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Summary

In this thesis the best synthesis conditions and compositional dependency of
optoelectronic properties for novel ternary n-type amorphous Zinc Tin oxide
(a-ZTO) and p-type nanocrystalline CuxCrO2 Transparent Conducting Oxides
(TCOs) are explored.

a-ZTO was synthesised employing physical vapour deposition (magnetron
sputtering) and chemical vapour deposition (spray pyrolysis) methods. Com-
prehensive compositional analysis was performed on magnetron sputtered a-
ZTO via X-ray photoelectron spectroscopy (XPS). Two distinct compositions
were identified and found to correspond to ZnSn2O5 and ZnSn3O7, structures
which are unstable in bulk yet which could exist locally. The role that local
bond order, confirmed by Raman spectroscopy, play in the electrical properties
of the material is discussed. An in situ sample transfer across magnetron
sputtering => XPS/Ultraviolet photoelectron spectroscopy => Scanning Tunnel-
ing Microscopy/Spectroscopy (STM/STS) systems allowed for measurement of
stoichiometric formula ZnSn2.9O6.7 that is close to calculated unstable polymorph
ZnSn3O7. UPS measurements reveal the work function of the material to
be 5.1 eV. The STM/STS characterisation indicated the bandgap of a-ZTO is
approximately 3.3 eV. Annealing at 600° C under ultra high vacuum conditions
did not induce long range order crystallinity, but formed local crystalline clusters
on the surface.

a-ZTO was studied by cost effective, stable and reliable spray pyrolysis tech-
nique using various precursors combinations. At optimised deposition conditions
films with uniform thickness and the highest conductivity≈ 300 S/cm reported for
non-vacuum, solution processed films are achieved. A systematic study of a-ZTO
synthesis utilizing dichlorozinc and stannous octoate precursors in a methanol
solution demonstrated that final film stoichiometry and conductivity values are



iii

highly dependent on the kinetically limited growth and derived morphology of
the film.

A new methodology for studying the decomposition of precursors during
spray pyrolosis was developed. The methodology utilised Reflectance anisotropy
spectroscopy to monitor the optical response of a growing film in real time. In
order to ensure that a strong signal a substrate coated with Au plasmonic dimers
was used. This method applied to thermal decomposition of Cu(acac)2 and
Cr(acac)3 precursors and allowed for identification of the physical origin of the
very narrow growth window for p-type CuxCrO2. Beyond this specific material,
this technique is applicable to a wide variety of other spray pyrolysis processes.
Expected use cases are identifying ideal growth conditions for various ternary
oxides or finding alternative precursors to further reduce growth temperatures to
minimize the thermal budget of thin film synthesis.
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Chapter 1

Introduction

Transparent Conducting Oxides (TCOs) are a special class of semiconductor
materials possessing a unique combination of electrical conductivity and optical
transparency in a single material. Exhibiting this remarkable coexistence of
properties, TCOs are desired materials in a broad range of applications including
solar cells, panel displays, touch screens, light emitting diodes, and transparent
electronics. This thesis is focused on synthesis and optimisation of amorphous
oxide semiconductors, p-type CuxCrO2 and n-type amorphous zinc tin oxide (a-
ZTO).

1.1 Thesis outline

Chapter 2 describes the history of TCO development, both n-type and p-type.
The theoretical ideas, milestones which have led to the interest in more complex
ternary TCOs, the state of the art, and appropriate use of the Figure of Merit are
discussed. Particular attention is given to benefits of amorphous n-type materials
and Cu based delafossaite TCOs used in this work: amorphous Zinc Tin oxide
and nanocrystalline CuxCrO2.

In Chapter 3 the experimental techniques used for synthesis and character-
isation of thin films in this thesis discussed. A wide range of characterisation
methods are employed in this work. Particular emphasis is placed on the
compositional analysis by X-ray photoelectron spectroscopy as it is a key aspect
of all the work performed and provides crucial information that is correlated
to electrical performance and other material properties providing a valuable
scientific insight.

1
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In Chapter 4 the role that local bond order plays in the electrical properties
of amorphous Zinc Tin oxide deposited by magnetron sputtering is discussed.
The results demonstrate that multiple local structural arrangements can exist
within a- ZTO depending on the methodologies employed to synthesise it. By
comprehensive compositional analysis via X-ray photoelectron spectroscopy two
distinct relationships between the ratio of Zn to Sn in the material and its electrical
properties are identified. The two distinct compositions are found to correspond
to ZnSn2O5 and ZnSn3O7, structures which are unstable in bulk but which could
exist on a local level. By using Raman spectroscopy it is shown that this variation
coincides with variation in the local bonding arrangement.

