PLD [73], and CVD [230,
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231]. The chosen deposition method can have a large impact on the observed
optoelectronic properties. This is because as an intrinsic semiconductor the op-
tical and electrical properties of a-ZTO are strongly tied to the concentration
of oxygen vacancies and metal and hydrogen interstitials in the film [4]. Thus
small differences in growth compositions and conditions can affect the formation
of defects and local structures that control charge carrier generation [232]. Pre-
vious studies have explored this modulation in optoelectronic properties with
film composition, and have shown that charge carrier concentration and electron
mobility can be tuned based on the Zn/Sn ratio [70, 77, 233].

However one area that has been overlooked is investigating how the opto-
electronic properties of this TCO material vary as a function of the thin film
thickness. This is pivotal as while a-ZTO has already been included in a number
of devices and applications, if it is to see widespread use, a well grounded un-
derstanding of its optical and electrical behaviour is essential. In this chapter,
I begin by examining the physical structure and chemical composition of mag-
netron sputtered a-ZTO thin films using SEM, XRD and XPS. Following this,
the electrical and optical performance of the a-ZTO films are characterised as a
function of the film thickness. Finally, an in-situ STS study is carried to out to

verify the presence of an observed blueshift in the band gap of the material.

4.2 Deposition

Samples of amorphous zinc thin oxide were grown via non-reactive RF mag-
netron sputtering from the cathode directly perpendicular to the plane of the
substrate. Thin films were deposited from a single custom made ZTO sputtered
target produced by Kurt J. Lesker, with a preset cation ratio of 30% Zn: 70% Sn
as from a previous study this cation ratio was found to produce films with the
highest conductivity values [77]. Prior to a deposition commencing a presputter
of the sputtering target was performed for 10 minutes to remove any contam-
inants from the surface of the sputtering target. During depositions a power
of 30 W was applied to the sputtering target, resulting in a power density of
1.48 W/cm?, and a deposition rate of approximately 2 nm/minute. This growth
rate was calculated from a single thin film which was grown and its thickness
measured via XRR and fitted in the Bruker Leptos software. The base pressure
of the growth chamber was 1 x 107° mbar. During depositions a pure Ar gas

flow of 30 SCCM was added to the main chamber, resulting in a pressure of 1 x
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10~3 mbar during growths. A deposition temperature of 300 °C was chosen for
this study as preliminary optimisation indicated that it corresponded with the
best electrical properties in the a-ZTO thin films. Once the target temperature
was reached with the SiC heater, the system was left for one hour in order to

thermally equilibrate.

Samples were grown on quartz glass, of area 1x1 cm? for basic electrical,
optical and morphological measurements. As STM, STS and XPS are all surface
sensitive techniques an in-vacuo transfer from the magnetron to the STM and
XPS instruments was performed using the vacuum suitcase as detailed in Section
3.1.5 and [234]. This enabled a pristine surface to be measured. Because of the
in-vacuo nature, routine sample preparation for XPS and STM was not possible.
For this reason, an alternative sample holder that would be compatible with
both XPS and STM systems was devised, this is represented in Figure 4.1. In
addition, in order to enhance the electrical contact with the sample, prior to
sample growth gold contacts were deposited using a shadow mask at each of
the 4 corners of the quartz substrate. Due to the comprehensive nature of the
measurement, STS analysis was conducted on only two samples, which were

selected for their extreme thicknesses.

g D o

— Sample
holder

a-ZTO
film

| Cufoil

\\ / \ Au contact
O]

Figure 4.1: An illustration of the sample holder used for in-vacuo transfers to
the STM and XPS instruments.
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4.3 Physical characterisation

An accurate characterisation of the morphology of the a-ZTO thin films was
imperative to understand the behaviour of the material at low thicknesses. To
this end, several techniques such as XRR, XRD, SEM and XPS were employed
to investigate the physical and chemical composition of the thin films.

The growth rate in magnetron sputtering is dependent on a number of factors
including applied power, gas pressure, and substrate temperature. Although
the growth rate had previously been calibrated for the deposition conditions
used, the thickness of each of the samples in this study was verified using XRR
measurements and fitting in the Bruker Leptos software. Figure 4.2, shows a
representative spectra and fit for a 57 nm thick film. In total, six samples were
produced ranging in thickness from 3, 6, 9, 12, 24, and 57 nm. All films show
a low roughness of approximately 0.8 nm, which is observed by a clear XRR

signal reaching as far as 3 °.

Raw data
— Fit

Intensity (a.u.)

o5 1 15 2 25 3
20 (°)

Figure 4.2: XRR data and fit on a 57 nm a-ZTO thin film. The extension of
the extinction point out to 3 ° indicates low roughness in the films as expected
for amorphous structures.

To characterise the local bonding structure of the zinc tin oxide thin films

XRD was performed. ZTO is known to exist as several polymorphs including
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the perovskite structure ZnSnOs, and as the inverse spinel form ZnSnsOy4, which
can affect the charge carrier properties as well as the material’s band gap [235,
236]. XRD measurements were taken in the grazing incidence configuration
on the Bruker D8 Advanced using an unmonochromated Mo K« source at 40
kV and 40 mA through a 0.1 mm slit. The range of 20 angles swept was
from 10-70 °, while the source angle was kept at 1.5 ° throughout the scan
in order to increase the X-ray path length through the sample and reduce the
diffracted signal from the substrate. The only peak observed in the spectra is
a single broad peak centred at 17.9 °, which is attributed to the quartz sample
holders used for XRD. The GIXRD spectra confirm the amorphous nature of the

a-ZTO (57 nm)
a-ZTO (6 nm)

Intensity (a.u.)

20 30 40 50 60 70
20 (°)

Figure 4.3: Grazing incidence X-ray diffraction shows that the a-ZTO thin
films remain amorphous over the thickness regime examined, for visual clarity
the spectra are vertically offset. A single broad peak is visible at 17.9 ° which
is attributed to the quartz sample holder used.

ZTO thin films, and indicate that the films remain amorphous over the length
scales investigated. As the constructive interference needed for XRD requires
a repeating unit cell, the amorphous nature of the ZTO thin films prevents
structural information such as bond length and grain size from being derived
from XRD.

Following the examination of the thickness and crystalline nature of the

71



Physical characterisation

WD= 46mm  Mag= 1.03KX Signal A= SE2 Date 6 Jun 2023
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File Name = MAG-ZTO-11209.tif EHT= 500V Time :15:14:58

Figure 4.4: SEM imaging of a) high thickness (57 nm) and b) low thickness (6
nm) films. Both films indicate a smooth continuous surface that is free from
grain boundaries or terraces.

thin films, SEM was employed to explore whether any morphological differences
existed between the samples. SEM images presented in Figures 4.4a and 4.4b
show the a-ZTO films are flat and amorphous with no indications of dislocations,
grain boundaries or islanding. It is notable that the a-ZTO films remain smooth
and continuous even in the low thickness 6 nm sample. This can be compared
to spray pyrolysis grown a-ZTO which sees large macroscale changes in the
structure of thin films based on the precursors used [70]. The main topological
features that are observable in both samples are the small bright and dark
artefacts which I identify as small droplets of silver paint that have landed on
the sample surface during the sample preparation process. Furthermore, the
SEM imaging is in agreement with the Leptos fitting from XRR data that the

a-ZTO films possess low surface roughness.

In order to examine the elemental composition of the thin films an XPS
study was performed. Two samples of a-ZTO were grown via non-reactive RF
magnetron sputtering, these had thickness of 6 nm and 57 nm respectively,
and represented the extremes of the thickness range examined. For the 57
nm film, an in-vacuo sample transfer was performed from the growth chamber
to the Omicron Multiprobe XPS system using a vacuum suitcase with a base
pressure of 2 x 10719 mbar. An in-vacuo sample transfer was attempted for
the 6 nm sample, however in the transfer process this sample inadvertently
became exposed to atmospheric conditions. A survey spectrum as well core
level spectra of the Zn 2p3/5, Sn 3ps/s and O 1s regions were recorded with

50 eV pass energy, resulting in instrumental resolution of 1.0 eV. In the survey
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spectra, shown in Figure 8.1a of the Appendix, both samples show the expected
core level and Auger peaks that are characteristic of the presence of Zn, Sn and
O. An additional C 1s signal is observed in the 6 nm a-ZTO sample, which is
attributed to adventitious C bonded to the surface of the film due to exposure
to atmosphere. The effects of this air exposure can noted from the lower peak
intensity of the 6 nm in the measured core level spectra. No attempt was
made to sputter clean the surface adhered carbon and hydrogen species from
air exposure, as this may have a distorting effect due to surface band bending
and preferred oxygen removal of Ar ion etching in vacuum [237].

As the stoichiometric ratio of the sputtering target does not always transfer
directly to the stoichiometric ratio of the deposited thin films, core level spectra
of the Zn 2p3 /5 and Sn 3p3/, peaks were analysed and quantified using the Casa
XPS software. These are shown in Figures 4.5a and 4.5b respectively. Due to
the amorphous nature of a-ZTO and the stable oxidation states of Zn?* and
Sn*t cations this simplified the fitting process. Note, Sn can also exist in a
Sn?* oxidation state, however this form is not stable and SnO readily oxidises
to SnO5. Peak components were selected from the Casa XPS elemental library
based on the peak position, and using Gaussian/Lorentzian (GL) line shapes
and Shirley backgrounds. The fitting parameters are displayed in Table 4.1.
The Zn/Sn composition was determined by comparing the cross sectional areas
of the Zn 2p3/, and Sn 3psz/, peaks respectively. In this work, the Zn/Sn ratio
of the sputtering target 30/70, resulted in a measured Zn/Sn ratio of 20.2/79.8
in the 57 nm film, and 17.5/82.5 in the 6 nm film exposed to atmosphere. This
deviance from the expected Zn/Sn ratio may be due to inhomogeneities in the
composition of the sputtering target or the preferential sputtering of Sn atoms.
Nonetheless, while this Zn/Sn ratio is found to differ from the expected value
it is found to be consistent across the range of thicknesses examined.

The Sn 3ps3/, peak in the in-vacuo transferred film shows an approximately
0.5 eV shift from the reference value for SnOs of 716.00 eV [238], while the Zn
2p3/2 peaks is shifted 0.4 eV from the reference value of ZnO of 1022.30 eV [239].
Furthermore, in both samples it is observed that the Zn 2ps,, peak is broader
than the same peak measured for crystalline ZnO which has a FWHM of 1.61 eV
at 20 eV pass energy [240]. This peak broadness in both of the cation peaks is
attributed to the amorphous nature of the thin films. Because of this amorphous
nature, a range of chemical environments exist within the films, which in turn
gives rise to a range of chemical site dependent binding energies broadening the
core peak full width at half maximum (FWHM). Therefore higher resolution
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Figure 4.5: a) XPS spectra of the Zn 2p3,, core level peak in both a 57 nm and
6 nm sample. b) Core level scan of the Sn 3p3/, peak in a 57 nm and 6 nm film.
The Zn 2p3,, peak was fitted with a GL value of 57, and Sn 3p3,, peak with a
GL value of 70. The peak positions and residual of the fits are given in Table
4.1. ¢) Normalised XPS spectra of the valence band maximum region.

Sample Peak Peak FWHM | Area
position (eV) | (eV) (%)
57 nm | Zn 2ps3/o 1021.9 1.81 7.5
57 nm | Sn 3p3/o 716.5 3.71 29.6
6 nm | Zn 2p3 /s 1022.1 187 | 53
6 nm | Sn 3ps3/o 716.6 3.66 24.9

Table 4.1: XPS fitting parameters of Zn 2p3,, and Sn 3ps/, peaks in a-ZTO for
a high and low thickness film.
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measurements obtained at lower pass energy or narrower slits will not reduce
the FWHM of the observed peak [237]. A 0.2 eV shift to higher binding energy
is observable in the Zn 2p3/2 spectrum of the 6 nm film. This shift may be
due to the adsorption of adventitious C and hydroxides on the surface of the
film, however the small scale of shift indicates that the a-ZTO films are stable
under atmospheric conditions. In the O 1s spectrum shown in Figure 8.1b in
the Appendix, the effect of atmospheric exposure is observed by the presence
of a doublet peak and an increase in the FWHM. In addition, in Figure 4.5c a
shift of approximately 0.6 eV is seen between the VBM of 57 nm and 6 nm film,
however the different intensity levels of the spectra make an exact comparison
difficult. The implications of this shift shall be discussed in Section 4.5.

4.4 Electrical measurements

The conductivity, charge carrier conductivity and Hall mobility of the thin films
was measured via the Hall effect described in Section 3.3. The 1x1 cm? sample
geometry of the sample allowed the use of the van der Pauw configuration for
these measurements. Silver wires adhered to each corner of the square samples
using silver paint allowed stable electrical contact to be made with the sample.
The Hall voltage was measured at multiple magnetic fields using an electromag-
netic that can vary its field between -300 to 800 mT. The films showed excellent
conductivities, with the highest value noted in the 12 nm sample (394 + 39)
S/cm. However, it is observed that below 12 nm, the a-ZTO exhibit a decrease
in both Hall mobility and charge carrier density. This drop in the charge carrier
density is attributed to a decrease in concentration of charge carrier generating
defects such as O vacancies and cation interstitials at lower thicknesses. It is
interesting to note the charge carrier concentration sees a drop at higher thick-
nesses as well. It is difficult to comment with confidence on the mechanism that
might be causing this effect but if a-ZTO is to be a viable candidate for indus-
trial applications this behaviour of the charge carrier concentration at higher
thicknesses is indubitably something that should be more closely examined. The
observed drop in Hall mobility can be understood if one considers the charge
transport network as a percolation system. Above percolation threshold thick-
ness the isotropic Zn 4s and Sn 5s orbitals that make up the CBM create a 3D
charge transport network leading to high mobilities in the highly amorphous

state [25]. However below a thickness of 12 nm, the 3D nature of the charge
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transport network rapidly degrades leading to the sharp drop in Hall mobility.
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Figure 4.6: The variance of a) Hall mobility, b) charge carrier concentration
and c) conductivity in a-ZTO as a function of thickness. A decrease in both
the Hall mobility and the charge carrier concentration is observed below 12 nm

which contributes to a sharp drop in the films’ conductivity. Data is collated in
Table 4.2.

4.5 Optical measurements

The optical band gap of the amorphous ZTO thin films was measured using
the Tauc method as described in Section 3.2. Transmittance and reflectance
spectra were taken in the 230-800 nm range using a PerkinElmer Lambda 6508
spectrophotometer fitted with a small spot kit and integrating sphere. Figure

76



Optical characterisation

a) 100 b)

0] x-intercept = 4.22 eV

1E+10 {

80 {
& 70 8E+9
5 -
2 604 a-ZTO %T (57 nm) E]
s 0 - —a-ZTO %R (57 nm) L gE+9]
£ 1 a-ZTO %T (6 nm) NE
2 0] I— —a-ZTO %R (6 nm) 3
g = 4E+9
= 30 PR

-~ = -
7 T - =
' . 2E+9
N
104 = e - ____
0 . T T T T 01
300 400 500 600 700 800 15 2 25 3 35 4 45 5
Wavelength (nm) Energy (eV)

Figure 4.7: a) Overlying transmission and reflectance spectra for a high thick-
ness (57 nm) and low thickness (6 nm) a-ZTO sample. b) Tauc plot of a direct
allowed transition for a 24nm thick film, due to the high density of subgap
states the point of linearity becomes blurred, see (3.5-4.5) eV.

4.7b shows a Tauc plot from a 24 nm thin film modelled as a direct allowed
transition (y = 1/2).