In Chapter 5 the results on the synthesis of a-ZTO by spray pyrolysis, an
inexpensive and versatile chemical vapour deposition based technique with an
as-deposited conductivity of ≈300 S/cm are presented. Compositional analysis
via X-ray photoelectron spectroscopy reveals a non-stoichiometric transfer of Zn
and Sn from the dissolved precursors into the film, with best electrical properties
achieved at a film composition of xfilm=0.38±0.04 ((ZnO)x(SnO2)1−x (0<x<1)).
The morphology of these films is compared to films synthesised by physical
vapour deposition, and a strong correlation between morphology and electrical
properties is revealed. A granular nature of the spray pyrolysis grown films, which
seems like a drawback at a first glance, brings a prospect of using a-ZTO in ink-jet
printed films from a nanoparticle suspension for the room temperature deposition.
Brief post-anneal cycles in N2 gas improve the conductivity of the films by means
of grain boundary passivation.

Chapter 6 outlines the development of in situ optical sensing technique
combined with modified spray pyrolysis setup and its application to the real
time thermal decomposition study of Cu(acac)2 and Cu(acac)3 precursors. The
difference in activation energy of these precursors provides a physical insight
into the narrow temperature window for growth of high performing CuxCrO2.
Tunability of CuxCrO2 composition and electrical properties via oxygen partial
pressure is demonstrated.

Chapter 7 provides a summary of results presented in this thesis and outlines
future work and ideas arising from this work.



Chapter 2

Transparent Conducting Oxides

2.1 Overview on Transparent Conducting Oxides

Modern technological development could not be imagined without robust opto-
electronic materials. Moreover, further advances in flat/touch panel displays, pho-
tovoltaic cells, and transparent electronics are often determined by the materials
that are utilized in their production. Transparent Conducting Oxides (TCOs) are
a class of materials widely employed in these aforementioned areas. Due to the
unique combination of usually mutually exclusive properties such as conductance
and transparency, TCOs have a wide range of modern day applications [1]. This
chapter will outline the physics behind this surprising coexistence of transparency
and electrical conductivity within one material, describe the main classes of
TCOs, their applications and demonstrate the necessity of further study of these
materials to fill knowledge gaps and satisfy industry needs.

In order to understand the peculiarity of those materials a closer look
into physical parameters governing such properties is required. Conventional
transparent materials are insulators with a wide band gap (5-10 eV) and a Fermi
level placed approximately half way between the valence and conduction band.
On the other hand, metallic conductors are opaque and have a continuum of
energy levels (overlapping valence and conduction bands) with no energy gap and
a large concentration of free carriers. The most prevalent way of producing TCOs
relies on selecting a wide band gap semiconductor and inducing conductivity in
the material by introducing substitutional or interstitial defects - this is known
as doping. Introduction of shallow defects (defects that are close in energy to
either the conduction or valence band edges) significantly improves the electrical

3
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properties of the material. Although these defects will introduce Drude-like
absorption in the infrared and far-infrared range of the spectrum, they will not
have a significant impact on the fundamental band gap of the material except in
very high concentration[2].

Quite often electron doping of semiconductors produces a widening of the
intrinsic optical band gap Eg with increasing carrier concentration. This effect,
named Burstein-Moss shift, occurs only in degenerately doped materials and is
usually attributed to occupation of states in the conduction band, inducing optical
transitions at energies higher than the minimum-energy fundamental electronic
gap [3]. The magnitude of the E∆BM shift, defined according to free-electron
theory as

∆EBM =
h̄

2m∗
(3π

2n)2/3 (2.1)

where E∆BM is the magnitude of Burstein-Moss shift, m∗ is reduced effective
mass, n carrier concentration. Another important physical parameter of TCO
materials, their electrical conductivity, depends to the number of charge carriers
(electrons in n-type and holes in p-type TCOs) and corresponding possibility
to migrate through crystal lattice, i.e. their mobility [1]. The process of
optimising TCO conductivity is a matter of optimising and maximising both of
these physical parameters simultaneously, while maintaining a low absoption.
The interconnected nature of these properties can complicate this. The challenges
associated with optimising each parameter will be outlined below. In the case of
polycrystalline films one faces additional transport limitation caused by electrical
barriers at the crystallographic grain boundaries faces an additional hindrance to
carrier transport.