Before discussing the results of the Tauc plot it is worth highlighting the
limitations of such plots in cases of high subgap density of states (DOS), a
prominent feature of amorphous TCOs. A high density of subgap states is a
well known consequence of the disorder of amorphous materials. Such subgap
states can introduce error into Tauc diagrams by blurring the point at which
the absorption edge becomes linear. This occurs as the subgap DOS creates a
low slope increase region, see (3.5 - 4.5) eV in Figure 4.7b. In this work, care is
taken to ensure that measurements are obtained from the linear region at higher
energies to avoid this broad onset. In addition there can also be the introduction
of a "turn down” region as error is introduced by the transmission spectra
saturating at higher energy. By working with films of sub-100 nm thickness,
the films in use see significant (10-20%) transmission even at higher energy,
see Figure 4.7a, thus avoiding these issues in this work. Figure 4.8 shows the
calculated band gaps for the range of thickness of a-ZTO explored, these are
then tabulated in Table 4.2. The FoM¢% calculated from these films is lower
than the value for ITO, which typically is in the range of 4 Q=1 [12], however
the films overall do compare well with other a-ZTO films shown in Table 2.1.

Additionally, a clear blueshift, the increase in the value of the optical band
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Figure 4.8: A blueshift in the optical band gap of a-ZTO thin films is observed
with reduced thickness. Exact band gap figures are available in Table 4.2.

gap (E4) with reduction in thickness, is observed. XPS analysis indicated an
apparent 0.6 eV shift in the VBM of the 6 nm film which may be the cause of this
0.33 eV band gap blueshift, however there is a number of physical mechanisms
that should be considered.

The Moss-Burstein shift is a common occurrence in TCO materials. Charge
carriers will preferentially populate the lowest available energy state in the CB.
As the charge carrier density increases new charge carriers must be excited to
higher energies leading to an effective widening of the optical band gap. [6, 7]
The observed behaviour however indicates the charge carrier concentration de-
creases as the thickness is reduced, see Figure 4.6b, thus carrier density related
Moss-Burstein shifts can be ruled out as the cause of this blueshift. Another
mechanism to consider is quantum confinement. Quantum confinement is an
effect that occurs when charge carriers (electrons or holes) are confined in one
or more dimensions. Electrons typically behave as free particles when the di-
mensions of the defining structure are very large when compared to the electron
de Broglie wavelength. At this scale, electron energy levels can be treated as
continuous bands. However, when the dimensionality of the system is reduced
such as in thin films (2D), nanowires (1D) or quantum dots (0D) these energy

levels cease to act as continuous bands and instead become discrete [241]. This
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Sample o W all n avg. T | E, FoM&
(nm) | (S/em) | (cm*/V-s) (cm™?) (%) | (eV) (V)
56.7 | 1894+19 | 16.3+1.6 | (7.3+0.7)x10"9 | 72.7 | 4.15 | 0.31 £0.03
241 [ 321432 | 181 +£1.8 | (1.1£0.1)x10%° | 83.0 | 4.22 | 1.11 £0.11
123 | 394+£40 | 16.7+ 1.7 | (1.4+£0.1)x10% | 88.1 | 4.23 | 1.74 +0.17
9.1 300£30 | 1324+ 1.3 | (1.5+0.1)x10%° | 89.3 | 4.24 | 1.03£0.10
6.4 229423 | 13.2£1.3 | (1.1£0.1)x10%° | 90.2 | 4.39 | 1.02£0.10
3.7 10+1 22+0.2 | (3.0£0.3)x10 | 90.9 | 4.48 | 0.06 £ 0.01

Table 4.2: The electrical and optical properties of a-ZTO films as thickness is
varied.

change in band structure has knock on implications for key properties such as
optical band gap [242-244], conduction state (semiconductor, semimetal etc.)
[245, 246], and photoluminescence [247]. In 2D transition metal dichalcogenides
such as PtSes, a rise in band gap due to quantum confinement is commonly
observed [245, 248]. Quantum confinement effects have also been predicted
computationally for crystalline oxide systems such as SrTiOs, BaTiO3, KTaOg
[243, 244]. Recently, quantum confinement resulting in a blueshift in optical
data has also been observed experimentally in polycrystalline TCOs such as
InyO3 [249] and ZnO [250, 251].

Labram et al. describe that a thin film of thickness L can be thought of as
an infinite quantum well (IQW). The energy of conduction band states available
to electrons confined to an infinite quantum well can be described by Eq. 4.1

272

E, = Eqyy + &Zihp (4.1)
where F,, is the energy associated with the electron in the unconfined zy-
plane, n is a positive integer, h is the Planck constant, m* is the effective mass
of electrons in the semiconductor, and L is the thickness of the quantum well in
the z-direction where the z-direction is defined as parallel to the surface normal
[251]. One can clearly see that as the thickness of the films L decreases, the
energy of the CBM (n=1) increases resulting in a blueshift in the energy required
to excite an electron to the conduction band. The 0.6 eV shift in the VBM
observed in Figure 4.5¢, would ostensibly indicate that the VBM of the 6 nm
film recedes to a lower value. This would disagree with the expected behaviour
if quantum confinement was occurring, where the valence band structure is

expected to be fixed and the change is primarily located in the CB.
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4.6 STS measurements

While the Tauc method is a well-used approach for determining the band gap
of TCOs, as previously discussed it contains within it a number of assumptions
about the nature of the material and the its band gap. Thus in order to support
that the changes being observed are real and not just an aspect of the fitting
method, the band gap was also measured by alternative means. It is possible
to measure the band gap of materials using electron energy loss spectroscopy
(EELS) in the low-loss region. However the energy resolution of many EELS
detectors is approximately 0.4-0.5 eV and thus would not be small enough to
resolve the observed shift. While higher resolution systems are possible through
monochromated electron sources these instruments are extremely costly and
were not available. Additionally, sample preparation for EELS is destructive and
very time consuming. A more appropriate method to resolve both the valence
band (VB) and CB edges is scanning tunneling spectroscopy (STS) [252]. STS
offers localised and non-destructive measurements that can therefore be utilised
to punctiliously define the electronic band gap of a material.

It is important to note that STM/STS, which involves the tunnelling of
electrons from the tip to surface or vice-versa, probes the surface and the tip.
Tunnelling will only occur if there are available states in both the tip and surface.
Therefore, assuming a metallic tip, tunneling will commence once the CBM and
VBM energy relative to Fermi level is overcome. The localized measurement
capability of STS means that it can probe the electronic structure of materials
at the nanoscale, allowing for a detailed understanding of inhomogeneities and
local variations in electronic properties that might be missed by bulk measure-
ment techniques. STS therefore makes for an attractive methodology to further
investigate this band gap blueshift.

A 6 nm and 57 nm film were grown as described above, and transferred in-
vacuo to the STM. The STM and STS measurements were conducted in UHV
with a base pressure of 3 x 107! mbar. STM images and STS spectra were
recorded at a temperature of 77 K in constant current mode. Single-crystalline
W-tips with a (001) orientation were used, which were electrochemically etched
in NaOH solution. The tunneling bias was applied to the sample.

STM images of the 6 nm sample, in Figure 4.9a and 4.9b show a continuous
surface void of any preferential growth directions or anti-islands, this is in agree-
ment with SEM analysis (see Figures 4.4a and 4.4b). Root mean square (RMS)

roughness values were calculated for both STM regions, these were found to be
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Figure 4.9: STM images of a 6 nm thin film a) 300 nm x 300 nm area, and
b) 250 nm x 250 nm area, show a smooth and continuous surface with RMS
roughness values of 337.5 pm, and 543.6 pm respectively.

337.5 pm for Figure 4.9a, and 543.6 pm for Figure 4.9b. These figures match,
to the same order of magnitude, XRR fitting which estimates the roughness of
the a-ZTO films to be 0.8 nm.

Through STS the electronic band gap at a single point of the thin film
was measured. These dI/dV curves were then built up to create a series of
heat-maps of the band gap in the thin films. Figures 4.10c and 4.10d are the
averaged dI/dV curves for a heat-map, and are included as visual representation
of the STS measurement process. A blueshift was observed between the average
electronic band gap of the 57 nm film (2.56 + 0.27) eV, and 6 nm film (3.04 +
0.25) eV. This is due to a discernible shift in the position of the CB in the 6 nm
sample. It is noted that both samples show a surface with a large dispersion of
band gap values. Therefore in order to portray a more accurate representation
of the band gap variation across the sample, interpolated band gap heat-maps
for the 57 nm, and 6 nm film are shown in Figures 4.10a and 4.10b respectively.
This dispersion in band gap values is due, in part, to the extremely localised
nature of STS measurements (usually sub-nanometer) vs. the length scale of
the pixel in the grid scan (6 nm). The grid pixel may represent an area at
least an order of magnitude larger than the area of measurement resulting in
this ostensibly large variation in band gap value from pixel to pixel. Another
factor is the amorphous nature of the sample in question. The composition of
the samples is not perfectly homogeneous, which may result in small clusters
of ZnO, and SnO; as well as higher order O polymorphs forming [70, 253]. To
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Figure 4.10: Figures a), and b) show interpolated STS grid spectra of a 57 nm,
and 6 nm film respectively. Figures c¢) and d) are the averaged dI/dV curves
from a band gap heat-map for a 57 nm, and 6 nm film respectively. Red drop
lines have been added as a visual guide to illustrate the method of band gap
estimation. Figures e) and f) are the corresponding histograms of Figures 4.10a
and 4.10b, showing the range and frequency of band gap values recorded. A
Gaussian curve has been overlaid on bggh plots.
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demonstrate the distribution of the band gap values recorded in each band gap
heat-map, histograms of the band gap values measured in each pixel are shown
in Figures 4.10e and 4.10f. A discussion of the remaining band gap heat-maps,
as well as statistical values such as the mean, median, standard deviation and
kurtosis of the plots is available in the Appendix.

One must be cautious in comparing the exact band gap figures from UV-vis
measurements and STS as they are based on entirely different methodologies.
In STS one measures the highest lying occupied states in the VB and the lowest
lying unoccupied states in the CB. In an amorphous thin film, it is extremely
likely that these are tail states. However, when estimating the band gap from
UV-vis spectrophotometry and the Tauc method, it is these tail states that
one takes care to avoid. With these considerations taken into account, one can
state that STS agrees with the observation of a blueshift in the band gap for a
reduction of film thickness in a-ZTO.

4.7 Conclusion

To summarise, in this chapter an investigation into the optical and electrical
properties of a-ZTO was performed as the thickness of the material was varied.
First, high quality a-ZTO thin films were grown that demonstrated excellent
as-grown conductivities up to 394 S/cm. These figures are quite competitive
compared to those presented in Table 2.1 especially for such low thickness films.
Furthermore, although the film conductivities are below the record conductivity
of 445 S/cm published by Rucavado et al. [65], the films presented are without
any post-growth treatment typically used to improve the conductivity of a-ZTO
thin films, such as annealing in O or Hy atmospheres. Through XPS and XRD
spectra, and SEM imaging, it was observed that the chemical and structural
properties remain consistent throughout the thickness region examined. A sig-
nificant drop in the material’s electron mobility is seen below a thickness of 10
nm which I attribute to the degradation of the 3D conduction network beyond
the percolation threshold of the material. Furthermore an increase in the band
gap with reducing thickness is reported for a-ZTO. Below 10nm, a significant
blueshift of 0.33 eV in the optical band gap is observed. The presence and scale
of the shift was confirmed via STS measurements (0.48 £ 0.26) eV. While the
two techniques are based on differing principles and therefore do not measure

the same total gap, the shift in both cases is found to be consistent. The mecha-
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nism responsible for this band gap blueshift remains unclear. A 0.6 eV decrease
in the VBM of the 6 nm was observed via XPS, however STS measurements
indicate that the shift is primarily located in the CB as would be consistent
with quantum confinement and the IQW model outlined above [251]. Further
experimental work is required to definitively answer what is the cause of this
blueshift, and this shall be given consideration in Chapter 7.

In the following chapter I shall examine the chemical and bonding environ-
ment of a-ZTO as the intercation ratio of Zn:Sn is varied in order to elucidate
the effect that changing the intercation ratio on the behaviour and properties

of the material.
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Chapter 5

Investigating the local
bonding structure of
amorphous zinc tin oxide
by X-ray absorption

spectroscopy

In the previous chapter I examined the structural, optical and electrical prop-
erties of a-ZTO as the thickness of the thin films was varied. In this study
I observed a blueshift in the band gap of the material which has implications
for a-ZTQ’s inclusion in solar cell devices where band gap matching is vital to
effectively extract charges from the active material. However a potentially more
pressing issue in a-ZTO is the effect that varying the composition, specifically
the cation ratio (Zn:Sn) has on the material’s performance. In this chapter I
shall use a combination of X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) spectroscopy to explore the
effect that varying the cation composition has on the local chemical and bonding

environments.
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5.1 Introduction

However, one issue that a-ZTO faces is the variance in its electrical and optical
performance that it sees when it is prepared via different growth methods at
nominally similar growth compositions [77]. As an amorphous intrinsic semi-
conductor, the mechanisms that governs its charge carrier concentration and
carrier mobility are complex. Previous studies have investigated these proper-
ties and found that as the material is thermally stable and free from nanoscopic
voids charge carriers are generated from point defects, namely oxygen deficien-
cies and metal cation clusters [232, 254, 255]. Subsequent investigations from
Zhussupbekova et al. researched the role that film composition and cation ra-
tio plays in the charge carrier concentration, electron mobility and absorption
coefficient [70, 77]. They conclude that there are two conduction regimes that
exist, namely a high Sn content region which sees a high charge carriers and an
equal cation concentration region which sees high electron mobility. However, it
remains unclear exactly how the cation ratio affects the formation of the point
defects which control these electrical properties. The authors note however that
the two conduction regimes coincide with the compositions of the theoretically
predicted ZnSnyOs and ZnSnszO7 [77, 256, 257]. It is hypothesised therefore
that if these polymorphs do exist they may alter the formation energies of var-
ious defects within the material which may result in the observed variation in
conductivity with cation composition. Clarity around the local bonding struc-
ture in a-ZTO would help researchers clarify how the doping mechanisms that
occur within the material are affected as the material composition is varied.
This in turn would provide a blueprint for the optimisation of the dopants and

optoelectronic properties of a-ZTO for various applications.

In this chapter I employ a combination of X-ray absorption near edge struc-
ture (XANES) and extended X-ray absorption fine structure (EXAFS) at the
Zn and Sn K-edges to study the effect of changing the intercation ratio on lo-
cal bond structure and physical properties of a-ZTO films grown by magnetron
sputtering and spray pyrolysis. Both XANES and EXAFS examine the modu-
lation of the X-ray absorption coefficient () with incident X-ray photon energy.
In XANES this is typically used to give information on the chemical environment
and oxidation state of the absorbing atom, while in EXAFS, in collaboration
with FEFF8 ab-initio fitting software it can be correlated to the local bonding
environment of the absorbing atom. In this work I shall focus on XANES and
EXAFS performed at the Zn and Sn K-edges which occur at 9.66 and 29.2 keV
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Deposition

respectively.

5.2 Deposition

In this chapter, samples of amorphous zinc-tin oxide were produced via non-
reactive RF magnetron sputtering and spray pyrolysis. In order to obtain suffi-
cient signal from XAS measurements, a-ZTO samples were grown to an approxi-
mate thickness of 100 nm. Prior to any deposition occurring a target presputter
was performed for 10 minutes in order to clean the surface of the sputtering
target. This was performed with the sputtering target shutter closed in order
to preserve a pristine substrate. Sputter depositions were performed using two
custom ZTO targets prepared by Kurt J. Lesker on quartz glass substrates of
area 1x1 cm? in a pure Ar atmosphere. These custom ZTO targets had a preset
Zn:Sn cation ratio of 30/70 (MAG1), and 50/50 (MAG3). A power density of
1.48 W/cm? was applied to the MAG1 target, while a power density of 2.07
W /cm? was applied to the MAG3 target, in both cases achieving a deposition
rate of 2 nm/ minute. The thickness of these films was measured and fitted
using XRR and the Bruker Leptos software. A combination of both targets was
used to achieve a 40/60 ratio (MAG2), with a deposition rate of 4 nm/ minute.
A reference sample of SnOy was also prepared via RF magnetron sputtering
using a SnO, target obtained from Kurt J. Lesker. The base pressure of the
deposition chamber used for sample growth is 1 x 107> mbar, which was raised
to 1 x 1072 mbar during depositions due to the addition of an Ar gas flow of 30
SCCM used to form the sputtering plasma. A deposition temperature of 300 °C
was used for sputter deposited films as this corresponded with previous studies
on amorphous zinc tin oxide. Upon the SiC heater reaching the desired tem-
perature the system was left for one hour in order to allow it to reach thermal
equilibrium.

In addition to a-ZTO grown via magnetron sputtering, a number of a-ZTO
samples were grown via spray pyrolysis. Four different combinations of precur-
sors with Zn/Sn solution ratios of 50/50 were studied: Zinc acetate dehydrate
+ tin (IT) 2-ethylehexanoate (SP1), Zinc acetylacetonate hydrate + tin (II) 2-
ethylehexanoate (SP2), Zinc acetylacetonate hydrate + tin chloride (SP3) and
Zinc chloride + tin (II) 2-ethylehexanoate (SP4). As the chemical precursors
may decompose and evaporate at different temperatures, the composition of

the films was later verified by XPS and these results are presented in Table 5.1.
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All films were deposited on standard microscope glass slides (Thermo Scientific
2.5x5 c¢m, 1 mm thick) at a heater temperature of 450 °C. The precursor solu-
tion was sprayed at a rate of 1.7 ml/ min using a mixture of compressed air and
nitrogen (95% Na: 5%03) with a gas flow of 171/ min. A full and complete de-

scription of the system used is available in previously published work [70, 208].

5.3 Physical characterisation

Prior to XAS analysis the basic physical and structural properties of the films
were characterised. This was done using a combination of XRD, and XPS
as well as electrical and optical measurements. The range of a-ZTO cation
compositions investigated was chosen to match the high charge carrier and high
mobility regimes previously observed in a-ZTO [77]. In addition, samples of a-
ZTO with matching cation compositions and prepared via spray pyrolysis were
also examined, as spray pyrolysis presents different growth mechanisms than
magnetron sputtering. Moreover, due to the variety of precursors used in spray
pyrolysis growth it was assumed that would have an impact on the XANES
spectra observed.

As the sputtering target or precursor ratio does not always directly transfer
to the deposited thin films, XPS was used in order to confirm the Zn/Sn ratio
of the thin films discussed in this chapter. Thus the focus of this XPS presented
in this chapter is mainly on the cation peak ratios however a survey spectrum
and O 1s core level spectrum for sample MAGI are available in the Appendix
as Figures 8.4a and 8.5 respectively. As before, XPS spectra were taken on an
Omicron Multiprobe XPS system equipped with a monochromatic Al Ka source
(XM 1000, 1486.7 eV). The instrument has a base pressure of 5 x 10~! mbar,
and a pass energy of 50 eV was used to obtain an instrumental resolution of 1.0
eV for survey and core level spectra. Magnetron samples were transferred from
the growth chamber in vacuo using a vacuum suitcase with a base pressure of 2 x
10~1% mbar, further details are available in previously published work [70, 234].
Spray pyrolysis grown samples were transferred in air and and subsequently
sputtered clean. An Ar ion gun was operated at a voltage of 750 V, with
a sputter current of approximately 6 pA and a chamber pressure of 1 x 107°
mbar for 10 minutes. These sputtering parameters were chosen as it was found to
effectively remove surface adsorbates without significantly damaging the sample

surface [70]. Survey spectra of the spray pyrolysis grown samples are available
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Figure 5.1: XPS was used to quantify the Zn/Sn ratio in each of the films
studied. Shown are representative spectra from sample MAG1 of the a) Zn
2p3/2 and b) Sn 3ps/, core levels. The Zn 2ps/; peak was fitted with a GL
value of 57, and Sn 3p3/, peak with a GL value of 70. Peak positions and
FWHM for each of the samples are shown in Table 5.1.

as Figure 8.4b in the Appendix.
As in Chapter 4, the spectra of Zn 2p3 /5 and Sn 3p3/; regions present broad

core level peaks. This peak broadness is attributed to the range of chemical
environments that the atoms experience due to the amorphous nature of the
films. The Zn/Sn composition was calculated by comparing the peak areas
corresponding to the Zn 2ps/, and Sn 3ps, peaks in Casa XPS software. Peak
areas were calculated using Gaussian/Lorentzian line shapes in association with
a Shirley background function. Specifically, the Zn 2p3,, peak was fitted with
a GL value of 57, and Sn 3p3z,» peak with a GL value of 70. The cation peak
positions and calculated Zn/Sn ratio of the films are presented in Table 5.1. All
samples showed a shift in the Sn 3ps/, peak position towards higher binding
energy when compared to the value of 716.00 eV from crystalline SnO» [238].
Meanwhile, the position of the Zn 2p3 /5 peak, specifically the a-ZTO films grown
by spray pyrolysis, matches more closely to the value of reference ZnO of 1022.30
eV [239].

XRD is commonly used to verify the crystal structure and calculate lat-
tice parameters of a material. Thus to in order to verify that the ZTO films
were amorphous, grazing incidence X-ray diffraction (GIXRD) measurements

were performed with a Bruker D8 Advance X-ray diffractometer using an un-
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Sample | Film Zn/Sn | Zn 2p3,, peak | FWHM | Sn 3p3/, peak | FWHM
name ratio (%) position (eV) (eV) position (eV) (eV)
MAG1 20:80 1021.9 1.80 716.5 3.68
MAG2 27:73 1022.0 1.82 716.4 3.83
MAG3 41:59 1022.1 1.74 716.5 3.65
SP1 31:69 1022.3 1.53 716.4 3.76
SP2 43:57 1022.5 1.52 716.8 3.77
SP3 31:69 1022.3 1.53 716.4 3.83
SP4 23:77 1022.3 1.71 716.7 3.70

Table 5.1: XPS fitting parameters used to estimate the Zn:Sn ratio in the a-ZTO
thin films. All Zn spectra were fitted with a Gaussian/Lorentzian line shape of
value 57, while Sn spectra were fitted with a Gaussian/Lorentzian line shape
value of 70.

monochromated Cu K, source (1.54 A) at 40 kV and 40 mA through a 0.1 mm
slit at an angle of (15-70) °. The corresponding spectra are shown in Figure 5.2.
The only observable peak in these spectra occurs at 17.9 °, which is attributed to
the quartz sample holder used during measurements. I conclude from this XRD
analysis that despite the variation in cation ratio and starting precursors used,
all of the ZTO show an amorphous structure. All of the a-ZTO films present
an amorphous signal. The only peak observable in the spectra is a single broad

peak which I attribute to the quartz sample holder used during measurements.

To characterise the optical properties of the a-ZTO thin films, transmit-
tance and reflectance measurements were taken in the 230-800 nm range using
a PerkinElmer Lambda 650S. Due to the borosilicate glass substrates used dur-
ing the spray pyrolysis growth process, the spray pyrolysis samples were not
compatible with UV-vis characterisation, as the substrates see significant ab-
sorption beyond 355 nm. For this reason, optical characterisation in this work
focuses on RF magnetron sputtered a-ZTO. It is observed that the absorption of
the a-ZTO, calculated by combining the transmittance and reflectance measure-
ments, remains below 5% in the visible light range. Upon reaching 400 nm, the
absorption drops due to the onset of optical excitation of charge carriers to the
conduction band minimum. This can be represented in the Tauc plots shown in
Figure 5.3b, which are modelled as direct allowed transitions. It is interesting
to note a slight blueshift in the bandgap of the a-ZTO films increasing Sn cation
concentration. This is agreement with previous UV-vis spectra on a-ZTO [70].

There are two plausible explanations for this shift; firstly, the Moss-Burstein
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Figure 5.2: Grazing incidence X-ray diffraction shows no crystallinity in the
samples between 15-70 °. For clarity the spectra have been vertically offset. A
single broad peak is observed at 17.9 © which is attributed to the quartz sample
holder used to record spectra.
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Figure 5.3: a) The absorption of the a-ZTO is plotted and can be expressed as
A =1— (T + R). b) Overlaid Tauc plots for RF magnetron sputtered a-ZTO
thin films, a blueshift is observed with increasing Sn concentration

91



XANES at Zn K-edge

effect, where due to the increased charge carrier density observed at high Sn
concentrations (see Table 5.2), an increase in the optical band gap is observed.
An alternative explanation is that as ZnO has a lower band gap than SnOs,
when increasing the Zn content in the a-ZTO films one might expect the band

gap value of a-ZTO to converge towards that of pure ZnO.

Sample | Film Zn/Sn o WHall n E,
name ratio (%) (S/em) | (ecm?/V:s) (em™3) (eV)
MAG1 20:80 228 £23 [ 174 £ 1.7 ] (82+0.8) x 10" [ 3.9
MAG2 27:73 131 +£13 [ 16.0 £ 1.6 | (5.1 £0.5) x 10 | 3.9
MAG3 41:59 76 £8 [195+£20 | (24+02) x 10" | 3.6
SP1 31:69 73+7 | 69+07 | (6.6+0.7) x 107 | -
SP2 43:57 180 £ 18 [ 82+0.9 | (1.4 £0.1) x 10 | -
SP3 31:69 2442 | 32+04 | (47+£05) x 107 | -
SP4 23:77 304 £30 [ 102 £ 1.1 | (1.9 £0.2) x 1020 | -

Table 5.2: Electrical and optical properties of a-ZTO films as cation ratio is
varied. Films grown via spray pyrolysis see a greater variation in electrical
properties as there may be large macroscale changes in morphology between
samples.

The conductivity, Hall mobility and charge carrier concentrations of the
samples were measured using a four-point probe arrangement and an 800 mT
electromagnet. Electrical connections in the van der Pauw configuration were
made using silver wires that adhered to each corner of the sample with silver
paint. The properties of the thin films are summarised in Table 5.2, notably
it is seen that by controlling the cation ratio, properties such as charge carrier
concentration (n) and Hall mobility (pgqy) can be varied. More specifically
it is observed that at higher Zn ratios, the a-ZTO films show higher electron
mobilities while at increased Sn content the films show a higher charge carrier
density. This behaviour is in agreement with previous studies on ZTO, which
in addition show that the bandgap of the material can also be tuned via the
intercation ratio [77]. A greater variation in the electrical properties of the spray
pyrolysis grown samples is observed. This is attributed to macroscale changes
in the structure of the films due to the more aggressive nature of the growth

technique and the different precursors used during growth [70].
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5.4 XANES at Zn K-edge

To probe changes in the local chemical and bonding environment as the cation
ratio was varied, X-ray absorption spectroscopy was measured and normalised
at the Zn and Sn K-edges respectively. Crucially both XANES and EXAFS are
independent of the crystalline nature of the material, making them well-suited
to examine the bonding structure of a-ZTO thin films. XAS was performed at
the BALDER beam-line at the MAX IV synchrotron facility in Lund, Sweden.
The Zn K-edge at 9.66 keV and the Sn K-edge at 29.2 keV were chosen for
this study as the K-edge transitions are more sensitive to changes in coordina-
tion and local geometry required for local bond arrangement studies. XANES
data at the Zn K-edge was collected using a passivated implanted planar silicon
(PIPS) detector in fluorescence detection mode between 9560 and 9810 eV. The
necessary wavelength was selected using a Si{111} double crystal monochroma-
tor. Multiple scans were recorded for a given spectra and subsequently merged
in order to improve the signal to noise ratio. XANES data was analysed using
the Larix software created by Matthew Newville [223]. In order to normalise
the X-ray absorbance factor (11(E)) to vary between 0 and 1, XAS spectra were
fitted with a first order Victoreen pre-edge function and a polynomial post-edge
function. XANES data was treated with a FF'T smoothing filter with a box size
of 5.

XANES relies on there being a finite number of chemical environments that
an atom may exist in, and the XANES spectra of these different chemical en-
vironments are consistent within a functional group and easily distinguishable
from one another. The Zn K-edge captures transitions from the Zn 1s orbital
to empty Zn 4p orbitals in the conduction band. The XANES spectra of mag-
netron grown samples are depicted in Figure 5.4. The spectra are characterised
by a relatively broad main peak at 9668 eV. This peak broadness is due to the
amorphous structure of the thin films and is characteristic of a-ZTO [75, 258].
It is interesting to note that the peak shape remains consistent across all mag-
netron grown samples, with no shift in the main absorption edge. As differences
in p(E) can often be subtle and difficult to discern, the first derivative du/dE,
shown inset in Figure 5.4, was also examined to more closely evaluate any pos-
sible changes in line shape. A doublet peak with a subtle shift of 0.4 eV towards
higher binding energy as the Sn cation concentration is increased is observed.

For comparison to the magnetron grown ZTO, samples of a-ZTO prepared

via spray pyrolysis were also examined and shown in Figure 5.5. Spray py-
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Figure 5.4: Normalised XANES spectra at the Zn K-edge of magnetron grown
a-ZTO, and inset the first derivative, du/dE, of the XANES spectra. The Zn:Sn
ratio of the films is given in parentheses in the legend.

rolysis being a chemical vapour deposition method displays different growth
mechanisms compared to magnetron sputtering, thus ZTO prepared using this
technique may serve as a suitable comparison to any changes observed in mag-
netron grown a-ZTO. At this point it is worth noting that the XANES spectra
of sample SP1 at the Zn and Sn K-edges were quite similar to the line shapes of
MAGT1 and SP4. Therefore for the avoidance of overlap and confusion in figures
as well as clarity of discussion it was left out of Figures 5.5 and 5.7. However,
as I felt it was still relevant to the general study of the effect chemical precursor
has on the bonding environment it is included in Section 3.5.3. There are clear
differences between the spectra of spray grown a-ZTO, most noticeable in the
spectrum of SP3 at point A, where the shoulder at 9665 eV is typical of crys-
talline ZnO [75, 259], and point C. The du/dE of spray grown samples is shown
in Figure 5.5 with a magnetron grown sample included for visual reference. The
most noticeable changes are seen in SP3, where the even doublet present in
magnetron grown a-ZTO is lost and replaced with a dominant peak at 9662 eV.
One notes a similar shift in maximum peak intensity (towards 9662 eV) in SP2

and SP4, which may suggest a shift to a more crystalline ZnO environment.
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Figure 5.5: Normalised XANES spectra at the Zn K-edge for spray pyrolysis
grown a-ZTO and inset the du/dE of the XANES spectra. Small variations are
noticeable in the line shape of spray pyrolysis grown samples, most noticeable at
points A, B and C, which suggests slight differences in the chemical environment.
The Zn:Sn ratio of the films is given in parentheses in the legend.

5.5 XANES at Sn K-edge

The XANES spectra measured at the Sn K-edge were collected using a trans-
mission configuration between 29120 and 29300 eV. Similar to the Zn XANES
data, multiple scans were recorded for each sample and then merged in order to
reduce the signal to noise ratio. Spectra were also treated with a first order Vic-
toreen function in the pre-edge region while a constant value was implemented
in the post-edge region. Finally a Sn XANES data was treated with a FFT

smoothing function with a box size of 5.

The XANES spectra at the Sn K-edge for magnetron grown ZTO is shown in
Figure 5.6, this is dominated by transition from the Sn 1s orbital to the empty Sn
5p orbital in the conduction band. Similar to the Zn XANES spectra, the single
broad peak at 29210 eV is typical of a-ZTO [75]. Within the magnetron grown
samples, one notices the small increase in the white line intensity of MAGS3,

however the peak shape and absorption edge remain unchanged. Examining
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Figure 5.6: Normalised XANES spectra at the Sn K-edge for magnetron grown
a-ZTO, and inset the du/dE of the XANES spectra. The Zn:Sn ratio of the
films is given in parentheses in the legend.

the dp/dE for magnetron grown ZTO in Figure 5.6, there are no discernible
differences between the spectra of magnetron grown ZTO within the noise limit.
All samples exhibit a relatively broad peak with a sharp maxima at 29202 eV.