It should be noted that there is an intrinsic physical limit of the performance
that a TCO can possibly demonstrate. The conductivity is related to the number
of carriers and their mobility according to the following relationship [4]:

σ = 1/ρ = e(neµe +nhµh) (2.2)

where ρ is resistivity, µ is mobility, e the electron charge, subscripts e and h refer
to electrons and holes, respectively. In the case of heavily doped semiconductors,
the contribution of the minority carrier to the conductance can be ignored,
therefore the contribution of holes to the conductivity of a n-type semiconductor
is found to be insignificant. For the purposes of enhancing the conductivity two
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Figure 2.1: Measured Hall mobility versus carrier concentration of undoped
ZnO films (empty square) and remaining are impurity-doped ZnO films: ZnO:Al
(empty circle, filled circle), ZnO:Ga (filled triangle), ZnO:B (filled square). The
upper solid line represents ionized impurity scattering using the Brooks-Herring-
Dingle theory; the lower solid line shows the ionized impurity scattering µ i− n
relationship, and the dashed line shows the grain-boundary scattering µG − n
relationship. Taken from [6].

approaches might be applied namely either the carrier density or the mobility
may be increased. To obtain high conductivities in TCO films, corresponding
high carrier concentrations are needed. However, higher conductivity values are
limited by the solubility limit of dopants and by ionized impurity scattering of
the electrons at the ionized dopant atoms, that reduce carrier mobility [5]. Figure
2.1 shows the Hall mobilities of undoped and doped zinc oxide thin films as a
function of carrier concentration. In the case of degenerated semiconductors with
carrier concentrations above 1020-1021 cm−3 the mobility is dominated by ionized
impurity scattering [6, 7]. If the carrier concentration is reduced below about
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1020 cm−3, the mobility in the polycrystalline ZnO films decreases steeply [8].
At lower carrier concentrations grain barriers or other structural inhomogeneities
significantly affect the carrier transport in polycrystalline oxide films. Since the
highest defect density exists at the grain boundaries, annealing treatment does not
affect the carrier concentration of the films. Instead it reduces the grain barrier
height, resulting in higher carrier mobility [7].

Furthermore, the existence of an optimum value of carrier density, which is
determined by the conservation of the optical properties, should be mentioned.
This is caused by a property of the current carrying electrons of a degenerate
semiconductor that is similar to a free electron gas and therefore results in a rise
to a far infrared (Drude like) absorption. It happens because the relative plasma
frequency relies on the electron density and mobility as an increasing function
of
√

n [9]. Thus, the increase in the carrier concentration pushes the Drude tail
towards the visible range [10]. To conserve optical properties of the material, this
border should be above 800 nm. To take Indium Tin oxide as an example this
would place the upper limit of the carrier concentration at 2.6×1021 cm−3 [10].
Due to this optical upper limit, the conductivity can only be improved beyond this
point by increasing the mobility. This could be accomplished by increasing carrier
relaxation time by making the electrons to travel further between the successive
randomizing collisions or by using a material with lower electron-effective mass
[11]. Therefore, this approach is determined by two main contributions: the
effective mass of the principal carrier (m∗) and the relaxation time (τ), i.e. the
mean time that elapses between two subsequent scattering events [9, 12] according
to the following formula:

µ =
e

m∗
〈τ〉 (2.3)