There are several points of note when comparing the spray pyrolysis grown
ZTO shown in Figure 5.7c. Firstly, SP4 is much akin to the magnetron grown

Sample | Film Zn/Sn | Zn K-edge Sn K-edge
name ratio (%) | position (eV) | position (eV)
MAG1 20:80 9663.3 29203.6
MAG2 27:73 9663.1 29203.4
MAG3 41:59 9663.0 29203.4
SP1 31:69 9663.1 29203.6
SpP2 43:57 9662.5 29204.4
SP3 31:69 9662.3 29204.6
SP4 23:77 9662.4 29204.4

Table 5.3: Absorption edge positions for the Zn K-edge and the Sn K-edge for
measured XANES spectra.
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Figure 5.7: Normalised XANES spectra at the Sn K-edge for spray pyrolysis
grown a-ZTO, and inset the du/dE of the XANES spectra. A blueshift in peak
maxima in the du/dE is observed in samples SP2, SP3 and SP4 at point A’.
The Zn:Sn ratio of the films is given in parentheses in the legend.

ZTO XANES spectra, suggesting extremely similar chemical environments. Sec-
ondly, samples SP2 and SP3 show a broader absorption peak and differences
in the post-edge region most noticeable at the crossover points of points B’, C’
and D’. Finally, there is a slight blueshift in the absorption edge of spray grown
samples, this is shown more clearly in Figure 5.7d. Examining the du/dE of
spray-grown ZTO in Figure 5.7d, a feature at 29202 €V is still observed in all
spectra however there is also a noticeable increase in intensity of the feature at
29206 eV in SP3 and SP4. This feature is continued to be blueshifted in SP2,
with the maximum absorption seen at 29207 eV.

From XANES spectroscopy at the respective Zn and Sn K-edges it is evi-
dent that there is no change in the chemical environment or oxidation state in
magnetron grown ZTO. This is shown in both p(E) and du/dE of the Zn and
Sn edge where there is no significant difference between spectra within the noise
limit. In the case of spray grown a-ZTO, different growth precursors result in
clear differences in the pu(E) and du/dE, particularly in SP3 at the Zn edge.

This is likely due to small amounts of unreacted precursor being present in the
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sample which affect the local chemical environment of the cations.

5.6 EXAFS at Sn K-edge

In addition to the analysis of the near-edge regime shown above, EXAFS mea-
surements of the extended post-edge range at the Sn K-edge were also recorded
between 29080 and 30000 eV, to probe the local bonding environment in ZTO.
A similar normalisation process as described above for the XANES data was
carried out for the EXAFS spectra. Multiple scans were merged in order to
reduce the noise present, and then spectra were normalised so pu(E) varied be-
tween 0 and 1. To achieve this a first order Victoreen function was applied to
the pre-edge region while due to the extended signal range a quadratic function
was applied to the post-edge region. EXAFS data was then treated with a 2nd
order Savitzky-Golay smoothing function with a box size of 11.

Thereafter a smooth atomic signal (Ryxy) was subtracted from EXAFS data,
Rirg = 0.8, in order to subtract from the signal contribution of the absorbing
atom. After data normalisation, EXAFS data was converted from energy space
to k-space using using the relationship described in Eq. 5.1, and the (k) was
calculated for both magnetron grown and spray pyrolysis grown ZTO.

E — E
k2 =2m - 0 (5.1)

where k is the electron wavenumber, m is the mass of an electron, Ey is the
K-edge absorption edge for the spectra and # is the reduced Planck constant.

Subsequently, x (k) spectra were multiplied by &% in order to compensate for
amplitude decay at higher k values. To achieve information on the shells sur-
rounding the absorbing Sn atom, EXAFS spectra were multiplied by a Kaiser-
Bessel window function with a range of 2-8 A=! and a dk of = 4.0 A=!, and then
Fourier transformed into R-space in the range of 1-8 A. To extract quantitative
information about the bond type, bond distance and Debye-Waller factors in
a-ZTO the x(R) spectra were fitted using the EXAFS equation (Eq. 5.2) and
FEFFS ab initio calculations in the Larix software package [228].

Nifi(k) _op252 _op. .
x(k) =S Z %g)e 2705 o= 2R /MK gin(2kR; + 6;(k)) (5.2)
7 J

where j indicates shells of like atoms, S is the passive electron reduction factor,
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N; is the coordination number of an atom in the jth shell, & is the photoelectron
wavenumber, R; is the distance to the neighbouring atom, O'J2~ is the Debye
Waller factor and A(k) is the electron mean free path. There is also an induced
scattering amplitude f; (k) and phase shift J; (k) which are dependent on the
atomic number of the scattering atom. The FEFFS8 calculations used to fit to
the measured EXAFS data used a background function of Ryry = 0.8, and a
Kaiser Bessel window function with a range of (2-8) A=! and a dk of = 4.0
A-1. Because the X(R) spectra showed no extended range structure, fits in
x(R) space were limited between (0.8-4.8) A.

e MAG1 fiit
o MAGH1 data
MAG?2 fit
A MAG2 data
e MAG 3 fit
&  MAGS3 data
e SN O2 fiit
> 8Sn02 data
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Figure 5.8: x(R) spectra calculated from EXAFS measurements at the Sn K-
edge and corresponding FEFFS fits for magnetron grown a-ZTO and reference
SnOs. Due to amorphous nature of the a-ZTO, a higher order signal is only
observed for SnOs.

The first peak in the x(R) spectra shown in Figures 5.8 and 5.9 comes from
the first nearest neighbour (1NN) shell of atoms to the absorbing atom. It is
possible for higher order shells to appear in x(R) spectra, this where one would
expect to see a signal from the ZnSn,O5 or ZnSn3O7 polymorphs, however due
to the amorphous nature and lack of long-range order in the a-ZTO thin films,
this higher order is quickly attenuated in all samples. This effect is observable

in the x(k) spectra shown in Figures 8.6a and 8.6b of the Appendix, whereby
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’ Sample name \ N*S2 \ R (A) o?
MAGI1 6.1 £ 0.5 | 2.031 &+ 0.009 | 0.008 £+ 0.002
MAG2 6.1 £ 0.6 | 2.031 £ 0.009 | 0.008 4 0.002
MAG3 6.0 = 0.5 | 2.035 & 0.009 | 0.007 £ 0.002

SP1 58 £ 0.6 | 2.042 & 0.010 | 0.007 &+ 0.002
SP2 6.1 £ 0.6 | 2.029 + 0.010 | 0.008 £+ 0.002
SP3 6.0 £ 0.7 | 2.041 + 0.011 | 0.005 £ 0.002
SP4 5.7 £ 0.6 | 2.042 4+ 0.011 | 0.006 £ 0.001
SnOs 5.6 &£ 0.6 | 2.053 £ 0.007 | 0.003 £+ 0.001

Table 5.4: FEFFS8 fit parameters after fitting to the first shell, where; N is the
Sn coordination number, R is the Sn-O bond distance, and o2 is the Debye
Waller factor

the fine structure of the k?x (k) signal is quickly attenuated for all a-ZTO sam-
ples, while the SnO, reference sample shows features at 5 A=, 6.5 A~ and
beyond. This agrees with XRD characterisation shown in Figure 5.2. Due to
this strong attenuation in the yx(R) signal, only the first shell of a-ZTO was
fitted to in FEFF8 calculations, which in this case relates to Sn-O bonds. In
addition, as only 1NN atoms are considered, only single scattering paths for the
photoelectron are included in fitting. A small peak feature is visible at 3.2 A,
however it is too small to be able get a meaningful fit to due to the presence of
multiple photoelectron scattering paths in this region. The starting inputs for
the Sn-O path are based on rutile SnOy, with space group (P42/mnm) [260].
The x(R) spectra and fits are shown in Figures 5.8 and 5.9 and fit parameters
shown in Table 5.4. A small shift of 0.02 A is seen in the Sn-O bond length
between sputtered a-ZTO samples and the SnOs reference sample. This SnOq
reference thin film, also prepared via magnetron sputtering, shows good agree-
ment with the Sn-O bond distance recorded in literature of 2.054 A[260-262].
Additionally it is noted that the coordination number of the Sn atoms in the
reference SnQs is slightly lower than the expected value of 6, this may suggest

a slight O deficiency in the sample.

Analysis of the x(R) spectra shows no long range order in any of the a-ZTO
samples and hence discounts the formation of a-ZTO polymorphs at a local,
next nearest neighbour scale as had previously been suggested [77, 256, 257].
Trejo et al. propose that the Sn atoms in a-ZTO form distorted SnO4 polyhedra
[263]. This is reflected in x(R) data and Table 5.4 where the Sn atoms show

a pronounced Sn-O shell and possess approximately octahedral coordination. I
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attribute the large variation in Sn coordination number due to dangling bonds
whose concentration increases as the amorphous nature of the films increases.
I propose that as there is no long-range order in the films, these distorted SnO,
octahedra, along with distorted ZnO tetrahedra[258] act as ’building blocks’,
which are randomly arranged throughout the entire material. As one changes
the intercation ratio in the thin films, one is effectively changing the ratio of
building blocks within the material. The conduction band minimum (CBM) of
a-ZTO is known to be a mixture of Zn-4s and Sn 5s orbitals hybridised with
O 2p orbitals [258]. Therefore by altering the intercation ratio one will affect
the strength of hybridisation at the CBM and thus affect the properties that
are dependent on the electronic structure at the CBM such as electron mobility,
and bandgap [77, 263].

e SP1 fit

o SP1 data
e SP2 fit

4 SP2 data
e SP3 fit

<  SP3 data
e SP4 fit

v SP4 data
e SNO2 fit
> Sn02 data

1(R) (A%)

R (A)

Figure 5.9: x(R) spectra calculated from EXAFS measurements at the Sn K-
edge and corresponding FEFFS fits for spray-pyrolysis grown a-ZTO. As with
the magnetron grown a-ZTO, only a first nearest neighbour scattering pathway
is observed.
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5.7 Conclusion

The results of this XAS study confirm the chemical bonding environment within
a-Z'TO does not vary greatly as the cation ratio is altered, showing no evidence
for the presence of a-ZTO polymorphs. EXAFS at the Sn K-edge points towards
approximately octahedral next-nearest-neighbour geometry in all measured a-
ZTO samples, with no long range order present. In addition, it is observed that
varying the deposition method has very little impact on the line shape of the
XANES spectra. Furthermore, the spectra correlate well with previous XAS
studies on ALD grown a-ZTO[75]. The next steps in this research are EXAFS
at the Zn K-edge to confirm the tetrahedral bonding coordination hypothesised.
Additionally, my results suggest that the mechanism responsible for the vari-
ation in conductivity values is smaller than the next nearest neighbour bond
length that is visible from XAS, pointing towards the possible involvement of
point defects. As point defects are extremely difficult to detect experimentally,
computational methods may be necessary to confirm their contribution. This
shall be discussed further in Chapter 7.
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Chapter 6

Exploring V7,03 as a p-type
TCO

In Chapter 5, I examined the local chemical and bonding environment of a-ZTO
through a combination of XANES and EXAFS at the Zn and Sn K-edges so
as to better understand the defect chemistry of the material and optimise its
performance. In this chapter I shall move on from the well-explored field of
n-type TCOs in favour of examining Vo035 as a promising p-type TCO. First, I
focus on optimising the growth of the material, then I turn my attention towards
attempting to improve it’s electronic performance by Mg doping. The results of
this work are inconclusive, therefore following this I begin work creating V03
and CusO nanolaminates. This nanolaminate approach goes beyond substitu-
tional doping and large scale trial and error screening often used in the field,
and instead offers a method to bypass the fundamental material limitations that

interfere with current TCO performance.

6.1 Introduction

Research into p-type transparent conducting oxides has been an area of inter-
est for several decades, despite this their performance has significantly lagged
behind their n-type counterparts. The development of high performing p-type
TCOs would allow significant efficiency increases in applications such as OLEDs

and p-i-n photovoltaics. The challenge many p-type TCOs face is low optical
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transparency coupled with low hole mobility due to the O 2p nature of the VBM,
and a difficulty finding suitable dopants that can act as shallow acceptors. High
p-type mobility is observed in CusO films, due to significant hybridisation be-
tween the O 2p% and Cu 3d'° orbitals, which comprise the VBM. However,
Cuz0 also exhibits extremely low charge carriers densities and an optical band
gap of just 2.1 eV resulting in low overall optoelectronic performance. Several
classes of materials such as delafossites, spinels and oxychalcogenides were de-
veloped building on the CMVB approach observed in CusO but as discussed

Section 2.3 in each case they exhibited limited success.

An alternative approach is the use of correlated metals as a TCOs. Some
success has already been found with the use of the correlated metals SrVOg3 and
CaVOs3; as n-type TCOs as they allow similar conductivities to ITO at much
smaller thicknesses [165]. In a similar fashion both CroO3 and V303 have been
highlighted as potential p-type TCO materials due to the high conductivity
they exhibit. Due to strong electron correlation, stoichiometric CroO3 acts as a
complete Mott insulator [168, 170]. This can also be expressed in terms of its
renormalisation factor, Z, = 0. For this reason CryOj3 is often doped with Mg
[171-174], Ni [171, 175] or Li [171, 176] to introduce extrinsic defects which may
act as itinerant charge carriers. While Mg and N co-doped Cry0O3 has shown
conductivities of 0.33 S/cm concurrent with 65 % transmittance for 150 nm
film [177], the largest issue the material faces is its extremely low hole mobility.
With Z;, = 0, no band conduction can occur, and as a result the hole conduction
mechanism relies upon small polaron hopping leading to room temperature hole
mobilities in the range of 9x107° cm?/V-s [178, 264].

A more promising option is VoOg3 as a p-type correlated metal. VoO3 pos-
sesses a higher renormalisation factor (Z; = 0.12), and thus exhibits higher
conductivities than CroOz. Although the hole mobility still remains low, typi-
cally reported in the range of 0.15-0.21 cm?/ Vs [265], an intrinsic charge carrier
concentration in the range of 1 x 10?2 cm ™3 enables conductivities as high as
2122 S/cm for a 56 nm film [184]. Regarding its optical performance, VO3 sees
some absorption in the visible range due to d-d transitions however as there is
no change in orbital angular momentum in this excitation, absorption remains
low. A greater concern for a material with the charge carrier densities V03
typically exhibits is the encroachment of the reflection edge into the visible light

region. The reflection edge occurs due to the fundamental excitation of charge
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carriers and coincides with the screened plasma energy. This screened plasma
energy, expressed in Eq. 2.6 can be tuned by controlling the n/m* ratio in the
films. In this regard, the low hole mobility resulting from electron correlation
is of benefit to the material as it ensures hw, remains below 1.75 eV, which
is necessary for optical transparency. From ellipsometry measurements Hu et
al. report a screened plasma energy of 0.97 eV for VoOg3, coupled with strong
interband absorption that occurs at 3.6 eV from transitions between O 2p and
V to, bands [184]. This value for the screened plasma energy is promising as
it indicates there is some room to improve either or both of the charge carrier
concentration or hole mobility in the system before the reflection edge enters the
visible light region. In recent years, researchers have investigated substitutional
doping as a means of further increasing the conductivity of VoOgz [266]. Using
a high throughput study Mg, Sc and Y were suggested as potential dopants
for the system. Further DFT calculations, concluded that Mg was the most
promising dopant due to its good match in atomic radius (AR = 0.15), and
the low energy of formation of Mgy defects [191]. Therefore as Mg-doping has
repeatedly shown to be an effective dopant in CryOs3, I explore and evaluate its

performance as a potential dopant for V5O3.

In the final pages of this chapter I shall focus on the growth and characterisa-
tion of CusO thin films with the intention of combining them with the previously
optimised V203 films to form nanolaminates. Nanolaminates have been used
previously in a wide variety of fields and applications to tune and control ferro-
magnetic properties [267], environmental stability [268, 269], and even in TCOs
to tune the refractive index and band gap [196, 270]. By combining materials
with complementary properties, the nanolaminate approach offers a means to
overcome fundamental material limitations that hinder performance. Nanolam-
inates also offer a pathway to high performance p-type TCO performance using
earth-abundant materials and low-cost methods instead of the increasingly com-
plex strategies such as doping layered oxychalcogenides [135]. Here, I begin the
work of combining parallel layers of CusO, and high charge carrier density Vo053
with to objective of creating a composite material that can achieve high p-type

conductivity.
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6.2 Deposition

In this chapter I shall discuss the deposition and characterisation of VoO3 and
Cuz0 films. As both V and Cu have multiple oxidation states available to them,
I chose to use RF magnetron sputtering in a reactive gas atmosphere, instead of
the non-reactive sputtering method used in previous chapters. While this adds
an additional layer of complexity to film depositions, by limiting the Oy partial
pressure in the deposition chamber I could precisely control the oxidation state
of the deposited material. This was particularly pertinent for the deposition of
vanadium sesquioxide, as V has three stable oxidation states (V3+, V4t Vo+)
as well as the metastable Wadsley and Magnéli phases which possess mixed V

valency.

Sputter depositions of VoO3 were performed using a V metal target of 99.9%
atomic purity obtained from Kurt J. Lesker. VO3 (0001) films were grown on
single-side polished 1 x 1 cm? (0001) Al,O3 substrates from MTI corporation.
Prior to depositions substrates were chemically cleaned using isopropylalcohol
and ultrasonicated for 10 minutes using acetone. A deposition temperature of
500° was used for sample growths as from previous work on spray pyrolysis
grown V50g3 films, this temperature was found to optimise crystallinity. As
before, upon the heater reaching the desired deposition temperature the system
was left for one hour in order for the system to thermally equilibrate. A gas
flow of 30 SCCM of Ar, and 1 SCCM of Oy was added to deposition chamber in
order to form a reactive sputtering atmosphere environment. The use of mass
flow controllers for both the Ar and Oy supply during growth allowed precise
control over the oxygen partial pressure. The base pressure of the deposition
chamber was 8 x 10~% mbar, during growths this was raised to 6 x 10~* mbar. A
substrate temperature of 530 °C was used during growth depositions crystalline
films. A power density of 7.40 W/cm? was used for the V metal target which

transferred to a deposition rate of approximately 5.4 nm/minute.

In the instances where the V503 films were doped with Mg this was achieved
by simultaneously co-sputtering a MgO target during V203 depositions. The
MgO sputtering target, of 99.95 % atomic purity, had a 2 inch diameter and
was procured from Kurt J. Lesker. The Mg:V503 depositions utilised the same
substrate, temperature, and gas flows as had previously been optimised for VoOg3

growth. The power applied to the MgO target was varied from 0-50 W which
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allowed for a variety of MgO doping concentrations to be obtained.

Cuz0 films were prepared via RF magnetron sputtering using a Cu metal
target of 99.999 % atomic purity obtained from HMW Hauner. During the
growth of CuyO films, the magnetron sputtering chamber retained a lower base
pressure of 8 x 107% mbar. In order to match the previous work on V5Os, films
were deposited on single-side polished 1 x 1 cm? (0001) Al,O3 substrates from
MTT corporation. Deposition temperatures between (500-600) °C were inves-
tigated after consulting the relevant literature. Upon reaching the deposition
temperature, the substrate was held at this temperature on order to thermally
equilibrate. A power density of 3.45 W /cm was applied to the Cu target which
led to a chamber pressure of 3 x 10™* mbar during growths which corresponds
to a deposition rate of approximately 5.2 nm/minute. A gas flow of of 30 SCCM
of Ar and 1.5 SCCM of O, was used for depositions as this O, partial pressure
was found to produce the highest quality CusO films.

6.3 Growth of V,0; films

A study of the growth parameters that produced the optimal VO3 films was
performed. In this study, a number of growth parameters such a target power,
substrate temperature and oxygen partial pressure were varied, then the elemen-
tal composition, oxidation state and crystallinity of the sputtered V4,03 films
was examined via XRD and XPS. As V503 adopts the corundum structure,
where O anions form the hexagonal close-packed structure around V cations,
(0001) Al,O3 was chosen as a substrate. Al,Oj in the c-plane orientation
also possesses a hexagonal crystal structure, with hexagonal lattice parame-
ters a = 4.759 A, ¢ = 12.992 A [271]. This corresponds to a 4.0% in-plane
lattice mismatch with the corundum VO3, which has the lattice parameters
a=4.9492 A, ¢ =13.998 A [272].

The ez-situ XRD study was performed on a Bruker D8 Advance Plus XRD
equipped with a Cu Ka source and a Ge double bounce monochromator. Sym-
metric w — 26 scans were performed around the (0001) reflex of Al;O3 which
occurs at 41.676°, these are shown in Figure 6.1. At higher Oq partial pressures,
the growth of VOg is observed by the presence of the (020) crystalline phase
at 39.9° and its higher order reflex at 86.0° [273]. As the Os flow is lowered,

the oxygen partial pressure drops and there remains insufficient O concentra-
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Figure 6.1: XRD spectra of vanadium oxides with varying Os pressure supplied
during growths. As the O partial pressure is reduced, VO growth is suppressed
and growth of the VoOg3 phase is promoted. A doublet peak centered at 64.5°
is observed in all spectra which is attributed to the sample stage.

tion in the growth chamber for the formation of VO, instead the growth of
V3203 is favoured. The (0001) orientation of the Al,Og substrate promotes the
crystalline growth of the corundum phase of VoOg, which can be identified by
the strong (006) Vo035 peak at 38.8° [272].

As the vanadium oxide film grown at 1 SCCM of Oy flow showed the highest
intensity (006) 20 peak it was chosen for an XPS study to assess the oxidation
state of the V atoms, and the elemental purity of the thin film. A 20 eV pass
energy along with 4.5 mm slits were utilised to obtain an instrumental resolution
of 0.6 eV. A survey spectrum, shown in the Appendix, as well as a core level
spectrum of the V2p and O 1s region was recorded. The core level spectrum
is shown in Figure 6.2a. It is noted that the V 2p3z,, core peak is not found
at 515.5 eV as one would expected for a V503, but rather a peak with two
main components is observed, with the highest intensity showing at 517.2 eV,
which is typical of VoO5. The film then underwent a sputter and anneal cycle

where an Art ion current was applied for a 10 minute period at 650 V. The film
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Figure 6.2: XPS was performed on the V 2p core levels to assess the oxidation
state of the V503 films. In the pre-sputtered film surface oxidation is observed
which corresponds to a Vo035 peak at 517.2 eV.

was then annealed at 530 °C for 2 hours to restore the surface reconstruction.
The core level spectrum post sputter is shown in Figure 6.2b, it is noted that
the V505 signal is removed and a single peak component at 515.3 eV is found.
This V 2p3,5 peak position and 7.5 eV separation between the V 2p, /» peak is
characteristic of VoO3 [274, 275].

Peak Peak Fitting FWHM | Area
component | position (eV) | line shape | (eV) (%)
VO, 2p1)5 523.6 GL(30) | 3.36 | 10.0
Pre- | V303 2ps /s 515.0 GL(30) | 333 | 11
sputter | VoOs 2p3/9 517.2 GL(30) 1.59 3.7
V 2ps)s 513.6 GL(20) | 217 | 2.04
| | | | |
VO, 2p1 /2 522.7 GL(30) | 345 | 118
Post- | V203 2ps /s 515.3 GL(30) | 3.60 | 22.9
sputter | VoOs5 2ps3/9 - - - -
V 2ps)s 512.9 GL(20) | 135 | 1.0

Table 6.1: XPS fitting parameters of the V 2p peak region before and after the
V503 film underwent a sputter and anneal cycle. Fitting parameters for the O
1s peak are available in Table 8.5 of the Appendix.

It is proposed therefore that upon exposure to ambient conditions the surface
of the V503 film fully oxidises to V205, while the bulk of the material remains
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as V20j3. This is in agreement with the fitting of XRR spectra which indicates
the existence of a very thin layer above the V503 film. From the XRR fitting
the V505 layer is estimated to be 2.7 nm thick. In both spectra of Figure 6.2 a
small shoulder is observed near 513 eV. A peak at 512.6 eV is characteristic of
V metal [276], and thus this may suggest that the VoOg3 film is slightly under
stoichiometric. As the V503 films grown at 7.40 W/cm? power density and 30:1
Ar/Os SCCM gas flow, provided the highest crystalline quality films, the rest
of the V503 films discussed in this chapter used these growth conditions.
Following the XRD and XPS characterisation, I performed SEM on the V5Og3
film to investigate the surface morphology. Secondary electron imaging indicates
that the morphology of the film is uniform and continuous. Due to the lack
of topological features, the in-lens detector was utilised as this allowed higher
resolution imaging and greater sensitivity to the surface signal from the film.
Small bright features can be observed on the surface of the V203 films. These
are small droplets of silver paint produced from the SEM sample preparation
process. In the bottom left of Figure 6.3c, a series of gashes in the surface of the
thin film can be observed. Upon closer inspection in Figure 6.3d, it appears that
the V503 thin film has been damaged, in a series of parallel scores. I believe
this is likely due to the handling of the thin film with tweezers, nonetheless it

is useful information for the handling of the V5Og3 films for future work.

Signal A= nLens. Date = Signal A= inLens.
Mag= 142X Time :15:18: Mag= 113K

SignalA=SE2 Date 2 Sep 2024 o EHT= 1000KV. Signal A= SE2
Mag= 511X Time :15:32:12 i = 51mm Mag= 493KX

Figure 6.3: SEM imaging of a V2Og film shows a smooth and continuous surface.
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6.4 Mg doping of V5,03

Following the growth of high quality V2Ogs thin films, I began the process of
Mg doping. Vanadium cations in VoOg3 take on a +3 oxidation state, therefore
the inclusion of Mg?*t cations on the V site should introduce acceptor states
and increase the conductivity of the material [191]. Doping was achieved by
co-sputtering a MgO ceramic target during V203 growth depositions. All the
Mg:V503 samples were grown to the same approximate thickness of 40 nm. The
Mg concentration in the thin films was controlled by varying the power applied
to the MgO sputtering target during growth. Four samples of Mg:V,03 were
grown in total; one pure V2QOgs film, and three doped films with an applied MgO
target power of 30 W, 40 W and 50 W. These samples shall be referred to as
Mg:V503-0W, Mg:V203-30W, Mg:V503-40W and Mg:V,03-50W respectively.
To examine the effectiveness of Mg doping, the optical, electrical and structural

properties of the Mg:V50O3 films were investigated.

To confirm the presence of Mg, and attempt to quantify its concentration
XPS was performed on Mg:V503-50W. A survey spectrum, shown in the Ap-
pendix, as well core level spectra of the V 2p/O 1s and the V 3s/Mg 2s regions
were obtained. These core level spectra are presented in Figure 6.4. The obser-
vation of the Mg KLL Auger peak at 302.7 eV in the survey spectrum confirms
the successful doping of the films with Mg. Due to experimental constraints at
the time of measurement, an in-vacuo sample transfer was not possible, therefore
the Mg:V203-50W sample was loaded from atmospheric conditions resulting in
the presence of a C 1s signal at 284.8 eV. Like the pre-sputtered spectrum shown
in Figure 6.2a, an O 1s doublet is observed as well as the V 2p3,, peak being
shifted to 517.1 eV. This agrees with the previous observation that the V503
films will readily undergo surface oxidation to form a thin V.05 layer at the

film surface.

XPS typically allows quantification down to 0.1-1 atomic %, although some

’ Parameter \ VO, 2p1/2 \ V203 2p3 /o \ V205 2p3/9 ‘
Peak position (eV) 523.6 515.7 517.1
Lineshape GL(30) GL(30) GL(30)
FWHM (V) 3.04 317 1.55

Table 6.2: Fitting parameters of the V 2p core level peaks from Mg:V,03-50W.
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Figure 6.4: Core level XPS spectra from sample V203-50W of a) the V 2p and
O 1s core levels and b) the V 3s and 3p as well as Mg 2s and 2p core levels.

considerations must be given depending on the exact elemental combination
[277]. An attempt was made to quantify the Mg concentration in the thin films
by comparing the relative intensities of the Mg 2s and V 3s core peaks. This
spectrum is shown in Figure 6.4b. Broad peak features centred at 90 eV and 54
eV coincide with the expected positions of the Mg 2s and 2p peaks respectively
[278, 279], again pointing towards a Mg presence, however their intensities are
too small to achieve a meaningful fit. As Mg:V503-50W is the most highly doped
V503 sample, the corresponding Mg 2s signal would be even less pronounced in
Mg:V203-30W and Mg:V5,03-40W, and thus a quantifiable Mg signal would be
difficult to obtain. High signal to noise can occur in XPS when using a smaller
pass energy, and is typically resolved by scanning and integrating over a longer
time period, however due to time constraints at the time of writing this was not
possible.

Following XPS, XRD was performed on the Mg doped V503 samples. As
before, a peak at 38.6 ° is observed indicating the presence of (006) oriented
V303. The presence of the higher order (0012) peak is also noted. Interest-
ingly, sample Mg:V503-30W exhibits the highest (006) peak intensity. As Mg
was sputtered from a MgO target, this may indicate that a slightly higher O
partial pressure is beneficial for increased crystallinity. Secondly, it indicates
that exhibits good Mg incorporation into the films as the V303 films remain

crystalline and no MgO peak is observed.
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Figure 6.5: XRD of Mg doped samples shows a clear (006) VoO3 peak at 38.6 °

The optical properties of the doped V203 films were measured using UV-
vis spectrophotometry on a PerkinElmer Lambda 650S. Transmission and re-
flectance measurements were recorded and then combined to characterise the
transmittance and absorption of the films as well as to calculate Tauc plots
for each of the films. Tauc plots were modelled as directed allowed transitions
(v =1/2). All of the V503 films exhibit a transmittance above 60 %, and less
than 35 % absorbance in the visible range. While this is low compared to the
high optical transparency typically observed in n-type materials, it is competi-

tive with the transmittance observed for most p-type delafossites and spinels.

Although V503 does not have a band gap like many TCOs, it does exhibit a
strong interband transition between O 2p and V 3d e, orbitals. This interband
transition is shown in Figure 6.6c, and is estimated to occur at 3.3 eV. It is noted
that below this point the V503 films still see absorption which is attributed to
transitions between split V 3d orbitals. These d-d transitions are forbidden as
there is no change in orbital angular momentum, and thus absorption remains
below 3.3 eV. These findings are in broad agreement with the optical charac-

terisation of Hu et al. who report a interband transition energy of 3.6 eV [184].
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Figure 6.6: The a) transmittance and b) absorbance of the 40 nm doped V503
films shows viable performance as a p-type TCO. c¢) Tauc plots for various levels
of doping, Mg inclusion has no noticeable impact on E.

Sample n I o E, FoM%

name (em—3) (em?/V.s) | (S/em) | (eV) Q1
Mg:V,03-0W | 3.49 x10%? | 0.3 £ 0.1 | 1750£175 | 3.3 [ 0.05040.005
Mg:V203-30W | 1.03 x10%2 | 0.9 £ 2.3 | 1483+148 | 3.3 0.429£0.04
Mg:V203-40W | 3.89 x10%2 | 0.3 £0.1 | 1867+187 | 3.3 0.535+0.05
Mg:Vo03-50W | 2.01 x10%2 | 0.4 £ 0.2 | 1286+129 | 3.3 0.382£0.04

Table 6.3: A slight increase in the hole mobility of Mg:V503-30W is observed,
however the large uncertainty makes drawing any conclusions difficult.
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Notably it is seen that the inclusion of Mg in the V5Og lattice has no significant
effect on the transmission or interband absorption in VoOj3. It is worth stating
that while Mg:V203-50W shows a higher T and T+R, this is within the noise
of the instrument, and no shift is seen in the subsequent Tauc plots.