The effective carrier mass depends on the curvature of the bottom of the
conduction band while the relaxation time depends upon the mechanism of
scattering. The principle scattering mechanisms are associated with phonons
(thermal vibration of the lattice), impurity atoms (neutral or ionized) and structural
defects [9, 12]. Due to the higher carrier concentrations of the materials
discussed in this thesis the effect of phonon scattering is expected to be minor.
As a result, discussions of mobility will center around impurity and structural
effects. Grain boundaries serve as a potential barrier for the flow of the carriers
because defects inside of them act like traps restricting the mobility. The chosen
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deposition technique and growth conditions are considered to be the main factors
responsible for their formation. However, the deposition technique could be
altered to avoid/minimize unwanted features or different post annealing treatment
mechanisms could be applied. Once the contribution of all those factors are
minimized, only scattering mechanisms that cannot be eluded remain. Those are
due to ionized impurities and phonon vibrations. Since the formation of ionized
impurities cannot be bypassed in doping when phonons are actually connected to
the presence of a dopant itself, one or both of these mechanisms will contribute.
Their role as the predominant scattering mechanism results in a characteristic
power dependence of the mobility upon temperatures (AT−3/2) for the acoustic
phonons which can be observed experimentally [4], or by appropriate calculation
of the carrier mobility for ionized impurities. It means that once the optimum
carrier concentration is achieved and the mobility is just restricted by intrinsic
scattering, the performance of that particular material cannot be further enhanced
[13]. This is one of the seasons for continued search for new high mobility TCOs
such as In2O3:H, BaSnO3.

Figure 2.2: Bandgap energy of TCO materials: binary ( ) and ternary compounds
(4) and multicomponent oxides (lines). Taken from [6].
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It should be noted that important TCO properties such as transparency,
mobility and high dopability can be related to the fundamental electronic structure
of the oxide [14]. Therefore, the selection criteria applied to defining necessary
properties for a TCO: a large band gap >3 eV, a low effective mass of electrons
for n-type and holes for p-type along with high dopability. However, a high
concentration of carriers inserted into the conduction band (CB) in the case
of n-type TCOs or the valence band for p-type TCOs can lead to new optical
transitions. These transitions do not significantly affect n-type TCOs due to fact
that the second gap above the CB is quite large (around 4 eV) and cannot lead
to contributions in the visible range, while for p-type oxides at large doping
concentrations second gap transitions can decrease the transparency [14]. This
happens because with increase in hole concentration in a range of 1021 cm−3

significant absorption for ZnRh2O4, CuAlO2, and LaCuOS appears at energies
below 3 eV [15]. These p-type materials based on transition metals (TM) have a
valence band maximum (VBM) formed by TM-d/O-p or TM-d/S-p anti-bonding
states (with TM=Cu or Rh) as depicted on Figure ?? (c). The second gap is
formed between the VBM and other TM-d/O-p, or TM-d/S-p states that are very
close in energy to this VBM. This leads to small second gap transitions that can
be in the visible range [14]. It should be noted that many p-type oxides like for
example copper deficient CuxCrO2 lack experimental band gap studies that hinder
the possibility of constructing an accurate band diagram. However, the theoretical
reports suggest that material has an indirect band gap of 2.04 eV and the direct
gap of 2.55 eV [16]. The influence of the second gap on the transparency can be
illustrated by the calculation of the visible transmittance depending on the carrier
concentration. Figure 2.3 shows that n-type TCOs do not show any degradation
of their visible transmittance with increase in carrier concentration as opposed to
the transmittance of p-type TCOs which noticeably degraded [14].

Optical and fundamental band gap values of a material are not always the
same. For instance, it has been demonstrated experimentally by Walsh and
colleagues [17] employing a range of X-ray spectroscopies that the separation
between the VBM and conduction band minimum (CBM) for In2O3:Sn is much
less than the previously reported band gap of 3.75 eV determined by optical
methods. Their measurements define an upper limit of 2.9 eV for the fundamental
gap. These findings are in agreement with theoretical calculations which show
that In2O3:Sn is a “forbidden”gap material with the valence band involved in the
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Figure 2.3: Visible transmittance through a 100 nm-film for the eight selected
TCOs versus the carrier concentration. Taken from [14].

first allowed optical transition is 0.81 eV below the VBM than the onset of strong
optical absorption [17, 18], which is demonstrated in ?? (b). The direct optical
transitions at the Γ-point from the VBM to the CBM in In2O3:Sn are partially
forbidden as VBM at Γ-point is derived from O 2p and In 4d (Γ4, Tg symmetry),
while the CBM is formed by combination of In 5s and O 2s orbitals (Γ4, Ag

symmetry). The strong optical transitions are only permitted between two states of
opposing parity which is not true for In2O3:Sn and therefore the Γ4-Γ1 transition
is formally forbidden, only weakly contributing to photon absorption under the
influence of lattice vibrations. The first strong transitions occur from valence
bands 0.81 eV below the VBM as the wave function character at Γ becomes
sufficiently p-like under the Γ1, Tu symmetry and strong optical transitions
can occur for Γ8-Γ1 absorption [3]. A situation for direct and large-band-gap
material ZnO is different though, as there the optical band gap corresponds to the
fundamental band gap [19] as shown in Figure ?? (a).