The Hall mobility, charge carrier concentration and conductivity of the VoOs3
films was measured via the Hall effect described in Section 3.3. Mg:V,O3-
OW exhibits the extremely high conductivity that is characteristic of V5O3.
It is observed from Table 6.3 that the film possesses metal like charge carrier
concentrations with typically low hole mobilities observed in V2Og thin films
and single crystals [265]. Introducing Mg into the VO3 matrix is found to
initially increase the hole mobility, however at higher Mg concentrations in
Mg:V503-40W and Mg:V,03-50W the hole mobility falls to that of the pure
V503. The intention of Mg doping V203 was to introduce shallow acceptor
states and increase the charge carrier concentration, thus these results suggest
that Mg is not an effective dopant in VoO3z. The FoM% was calculated by
averaging « over the range of 1.5-3.1 eV, and then computed using Eq. 2.9.
These compare favourably with the FOM® reported for CuCrOy (2.3x107%)
Q1) [280], CuCry_ Mg, 05 (1.25%x1074 Q1) [121], and Mg:Cra03 (6.7x107%)
[178]. Tt must be noted that due to the low mobility of the V503 films, I had
difficulty measuring a congruent Hall mobility for some samples. To address
this a number of Hall mobility scans were measured for each sample and the
average value reported. This is also reflected in the high uncertainty in the
Hall mobility. It can be seen from Eq. 3.5 that a stronger magnetic field
allows greater sensitivity to a sample’s Hall mobility. Therefore the sensitivity
of the Hall effect instrument in this instance is limited by the field strength the
electromagnet can apply. The Hall mobility of these samples is currently being
remeasured using a stronger electromagnet, but due to time restraints results

were not available upon the time of writing.

6.5 Electron Microscopy of V5,03

Following on from the electrical, optical and X-ray characterisation a microscopy
study was performed on the Mg doped V5Og films. This was undertaken as a
3-month placement as my Centre for Doctoral Training in the Advanced Char-
acterisation of Materials (CDT ACM) research placement in the Ernst Ruska-
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Figure 6.7: FIB SEM preparation of VoO3 STEM lamella. a) A protective C
capping layer is deposited on the film surface to protect the region of interest.
b) High angle trenches are milled into the surface of the sample which allow the
lamella to be cut free from the rest of the sample. ¢) A side profile and d) top
profile of the final lamella.

Centre for Microscopy, Jiilich. While XPS spectra indicated a weak Mg presence
in the V03 films, it remains unclear how the Mg?* cations are incorporating
into the V503 lattice. If MgO clustering is occurring in the film, or if Mg is
located only along grain boundaries then this would affect its ability to generate
acceptor defects in V40O3. Through a combination of HAADF imaging, EDX
and EELS mapping the objective of this study was to investigate the incorpo-
ration of the Mg dopants in the V,O3 crystal lattice.

Lamellae of V503 were prepared for STEM imaging by focused ion-beam
scanning electron microscopy (FIB SEM). This a common approach that is
used to prepare bulk samples for TEM and STEM imaging. As the electron
beam must transit through the sample in order to be detected, lamellae are
prepared and thinned to a thickness of roughly 100-200 nm. This is achieved
by sputtering the sample in controlled manner with Ga™ ions. Images of the
lamella preparation process are shown in Figure 6.7.

Firstly, an area of interest, roughly 8 x 1 um?, is identified on the film. Next,
a electron protection layer is deposited on the surface of the film, followed by

a C or Pt capping layer which acts to protect the film during the ion milling
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process. Following this, using a focused Ga™ ion beam high-angle trenches
are milled into the film and substrate. By milling both sides of the protective
capping layer a ”J-cut” may be performed, cutting through the substrate and
leaving the lamella attached to the rest of the film by a small bridge. Next,
a lifting needle is brought into close contact with the capped region, and then
bound to the lamella using a carbon gas injection system. Following this the
lamella is cut completely free from the sample surface and using the carbon gas
injection system again bound to a TEM grid. The final step is to iteratively mill
both sides of the lamella to thin and polish it until it is approximately 150 nm
thick. The final result of this lamella preparation process can be seen in Figures
6.7c and d. STEM lamella were prepared of Mg:V503-0W, Mg:V503-30W and
Mg:V203-50W respectively.

Initial STEM imaging was promising. The probe corrected ChemiSTEM
Titan (80-200) used in this work allowed atomic resolution imaging of the sub-
strate and V5Oj3 films. The first lamella investigated was Mg:V203-0W, imaged
in high angle annular dark field (HAADF) mode as this allowed greater sensi-
tivity to higher Z-elements. Prior to imaging of the V5Og film, the a and 3 tilt
of the STEM sample holder were adjusted to align the beam to the crystallo-
graphic zone axis of the (0001) AlyO3 substrate. This image is shown in Figure
6.8a. It is interesting to observe the polycrystalline structure the VoO3 sample
exhibits. Previous XRD scans presented in Figure 6.1 indicate a single phase
V203 (006) film grown on (006) AlyO3. In contrast to this, the HAADF images
in Figure 6.8b and ¢, shows both cubic and hexagonal Vo035 phases. While the
corundum phase of V2Og is the most thermodynamically stable, in recent years
there has been a number of reports of a bixbyite structure of V503 [183]. Re-
cently, Rupp et al. have reported an in-depth study on the growth temperature
dependence the V203 phases exhibit when grown on Pt [281]. Despite this, it
remains surprising to observe the growth of the bixbyite phase directly on the
corundum Al;Og substrate, which can be clearly seen from a FFT performed

on the first 10 nm of the film shown in Figure 6.8b.

In addition to HAADF imaging, core-level and low-loss electron energy loss
spectroscopy (EELS) was performed on Mg:V203-0W. The position and relative
peak intensity of the Ly and L3 peaks from the V core level EELS spectra are
typical of V503, and are homogeneous across the film. The low-loss EELS

region is populated by plasmon peaks that are indicative of the band structure
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5nm

Figure 6.8: a) Imaging of the Al,O3 substrate to focus the microscope and align
to the crystallographic zone axis. b) and c¢) High resolution imaging of pure
V203 thin films, shows both a hexagonal and cubic VoO3 phase d) FFT of the
first 10 nm of subfigure b) confirms the bixbyite phase grows comfortably on
the corundum Al;Og3 substrate.
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Figure 6.9: Core loss EELS spectrum obtained from Mg:V,03-0W. Character-
istic plasmon peaks are observed at 12, 27, 41 and 52 eV.

of a material. The low-loss EELS spectrum of Mg:V,03-OW is presented in
Figure 6.9, with a number of peaks visible. The most prominent of these occur
at 12 and 27 eV, and are characteristic of the O 2p to V 3p transition, and the

collective excitation of all valence electrons respectively [282].

A polycrystalline film, with both corundum and bixbyite phases present was
observed in the Mg:V503-50W lamella, shown in Figure 6.10. In this case the
hexagonal phase is favoured for growth on the substrate while the cubic phase
is seen in the bulk of the film, shown in the FFT of Figure 6.10d). In addition,
it is noted that with increased Mg concentration the VoOs3 film see a drop in
crystallinity. Interestingly, it is observed that after approximately 5 nm there
is the formation of dark regions in the lamella. As HAADF imaging relies upon
the electron beam to be inelastically scattered these dark regions correspond to
areas where there is a decrease in the atomic density, and so can be interpreted
as voids in the film. It can be observed that some crystalline order still exists
in these void regions however it is misaligned when compared to the surface
normal of the AloO3 substrate. In addition to the HAADF imaging and EELS
previously discussed, EDX mapping was implemented during imaging to analyse
the distribution of elements in the lamella. As mentioned above, one hypothesis
for the low impact of Mg doping is Mg congregating into MgO clusters thus

inhibiting the incorporation of Mg?* cations onto the V site. However, EDX

119



Electron microscopy of V203

a)

Figure 6.10: a) and b) Atomic resolution STEM imaging was obtained for
Mg:V203-50W. Dark regions are observed within 5 nm of the substrate across
the film. ¢) EDX mapping indicates a homogeneous Mg incorporation across the
film. d) FFT of the bulk film indicates that despite a visible corundum structure
at the substrate interface, the bixbyite phase readily forms in the bulk.

mapping indicates a homogenous Mg signal across the lamella. Following the
microscopy of Mg:V,03-50W, a lamella of Mg:V503-30W was examined. In
this lamella, the voiding that is observed in Figure 6.10 has deteriorated to such
a point that the lamella is no longer intact. This is shown in Figures 6.11 a) and
b). EDX mapping of these images indicates that the V atoms have shifted to
bright regions of Figure 6.11 a). Upon reexamining the pristine V203 lamella,
Mg:V503-50W lamella, similar images were recorded. In electron microscopy
it is not uncommon for the electron beam to damage the sample, especially in
transmission electron microscopy, due to the high accelerating voltages typically
used for the electron beam concentrated over a small area. In this instance,
beam damage can be excluded as a contributing factor as Mg:V203-30W had

not been exposed to the electron beam and this damage was observed. As
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s

Figure 6.11: a) HAADF imaging indicates the VO3 lamella has completely
degraded. EDX indicates the V signal is localised to the bright circular regions.
b) Atomic resolution imaging showed the beam was aligned to the substrate and
film zone axis however the film had degraded.

discussed in Section 6.2, V can easily oxidise to higher oxidation states under
ambient conditions however it is not expected this chemical reaction would result

in such a drastic structural change.

A search of the available literature showed no reports of this behaviour re-
port for V503 lamellae, however this degradation of lamellae did present as
a significant challenge to further electron microscopy studies. For this reason
a study was performed to investigate the sensitivity of the V,Og3 lamellae to
ambient conditions. For this study two lamellae were prepared via FIB SEM,;
one pure V303 films and one lamella from Mg:V,03-50W. To avoid oxidation
due to ambient conditions these lamellae were kept in storage under vacuum
conditions until the time of STEM imaging. Following this initial imaging the
lamellae were exposed to ambient conditions for 10 months before being imaged
again. The same crystal structure is observed in films before and after exposure
to ambient conditions, indicating the VoOg3 lamellae are not as sensitive to am-
bient conditions as was feared. The most logical explanation for the observed
lamella degradation is that the VoOg films became damaged due ion polishing
processes prior to VoO3 STEM. While this is routine preparation work in order
to eliminate molecules adsorbed to the surface of the lamella, it also may have

damaged the structure of the film. Previous SEM microscopy work, shown in
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Figure 6.12: An XRD study on the crystalline phases of VoO3. At low thick-
nesses the bixbyite phase (b-V303) appears prominent while above 35 nm the
corundum phase (c-V303) begins to dominate the diffractogram. For visual
clarity the spectra have been vertically offset.

Figure 6.3 has suggested that the V503 films are quite sensitive to physical
damage. This information is extremely relevant to the bilayer work discussed
in Section 6.6, as high resolution electron microscopy will be incredibly useful

for characterising the growth of the bilayers or multilayers.

To follow up on the observation of both bixbyite and corundum phases of
V503 during STEM imaging, an XRD study was performed. This is particularly
relevant to the nanolaminate work as bilayers or multilayers of VoO3 will be
grown, and having a clear picture of description of how the crystalline phase and
structure of VoO3 changes with thickness will be crucial to their optimisation.
Four V503 films were grown in accordance with the previously described method
and growth parameters. These films varied in thickness from 10, 20, 35 and 75
nm respectively. XRD spectra, shown in 6.12 were measured in the form of
20-w scans ranging from 20 to 70 °. At thicknesses lower than 35 nm, a clear
[240] bixbyite V203 peak is seen, while above this thickness the corundum [006]
peak begins to dominate. This agrees with STEM imaging which shows bixbyite
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can grow directly on the corundum Al;O3 substrate. In the [012] plane of the
bixbyite phase, V203 possesses a pseudo-hexagonal structure where the V-V
distances are 4.7 A and 5.9 A. It is hypothesised therefore that due to the close
matching of the Al,O3 unit cell parameter (4.8 A) to the 4.7 A V-V distance,
this [024] orientation of the bixbyite phase may be preferred at lower thicknesses.
To further investigate this hypothesis a phi scan of the low thickness V503 films

is required.

6.6 Growth of Cu,O

Successful Mg doping was theorised to increase the electrical performance of
V303 by introducing shallow acceptor states near the VBM of the material.
While Mg doping was not successful, I believe this approach fails to address the
main limitations of conductivity in the material, namely its low hole mobility. To
improve this mobility therefore, I began work creating VoO3/CusO bilayer and
nanolaminate structures. The low charge carrier densities and high mobilities
that CuyO typically exhibits nominally make it an well-suited material to pair
with V203. The remaining results in this chapter pertain to the growth and
optimisation of CuyO layers.

The growth of CusO films was performed via reactive RF magnetron sput-
tering of a Cu metal target. Cu has two oxidation states that it readily takes
(Cut and Cu?*). Thus being able to control the oxygen partial pressure in
the deposition chamber via the flow of Os during growths was essential. It is
worth noting that CuO is also a p-type TCO. However, it possesses a band gap
of only 1.3-2.1 eV [283], and in addition as it does not possess a full 3d*° elec-
tronic configuration, the band hybridising between Cu and O orbitals is reduced
and therefore the hole mobility diminished [283]. CuyO is a heavily researched
material, therefore the growth conditions for crystalline growth are well doc-
umented. Cu2O has a cubic crystal structure [116], and as such is typically
matched with a substrate that also possesses cubic structure however epitaxial
Cuz0 has previously been grown on a glass substrate [100]. As the goal of this
work was to pair these CusO films with the previously optimised V2Og films,
I decided to continue using (0001) Al;Os3 substrates. Initial work focused on
optimising the growth temperature and Oy flow during depositions. Following

growth, the crystallinity of the films was analysed using XRD 26 scans shown
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Figure 6.13: a) XRD 260 scan showing that upon increasing the O partial
pressure and substrate temperature the (002) phase is suppressed and (111)
Cuz0 is obtained. b) Reciprocal space map of the (024) CuzO reflex, and ¢) ¢
scan about the (011) CugO reflex.
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in Figure 6.13a. At low Os flow rates the films see poor crystallinity and the
presence of both (111) and (002) phases. However, as the Oy flow is increased
to 1.5 SCCM, the crystallinity of the films improves resulting in a strong (111)
peak at 36.1 °, and the suppression of the (002) CusO phase. Increasing the O
flow beyond this point adds no benefit to the crystallinity, instead it promotes
the growth of CuO phases.

After the 26 scans, a ¢ scan of the (011) reflexes was recorded on the CuyO
sample grown at 600 °C to investigate its epitaxial relationship between the
substrate and film. This is presented in Figure 6.13c. As a cubic system, CusO
is two-fold symmetric. In contrast, the hexagonal structure (0001) plane AloO3
possesses 3-fold symmetry. It is expected therefore that the resulting CusO
film would exhibit 6-fold symmetry as there is two equivalent orientations the
Cuz0 unit cell may form on the substrate. In contrast to this, the ¢ scan
shows threefold symmetry in the film, with each of the peaks separated by 120
°, indicating one dominant in-plane orientation of the (111) CusO phase. This

indicates the epitaxial growth of the CusO layer on the Al,O3 substrate.

Subsequently, a reciprocal space map (RSM) was collected by performing
a rocking curve about the CusO (240) peak with the detector fully open and
resolving along the 26 direction. This is shown in Figure 6.13b. Using this RSM
the in-plane and out-of-plane lattice vectors of the CuyO film, which correspond
to the [01-1] and [111] directions respectively, were calculated. The in-plane
parameter (1.501 A), was found to match the expected value for bulk CuyO
djo2—2) = 1.501 A, while the out of plane lattice parameter (1.239 A) shows an
approximately 1 % expansion compared to djzo9). Overall, this indicates that

extremely high quality epitaxial CuyO films were obtained.

Next XPS was performed on the CuO,, thin films to confirm their elemental
and chemical state. A survey spectrum was performed and confirmed the CusO
films are elementally pure. To characterise the chemical and oxidation state of
the copper oxide films a core level spectrum of the Cu 2p region was measured,
and is presented in Figure 6.14. It is noted that the Cu 2p;/, and 2p3/, peaks
both contain a shoulder at higher binding energy as well as the presence of two
satellite peaks in the spectrum. The dominant Cu 2p;,; and 2ps3,, peaks at
952.2 and 932.4 eV respectively align with the expected values for CuyO from
literature [284]. In addition, I attribute the shoulders on both Cu 2p peaks

to be due to surface oxidation of the film as this peak lines up extremely well
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Figure 6.14: XPS spectrum of the Cu 2p core level. Peak shoulders on the Cu
2p peaks as well as CuO satellite peaks indicate surface oxidation of the CusO
film.

for those expected of CuO [284]. Furthermore, the satellite peaks at 944.3 and
962.9 eV are shake up peaks characteristic of the presence of CuO [285]. From
XRR fitting, the CuO layer is estimated to be 0.5 nm thick.