2.1.1 Range of Transparent Conducting Materials

There are also other ways of artificially engineering transparency and conductivity
within one material aiming to create transparent conducting materials (TCM) that
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are available nowadays. One of them is a usage of organic transparent conductors
that do not absorb light below the threshold of 3.1 eV, composed of carbon atoms
and which can also be effectively doped. Their conductivity is linked to the
intrinsic mobility of the carbon polymer chain yet can be further enhanced by
chemical treatment that results in oxidising or reducing the material. Poly(3,4-
ethylenedioxythiophene) doped with polystyrene sulfonic acid (PEDOT:PSS) is
considered one of the most promising polymers so far, as an aqueous dispersion
of it is commercially available, and it can be easily processed into thin films on
rigid or flexible substrates by coating or printing [20]. Another strategy is based
on engineering of conductive and non-transparent material like metal (or carbon
based material) by making it very thin or creating nano-wires [21]. An alternative
that is also available is the use of 2D materials like graphene. Impressive
electrical properties of graphene arise from the charge carrier being delocalised
over the entire sheet that allow them to travel almost without scattering [22] while
maintaining a transparency due to limited thickness [23]. Sheet resistance Rsh is
limited though due to thickness limitation to 1-2 layers. In contrast to TCOs one
cannot increase the thickness to get better Rsh as the conductivity and T reduces
for more layers.

2.1.2 Figure of Merit

Oxide-based transparent materials find a widespread use in many modern tech-
nologies and, hence, are still actively studied. It is therefore essential to have
a standardised baseline for quantification of TCOs performance based on the
properties of interest. Such characteristic is referred as TCO Figure of Merit
(FoM) and represented by a single number. It is intuitive to suggest the FoM
composed of the transmittance (T) and Rsh as it was introduced by Fraser and
Cook [24] for ITO thin films.

F =
T

Rsh
(2.4)

Yet, there are some limitations of given FoM as it is thickness dependent. Rsh

will vary with thickness, reducing as volume of material increases. It means
that when comparing samples they should have the same thickness to ensure the
accuracy of FoM. While this FoM works well for comparison of similar thickness
for highly transparent material, it is putting too much emphasis on the electrical
properties and is not perfectly suitable for evaluation of usually less transparent
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p-type oxides. A variety of different FoM were suggested since then, the most
widely used among them being FoM described in Gordon’s work [25], where
reflectivity (R) was introduced as a parameter.

F =
σ

α
=

1
Rsh ln(T +R)

(2.5)

Units in this FoM are Siemens (S), or the equivalent Ω−1, where a better
performance indicated by a higher number.

(2.6)

2.2 n-type oxides

Historically the production of n-type TCOs has relied on the usage of Zn, Sn,
In, Ga and Cd as major elements [2]. In binary AyBz TCOs, the nonmetal
part B consists of oxygen, which combines with a diverse range of metal and
nonmetal parts and results in the compound semiconductors AyBz with different
opto-electrical properties [26].

It is known that industrial application of binary oxides mostly focuses on the
post-transition metal oxides ZnO, In2O3 and SnO2, and combinations of these
such as tin- or zinc-doped indium oxide [27]. Overlap in orbitals of these metal-
oxide structures gives rise to low electron effective masses that results in high
electron mobilities. This, alongside with wide band gaps and high dopability leads
to high electron mobilities and carrier concentrations [1]. Moreover, the growth
techniques, conditions and resulting transparency in the visible range, mobility
and carrier concentration have been optimised for known binary TCOs. However,
these materials have some limitations, for instance In2O3 and indium-tin-oxide
(ITO), which is widely used now, are quite expensive due to scarcity of the raw
indium. Indium is also obtained only as byproduct of the mining of ores of other
metals such as zinc and lead, meaning supply can be inflexible to demand [28].
Another common TCO film is fluorine doped tin oxide (FTO) that has a lower
mobility compared to ITO and contains flourine as a dopant. The conductivity of
doped ZnO is lower than conductivity of ITO (ZnO itself has a low conductivity,
only highly doped ZnO has a really high conductivities), therefore thick films are
needed, which again increases the price.
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These are the primary reasons why people looking for a low cost ternary
materials to replace expensive indium and seeking to limit the search to earth
abundant elements to overcome aforementioned limitations. This along with the
search for higher mobility materials has lead to an increased exploration of so
called ternary materials. Ternary material have quite a broad definition that needs
to be discussed here. It would be more convenient to describe ternary material
as material that have two or more cation sublattices. It means that a material
can have a binary character, while the ternary or higher character introduced by
oxygen and/or donor-doping [2]. However, the definition that is widely accepted
nowadays define ternary materials as materials that exist in ternary or higher phase
space, possessing true ternary or multinary cation compositions.