Following the X-ray characterisation of the CuyO thin films, their optoelec-
tronic properties were investigated. The films exhibit low transmittance, with
a significant absorption onset observed at approximately 500 nm, this also re-
flected in Tauc plot presented in Figure 6.15b. The bandgap of the material
was estimated as a direct allowed transition using the Tauc method discussed
previously. The calculated value of 2.2 eV agrees strongly with values recorded
in literature [84]. This band gap value is below the ideal threshold for a TCO

material of 3.1 eV, and as a result the film sees significant absorption in the

Parameter \ Cus0 2pq /9 \ CuO 2pq /9 \ Cus0 2p3/9 \ CuO 2p3/9 ‘
Peak position (eV) 951.10 952.52 931.29 933.57
Lineshape GL(80) LA(50) GL(80) LA(50)
FWHM (eV) 1.13 4.42 0.98 2.58

Table 6.4: XPS fitting parameters of the Cu 2p peak region
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Figure 6.15: a) Transmittance spectrum and b) Tauc plot of CuzO. The observed
band gap is in agreement with literature.

visible range, especially at thicknesses greater than 100 nm. This point is given
further consideration in Chapter 7.

An attempt was made to characterise the electrical performance and hole
mobility of the CusO films using the Hall effect method described before. Due to
the valence band hybridisation, the mobility of CusO films strongly correlates
to the grain size, hence growth temperature or post-growth annealing [100,
286]. The XRD characterisation was promising in this regard. Unfortunately,
as each CusO film exhibited resistances in the MOhm range, no mobility values
could be extracted as the conductivity of the films was outside of the accepted
tolerance of the Hall mobility instrument. While this high resistance behaviour
is characteristic of CuzO which typically exhibits carrier concentrations as low
as 1.7 x 10™ ¢cm ™3 [118], it also provides a challenge as currently it is difficult to
obtain quantitative data on improvements in the electrical performance of either
V503 or CuzO. Measuring the Hall mobility therefore presents as an obstacle of
this current research, plans to address this issue shall be considered in Chapter
7.

6.7 Conclusion

In this chapter I have presented and discussed work on the growth and charac-

terisation of VoOg as a p-type TCO. Preliminary work focused on the growth of
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high quality films, and indicated crystalline growth of the V2Os3 films on (0001)
orientated Al,O3 substrates. XPS spectra initially demonstrated a V,Os5 sig-
nal which is attributed to surface oxidation of the top layer of the V,Os3 film.
Calculations from XRR spectra estimate this Vo035 layer to be 2.7 nm thick.
Following this, a study was performed on the effectiveness of Mg as a dopant in
V503. XPS spectra indicated a weak Mg presence, while XRD 26 scans indi-
cated the Mg had little affect on the crystallinity of the thin films. The V503
films showed excellent optoelectronic properties. Although some absorption is
observed due to forbidden d-d transitions, the main interband transition is seen
to occur at 3.3 eV, leading to an overall transparency above 60 % in the visible
range. The films showed a characteristically low hole mobility, along with a
metal like charge carrier density resulting in conductivities as high as 1867+187
S/cm. These conductivities compare extremely well compared to other p-type
TCOs such as Mg:Cry03 (0.17 S/em) [178], CuCrg.95Mgg.0502 (220 S/cm) [121],
and spray pyrolysis grown V203 (1079 S/cm) [287]. An increase in hole mobility
is observed upon Mg incorporation however this result requires further verifi-
cation. The observed conductivity values are below those of PLD grown V503
[184, 288], however the relatively high FoM¢ is supportive of VoO3’s potential
as a p-type TCO.

Subsequently, a microscopy study was performed on these doped and un-
doped V3503 samples. Initial imaging indicated the presence of both corundum
and bixbyite phases, with both phases observed to grow in the bulk and directly
on the corundum substrate. Additionally, EDX mapping showed a homogeneous
Mg incorporation which ruled out MgO clustering as explanation for the low
impact of Mg doping on the films. Furthermore, the V503 lamellae showed
serious degradation before and after STEM imaging. This presented a serious
issue towards further microscopy imaging and characterisation due to the large
time commitment to prepare a single lamella. A 10 month exposure study ex-
hibited that the lamellae are not sensitive to ambient conditions therefore it
hypothesised that pre-microscopy ion polishing is likely the cause of lamella

degradation.

Finally, work on the growth and optimisation of CusO layers was presented,
laying the foundation for future studies on V503/CusO bilayers and nanolami-
nates. These Cuy0 layers are shown to be grow epitaxially on Al;O3 substrates,

and while no Hall mobility could be measured the high crystallinity of the films
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is promising for future work. Lastly, the band gap of the material was measured
and found to agree with bulk CuyO.
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Chapter 7

Conclusions and Future
Work

In this work there are three main studies that are presented. First, a thickness
study that examines the optoelectronic performance of a-ZTO thin films as their
thickness is reduced. The second study investigates the role that the inter-
cation ratio in a-ZTO plays on the local chemical and bonding environment
in the material. The objective of this work was to attempt to understand the
correlation between changes in the inter-cation ratio and changes in the charge
carrier concentration, electron mobility and band gap of the material. Finally,
a study into V2O3 as a prospective p-type TCO was performed covering a wide
number of circumstances including characterisation of the pristine material, Mg
doping, microscopy study on the structures and finally a study on the growth of
Cu O with the intention of combining it with V203 to form bilayer or multilayer
structures.

In Chapter 4, the performance of a-ZTO in the low thickness regime is ex-
amined. A number of a-ZTO thin films were grown in the range of 3-56 nm and
their optoelectronic properties were characterised. A drop in the conductivity
below 12 nm is attributed to a decrease in the number of charge carrier gener-
ating defects as well as the more substantial break down in the 3D conduction
network. Using the Tauc method a 0.33 eV shift is observed in the optical band
gap of the a-ZTO films. X-ray characterisation was utilised to examine struc-
ture of the thin films. All of the films were observed to be X-ray amorphous,

and an in-vacuo XPS study showed no chemical difference between a high and
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low thickness sample, however a 0.6 eV shift in the position of the VBM in
the 6 nm film was observed. Following on from this, using a in-vacuo sample
transfer a high and low thickness a-ZTO were examined using STM and STS.
STM data agreed with previous SEM imaging that the a-ZTO present as smooth
and continuous films, while STS was utilised to confirm the presence and scale
of the bandgap shift. Interestingly, while the XPS spectra indicate that the
shift is located in the VB, the STS spectra suggest the change is located in the
CB as would be in line with the IQW model [251]. This result is significant
for a-ZTO because changes in its band structure, either in the VB or CB, and
electrical performance can have knock on implications for the efficiency of the
optoelectronic and photovoltaic devices it has already seen some applications
in [72, 289-291]. Whereas small energy barriers enable partial or full transport
across an interface, significant separation (> 1 eV) between the energy bands
of materials can act to inhibit charge carrier transport as energy barriers are
generated that must be overcome. To further investigate and confirm the cause
of this band gap shift would require detailed computational calculations on the
effect of confining the dimensionality of a-ZTO or a focused examination of the
VB and CB structure using techniques such as ultraviolet photoelectron spec-
troscopy (UPS), and inverse photoelectron spectroscopy (IPES). Both of these
approaches are beyond the scope of this thesis but either could play a vital role
in confirming the mechanism responsible for this bandgap shift in a-ZTO, and
enabling further device integration. Further avenues for exploration of a-ZTO
include temperature dependant measurements of conductance with respect to
thickness to understand the scattering mechanisms at play within the material,
and examining the role that film composition has upon the presence and scale
of the band gap blueshift in a-ZTO.

In Chapter 5 through a combination of XANES and EXAFS at the Zn and Sn
K-edges, the local bonding environment in a-ZTO was examined. While varying
the intercation ratio in the thin films, no changes in the chemical environment
were observed for magnetron grown films while subtle differences were observed
in spray pyrolysis samples, likely caused by the chemical precursors used during
sample growth affecting the reaction pathways of the SnOs and ZnO building
blocks. EXAFS fitting at the Sn edge shows coordination numbers consistent
with distorted SnOy octahedra, and a small decrease in Sn-O bond length for
magnetron grown a-ZTO when compared to pure SnOs. I observe no evidence
of ZnSnyO5 or ZnSn3O7 polymorphs in the form of discernable chemical en-

vironmental changes or next nearest neighbour scattering pathways. Rather,
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this result supports the theory that a-ZTO is composed of ”building blocks” of
ZnO and SnOs polyhedra. I conclude that the observed changes in mobility and
bandgap are likely derived from alterations in the level of orbital hybridisation
that occurs at the conduction band minimum when the Zn/ Sn ratio is varied.
The next step in this research is to perform EXAFS at the Zn K-edge to confirm
the tetrahedral Zn coordination that is hypothesised. This was not possible in
this study due to time constraints during beamline access, however it would
confirm the ZnO and SnyO building block theory proposed. In addition, a DFT
computational study on a-ZTO to uncover the defect mechanism responsible for
the variation in conductivity and confirm the optimal electrical composition of
a-ZTO for electrical performance would be beneficial. My XAS results indicate
that this defect mechanism is smaller than the nearest neighbour or next near-
est neighbour bond distance suggesting point defects may be responsible. Point
defects are difficult to resolve experimentally and so computational methods
may be necessary. To date, computational studies on a-ZTO have been lacking
as DFT requires a repeating unit cell to model, however it is difficult to say
with confidence what this should be for an amorphous material. In this regard
my results may prove extremely pertinent as they elucidate the chemical and
bonding environment present for Zn and Sn atoms in the a-ZTO.

In Chapter 6 a study is performed to determine the viability of V503 as
a p-type TCO. Epitaxial (006) V303 films were grown on (0001) AloO3 sub-
strates and exhibited excellent TCO properties. Despite a characteristically low
hole mobility, conductivities as high as 1750£175 S/cm were observed for a 40
nm film, along with an transmittance above 60 % in the visible range. This
cumulated in Figure of Merit as high as 455.3445.5 Q~!. This compares ex-
tremely well compared to current p-type TCO options such as CuCrOs [92].
The V503 films were subsequently doped with MgO, with the intention of in-
troducing a shallow acceptor state and increasing the itinerant charge carrier
density. The Mg presence was confirmed using a combination of XPS and EDX
spectroscopies. The performance of the Mg:V503 films was then examined us-
ing UV-vis spectroscopy and Hall effect measurements. No clear improvement
in either the transparency or the conductivity was observed. While this initial
work is not promising there is a number of additional avenues to explore be-
fore it can be decisively stated whether Mg is an effective dopant. Firstly, the
Mg:V503 samples were grown in conditions that produced the most crystalline
V203 films. However the activation energy of various defects can be affected

by the O partial pressure during depositions [100, 116], therefore this may be a
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route to explore in future studies. Furthermore it would be beneficial to remea-
sure the Hall mobility and conductivity of these Mg:V2O3 films. Although no
improvement in the conductivity of these films was observed, the conductivity
measurements recorded were on the limit of sensitivity of the Hall instrument,
and thus have a high degree of uncertainty. To overcome this issue of sensitivity
and corroborate the results, the samples are in the process of being remeasured
with a Lake Shore Cryotronics 8404 Hall system which can reach higher mag-
netic fields and thus can measure u values as low as 1 x 1072 ¢cm?/V-s, however
due to time constraints results were not available to include in this work.

The final results presented in Chapter 6 pertain to the optimisation and
growth characteristics of VoO3 and CusO films with the intention of using
these materials to grow nanolaminates. Despite a strong (006) XRD peak be-
ing observed for pristine V203, a considerable presence of the bixbyite phase is
observed in STEM imaging. Moreover, bixbyite V2QOg is also observed to grow
directly on the corundum Al,Og5 substrate. Although there is a low difference
in the enthalpy of formation between the corundum and bixbyite VoOg3 phases
[183], this result was surprising given the matching crystal structure of corun-
dum V203 and the (0001) AloO3 substrate. A study of the crystalline phase of
V203 indicated that the [024] bixbyite phase is preferred below thicknesses of
20 nm. It is then hypothesised that this may be due to the close matching of
the AlyO3 unit cell parameter (4.8 A) to the 4.7 A V-V distance in this [024]
orientation. An XRD ¢ scan is planned to clarify the structure of the low thick-
ness V503 films. Next, the growth of crystalline CuyO is explored. XPS and
UV-vis measurements were used to confirm the presence of CuyO films while
XRD RSM and ¢ scans indicate the CupO had grown epitaxially on the (0001)
Al;Og3 substrate. Although the Hall mobility of the films could not be measured
as the mobility of CuyO strongly depends on the grain size and crystallinity of
the material, the high crystallinity of the films is encouraging [100, 286]. The
Lake Shore Cryotronics 8404 Hall system previously mentioned will also be used
to measure the mobility of the CuyO films.

The next step in this research is to begin the growth of VoO3/ Cus0O bilayers.
As the eventual goal of this work is to grow nanolaminates, both cases of Cuz,O
and V503 acting as the seed layer will be explored. A large concern in this
work is how the V303 and CusO layers will grow on top of each other. While
epitaxial growth has been observed on Al;Og it is unclear how the films will
behave when they are grown on another material, especially for CusO where

high crystallinity is essential [100, 286]. The growth and optimisation of the
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individual layers is expected to reduce the workload in this study, however
further optimisation may be required to stop individual layers contribute to the
films bleeding into one another and the creation of mixed oxidation phases. This
effectively introduces a temperature budget into the growth process which will
have to be explored and optimised. As XPS on both materials indicates surface
oxidation when exposed to ambient conditions, the ability to deposit from two
sputtering cathodes will be pivotal to this work as it ensures that the oxides will
remain phase pure. While the electrical properties of the bilayers are expected to
surpass those of the individual layers the optical performance will be of interest.
Both materials see some absorption in the visible light region therefore this
could be a shortcoming of the bilayer, however quantum confinement of optical
band gap has previously been reported for CusO and therefore may be useful

to increase the optical transparency of the bilayer system [292].
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Chapter 8

Appendix

8.1 Section I - Thickness study on a-ZTO

In addition to the Zn 2p3/, and Sn 3ps3/, core level spectra shown in Chapter
4, survey spectra and core level spectra of the O 1s region were also recorded
from the 57 nm and 6 nm films. These are shown in Figures 8.1a, and 8.1b
respectively. It is notable that in the survey spectrum of the 6 nm film there is
the presence of a C 1s signal at 284.8 eV. This is caused by the 6 nm film being
exposed to atmosphere before XPS measurements, while the 57 nm which was
transferred in-vacuo. This exposure to ambient conditions can affect the surface
states of the material due to adsorption from adventitious C and hydroxides, .
This is shown in Figure 8.1b, where a significant shoulder is observed in the 6
nm film which is attributed to hydroxide molecules adsorbed to the film surface,
and acts to broaden the FWHM of the core level peak.

While a 0.2 eV shift in the Zn 2p3 /5 peak position is observed between the
57 nm and the 6 nm film, it is noted that the peak shape remains consistent
suggesting that the chemical environment of the Sn and Zn atoms is quite stable
under ambient conditions. This agrees with electrical measurements shown in
Figure 8.2 and Table 8.2, which indicate that the a-ZTO samples retain high
mobility and conductivity after 48 months of exposure to atmospheric condi-
tions. While this exposure of the 6 nm sample to atmosphere allowed insight
into the chemical stability of the cations in the a-ZTO film, if this study was to
be repeated it would be desired to transfer both samples in-vacuo as this would

allow a clearer comparison between the core level spectra of both samples.
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Figure 8.1: a) XPS survey spectrum of a 57 nm and 6 nm thick a-ZTO films,
inset in the survey spectrum is a magnification of the C 1s core level area.
Because the 6 nm film had been exposed to atmosphere a significant C signal
is observed from adventitious C. b) XPS core level spectra of the O 1s peak
of a 57 nm and 6 nm thick a-ZTO films. As the 6 nm sample was exposed to
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atmosphere a broadened O 1s peak is observed.
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Sample Peak Peak pos- | FWHM Fitting Residual | Area
component | ition (eV) | (eV) | line shape | stan. dev. | (%)
57 nm | Zn 2ps)s 1021.9 1.81 GL(57) 1.8 75
57 nm | Sn 3ps/s 716.5 371 GL(75) 17 20.6
57 nm O 1s 530.6 1.71 GL(30) 3.30 62.9
| | | | | | | |
6 nm Zn 2p3/9 1022.1 1.87 GL(57) 2.1 5.3
6 nm Sn 3ps/2 716.6 3.66 GL(75) 2.0 24.9
6 nm O 1s 530.6 1.64 GL(30) 2.47 324
6 nm 0 1s 531.7 245 | GL(30) 5 374

Table 8.1: XPS fitting parameters of core level spectra for a 56 nm and 6 nm
a-ZTO film.

As an intrinsic semiconductor a-ZTO relies on cation interstitials and O
vacancies and is therefore quite sensitive to the concentration of O in the de-
position chamber during growths. However, it is observed that once the a-ZTO
are grown their electrical properties are quite stable. This is shown in Figure
8.2, and Table 8.2 which present the electrical properties of the a-ZTO films
studied in Chapter 4, after 48 months of exposure to ambient conditions. These
figures match up quite well to those presented in Table 4.2. Although there is
drop in carrier concentration in most samples, resulting in a drop in the overall
conductivity, the Hall mobility is seen to either be stable or increase. I postu-
late that this drop in charge carrier concentration is due to surface oxidation
passifying oxygen vacancies and leading to the formation of a depletion region
on the surface of the thin film. This theory would also explain why the charge
carrier concentration of the 3.7 nm sample effectively does not change over this
extended time period. As the thickness of the film is reduced the depletion layer
will quickly form, however this layer cannot oxidise further and so the charge

carrier density remains stable.

A total of 8 STS band gap heat-maps were measured. Histograms for two of
these heat-maps are presented in Figures 4.10e and 4.10f, while the remaining
are shown in Figure 8.3. A Gaussian line shape has been overlaid over the
histograms as visual guide of the data distribution. Statistical values for the
histograms are available in Table 8.3. The histograms from the 57 nm film, have
a mean value of 2.56 £+ 0.27 eV but plots F and G also show a large population
at 2.625 eV. In comparison, the histograms from the 6 nm film have a mean

value of 3.04 4+ 0.25 eV, and show larger populations at higher band gap values.
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Figure 8.2: The variance of a) Hall mobility, b) charge carrier concentration
and c) conductivity in a-ZTO as a function of thickness, after sample exposure
to ambient conditions for 48 months. Similar trends in the mobility, and charge
carrier density are observed when compared to Figure 4.6.

Sample o HHall n

(nm) (S/cm) (cm?/Vs) (em™3)

56.7 | 161.3+16.1 | 22.54+2.3 | (7.44+0.7) x 10%°
24.1 | 256.3+25.6 | 21.6+2.2 | (4.5+0.5) x 107
123 | 3179+31.8 [ 156 +£1.6 | (1.3£0.1) x 10%
9.1 234.4+234 | 184+1.8 | (8.0£0.8) x 10
6.4 |160.6+16.1 | 11.6+1.2 | (8.74+0.9) x 10¥
3.7 183+1.8 | 3.7+£04 | (3.14£0.3) x 10Y

Table 8.2: Electrical properties of a-ZTO thin films as thickness is varied after

48 months of exposure to atmospheric conditions.
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Figure 8.3: Histograms showing the range of band gap values during STS mea-
surements of the band gap. Subfigures 8.3a, 8.3b, 8.3c and 8.3d show mea-
surements from a 6 nm film. Subfigures 8.3e and 8.3f, represent band gap
measurements taken on a 57 nm. Statistical values are available in Table 8.3.
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’ Plot \ Mean Median \ Standard deviation | Kurtosis
A 2.85 2.84 0.47 2.85
B 3.29 3.26 0.74 -0.86
C 3.12 3.07 0.71 0.21
D 3.29 3.27 0.73 -0.06
E 2.66 2.60 0.68 2.45
[ avg. [ 3.04 £ 0.25 [ 3.01 + 0.29 | \ \
F 2.39 2.50 0.91 -0.45
G 2.34 2.36 0.53 1.42
H 2.93 2.91 0.67 -0.32

[avg. [ 2.56 + 0.27 | 2.59 & 0.29 \ \

Table 8.3: The mean, median, standard deviation and kurtosis of the band gap
heat-maps measured by STS where plots A-E were measured on the 6 nm film,
and plots F-H on the 56 nm film.

8.2 Section II - XPS and XAS study on a-ZTO

Shown in Figure 8.4a is an XPS survey spectra which correspond to the mag-
netron grown a-ZTO films studied in Chapter 5. All three of MAG1, MAG2,
and MAG3 were transferred to the XPS instrument in-vacuo using a vacuum
suitcase. From the inset plot, it is clear that there is extremely small C 1s signal
in all three samples. For comparison, survey spectra from the spray pyrolysis
grown a-ZTO films have also been shown. These samples were introduced to the
XPS instrument from atmospheric pressure. They were later sputtered clean
using Ar ion etching with a voltage of 750 V, and sputter current of 6 pA for 10
minutes. Inset in the plots is a close-up of the C 1s region, the samples exhibit
a small C 1s signal, however the survey spectra do also suggest a small amount
of Ca and Ar contamination in the samples. The Ar signal is likely due to Ar
ions that have embedded in the sample from the sputtering process, while the
Ca presence may be due to residual spray pyrolysis precursors that have not
completely evaporated during sample growth.

In addition to the survey spectrum, core level spectra of the Zn 2ps/5, Sn
3p3/2 and O 1s region were recorded for each sample. This enabled the sto-
ichiometries of each of the a-ZTO films studied to be calculated, these are
presented in Table 8.4 in the form z, y, 2, which corresponds to Zn,Sn,O..
A spectrum of the O 1s core level region from the sample MAG1, is shown
in Figure 8.5. The peak was fitted using a Shirley background, and a Gaus-
sian/Lorenztian (GL35) line shape. The peak of the line shape is found at 530.6
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Figure 8.4: a) XPS survey spectrum for MAG1, MAG2 and MAG3. As the
sample was transferred in-vacuo the C 1s signal remains small b) XPS survey
spectrum for samples SP1, SP2, SP3 and SP4. As the samples were loaded
from atmospheric pressure a C 1s signal is observed. Additionally, there is an
Ar signal from sputter and annealing processes, and a small Ca 2p signal likely
due to left over chemical precursor.
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Figure 8.5: XPS core level spectrum of the O 1s region for sample MAG1.

eV and a FWHM of 1.70 eV. This is found to match the line shapes calculated
in Table 8.1 for the magnetron grown a-ZTO of Chapter 4.

Following spectral normalisation and background subtraction, k?x (k) spec-
tra were calculated from the EXAFS measurements. taken at the Sn K-edge
of magnetron grown and spray pyrolysis grown a-ZTO thin films. (k) spectra
show the scattering pathways that a photoelectron may take. Strongly scatter-

ing pathways have a large amplitude, while longer scattering pathways ” turn-on”

| Sample name | z (%) [ y (%) | z (%) | Zn:Sn

MAG1 7.46 | 29.60 | 62.94 | 20:80
MAG2 10.47 | 28.37 | 61.16 | 27:73
MAG3 16.80 | 23.90 | 59.30 | 41:59
SP1 8.02 | 24.43 | 67.55 | 31:69
SP2 10.30 | 19.38 | 70.32 | 43:57
SP3 8.01 | 25.00 | 66.99 | 31:69
SP4 7.83 | 24.18 | 68.00 | 23:77

Table 8.4: Stoichiometries of the a-ZTO films studied by XAS, in the form of z,
y, 2, which corresponds to Zn,Sn, O, where z+y+2z = 100%. For completeness
the corresponding Zn:Sn ratios have also been included.
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Figure 8.6: k?x(k) spectra calculated from EXAFS measurements taken at the
Sn K-edge, for a) magnetron grown and b) spray pyrolysis grown a-ZTO thin
films.
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at a higher k value. When one examines Figures 8.6a and 8.6b, one may notice
there is some deviance in both figures below 1 A~! however these are artefacts
that remain after background subtraction. All spectra demonstrate a regular
amplitude and frequency between (1.5-8) A~1, this signal is that of the Sn-O
scattering pathway. The uniformity of the amplitude of this signal suggests
that all sample have similar O coordination and this is corroborated by FEFF8
fitting.

Beyond 5 A~1, the SnO, sample continues to show fine structure features,
specifically at the points 5 A=1, and 6.5 A~1. Tt is at this point that higher order
features from Sn-Sn scattering pathways begin to overlap with the Sn-O signal
and constructively and destructively interfere. In contrast to this, beyond 5 A~?
the a-ZTO samples begin to show increased levels of noise. This is due to the
lack of long-range order and regular scattering pathways for the photoelectron
to travel back to the absorbing Sn atom. Spectra have been curtailed at 8
A~1, as this is the limit of data collected for sample SP4 and also beyond this
point the noise begins to dominate the a-ZTO spectra. The one exception to
this behaviour is sample SP3, as it shows some similar spectral features to the
SnOs reference sample. Moreover, this sample had previously indicated XANES
features typical of ZnO, and had the lowest Debye-Waller factor of the a-ZTO
films from FEFFS fitting. It seems likely therefore that this sample is comprised
of nanocrystalline grains of ZnO and SnOs that formed during spray pyrolysis

growth.

8.3 Section III - Exploring V,03 as a TCO

As described in Section 6.2, V2O3 films were grown by reactive sputtering of a
V metal target in an Ar/Oq environment. To analyse the elemental purity and
verify the chemical composition of the thin films a survey spectrum was recorded
along with a core level spectrum of the O 1s and V 2p region. The core level
spectrum is discussed in Section 6.3 and the survey spectrum is shown below
in Figure 8.7a. As expected the V 2p and O 1s peaks dominate the spectrum,
however there is also the additional of a strong C 1s signal. This C incorporation
is attributed to the SEM imaging that the V503 film underwent prior to XPS
analysis. Due to the high energy of the electron beam in SEM and the low
vacuum that the instrument typically operates at, it is not uncommon for SEM

imaging to "burn” C onto the surface of a sample if the beam is left to dwell
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Figure 8.7: a) A XPS survey spectrum of pure V503 before the film underwent
an Ar sputtering and anneal cycle. A significant C 1s signal is observed which
is attributed to SEM imaging that was performed on the sample prior to XPS
analysis. b) A XPS survey spectrum of pure V503 after an Ar sputter and
anneal cycle.
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on a particular area for an extended period of time, as is typical when imaging.
To combat this the V503 film underwent a sputter and anneal cycle where an
Ar ion current was applied to the sample for a 10 minute period at 650 V, and
then the film was annealed at 530 °C for 2 hours. After sputtering the C 1s
signal is greatly diminished and the V 2s as well V and O Auger peaks become
more prominent. In both spectra, a peak is observed at 347 eV, which may be
indicative of a Ca contamination in the sample. Further analysis is required to

confirm whether this is contamination is introduced during sample growth.
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Figure 8.8: XPS survey spectrum of an unsputtered Mg:V5,03 film. The Mg
KLL Auger peak confirms the doping of the sample with Mg, however core level
peaks attributed to Ca and Si are also observed.

Following the successful growth of crystalline V503, work began on doping
the films with Mg with the intention of increasing the electrical performance
of the thin films. To achieve this a MgO target was co-sputtered during V4,03
depositions. The desired doping level was approximately 1% Mg to V [191],
so a low power density was applied to the MgO target in growths. In order
to attempt to quantify the Mg concentration within the V503 films XPS was
performed. In total, a survey spectrum at 50 eV pass energy as well as core level
spectra of the V 2p/O 1s and V 3s/Mg 2s regions at 20 eV pass energy were

recorded. The core level spectra are presented and discussed in Section 6.4, and
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Peak Peak Fitting FWHM | Area
component | position (eV) line shape (eV) (%)
Pre- 0O 1s 529.9 TLA(1,12,230) 1.26 41.06
sputter | O 1s 531.9 GL(30) 249 | 322

| | | | | | |
Post- O 1s 530.1 TLA(1,12,230) 1.04 44.7
sputter O 1Is 531.3 GL(30) 2.25 19.6

Table 8.5: XPS fitting parameters of the O 1s peak in VoO3. An asymmetric
TLA line shape provides the best fit which suggests there may be screening of
the core electrons.

the survey spectrum is presented below in Figure 8.8. As expected a Mg KLL
Auger peak is observed at 303.8 eV, which serves to confirm the presence of Mg
in the films.

A unexpected addition to the survey spectrum is an ostensive Ca 2p and Si
signal from the Mg:V503 film. While a small Ca signal was seen in the growth
of pure V503, it is unclear where this Si contamination originates from. The
MgO sputtering target, obtained from Kurt J. Lesker, is deemed to be of 99.95
% atomic purity. However, this sputtering target was reused from a previous
study, so contamination may have occurred while the target was in storage.
It is worth noting that during EDX measurements of Mg:V2O3 lamellae, no
prominent Ca or Si signal was observed, thus the concentration of contaminants
is expected to be low. As the Mg was not found to be an effective dopant in
the concentration range examined, this matter was not explored further.

Following the exploration of Mg as a dopant in Vo035 to improve the electrical
conductivity, Cu20 was examined as a material to pair with VoO3 in order to
form high conductivity multilayers. As part of this characterisation, XPS was
performed in the form of a survey spectrum and core level spectra of the Cu
2p and O 1s regions. As discussed in Section 6.6, the Cu atoms are considered
to be primarily in the +1 oxidation state as expected for CusO, however some

surface oxidation is observed which manifests in the form of a CuO shoulder on

Peak Peak Fitting FWHM | Area
component | position (eV) | line shape | (eV) (%)

Cuz0 531.6 GL(25) 160 | 32.2

CuO 530.4 GL(85) | 084 | 178

Table 8.6: XPS fitting parameters of the O 1s peak in CuyO.

149



Appendix

6000 T T T T T T
5000 - -
Cu 2p
— 4000 -
(7]
o
Kl
2
% 3000 - -
c
&
=
2000 i
000 CuLMM
l O1s
1000 - ¢ C1s E
o 1 T T ] ] ]
1400 1200 1000 800 600 400 200 0
Binding Energy (eV)
7000 T T
Residual STD = 3.65
6000 R
o Data
5000 Cu,0 s
> ——CuO
Qo - - - Background
L 4000 Residual fit
oy
2
8 3000
£
2000 -
1000
RS R
1 1

o " " " 1 " " " 1 n " " "
540 535 530 525
Binding Energy (eV)

Figure 8.9: a) XPS survey spectrum of an unsputtered CuyO film. A small C
1s signal is observed but no further contaminants are visible. b) O 1s core level
spectrum from a CupO sample. As the surface layer of the film has oxidised
from exposure to ambient, a CuO peak component is observed.
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the CuzO 2p; /2 and 2p3/, peaks. The corresponding survey spectrum measured
with 50 eV pass energy and shown in Figure 8.9a, indicates that excluding some
adventitious C due to exposure of the film to ambient conditions, the Cu20 thin
film is elementally pure. For completeness the O 1s core level spectrum recorded
with 20 eV pass energy and 4.5 mm slits, and corrected with reference to the
C 1s peak at 284.8 eV, is shown in Figure 8.9b with the fit parameters given in
Table 8.6. A strong peak signal is observed at 529.4 eV which is attributed to
CuO [293], while a broad peak centered at 530.5 eV is characteristic of CuyO
[294].
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