Figure 2.4: Bandgap energy of TCO materials: binary ( ) and ternary compounds
(4) and multicomponent oxides (lines). Taken from [6].

The synthesis of ternary composites that combine the advantages of each
component has been explored intensively to fulfil the needs of modern techno-
logical advances [2]. The idea behind emerging investigations of ternary oxides
is to receive all the advantages from the ternary composite by ensuring that each
component in the composite will fulfil their potential role to a maximal extent.
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Ternary oxides constitute a fascinating class of material exhibiting a variety of
structures and properties [29] that allow more complex tuning of not just electrical
conductivity, but also refractive index [30], band gap and work function [31]
by altering chemical composition [32]. Figure 2.4 demonstrate the relationships
between chemical composition and bandgap energy for various TCO materials
[6]. It can be seen that in order to develop TCO films for specialized applications,
one has to carefully consider composition of the desired material [33] as it will
have a crucial impact on properties.

It should be mentioned that the contribution of the growth parameters and
composition to the performance of the materials is quite complex. The importance
of cation coordination in ternary n-type oxides deserves a mention as it’s
considered to be responsible for the electrical performance of the material. Ginley
in his book [2] summarises the the significance of octahedral coordination for n-
type material using phase diagrams as a tool. He pointed out that there is a very
good linear correlation of optimized conductivity versus density of octahedral
cations in n-type TCOs. Works of Gordon [25] demonstrate nearly the same
effective mass (m∗ around 0.3 m) in all the best performing n-type TCOs (namely
ZnO, SnO2 and Cd2SnO4, CdO). This proposes that apart from density of states
with corresponding carrier contents of optimised materials, mean free path is
also a contributing parameter. Consequently, the best performing TCOs are those
possessing structures with the highest concentrations of octahedral species.

2.2.1 Benefits and application of amorphous n-type TCOs

The primary use cases for TCOs are in large area devices such as displays,
smart windows, solar cells, where production occurs on square meter size and
device costs per square meter have to be as low as possible. This means the
expensive single crystal lattice matched substrates used in other fields, such as
high value electronics are undesirable. The schematic orbital of the contours for
charge transport pathways in the conduction band of crystalline and amorphous
metal oxides [20] are given for comparison in Figure 2.5. The VB of these
oxides is usually composed of occupied 2p O anti-bonding states, while the CB
predominantly of unoccupied ns metal bonding states [34]. Due to spherically
symmetrical ns-orbital CBM, the small electron effective masses and efficient
electron transport are possible in the amorphous state as lattice distortions are
not significantly affecting the spherically symmetrical metal s-orbital overlap.
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Figure 2.5: Schematic orbital contours for charge transport pathways in the
conduction band of (a) crystalline metal oxides and (b) amorphous metal oxides.
Taken from [20].

In recent years the possibility to create semiconducting devices from amor-
phous and polycrystalline materials has attracted a lot of attention [4]. There
are several reasons justifying that interest. Firstly, the synthesis process in
the case of amorphous materials is simplified and quite often does not require
expensive state of the art equipment or costly substrates in comparison with the
single crystals needed for epitaxial structures in other growth methods. That
significantly reduces the price of the semiconducting device. For instance,
transparent amorphous oxide semiconductors like In-Ga-Zn-O (a-IGZO) are used
as an active channels of transparent thin-film transistors in flat panel displays [34].
Also, such materials can typically be grown at significantly lower temperatures
than their crystalline counterparts. Finally, amorphous materials are significantly
less dependent on long range order than polycrystalline materials, making them
much more resistant to bending or flexing. This has important implications for
the development of flexible devices [35]. Still, amorphous oxides for flexible
electronic devices should satisfy the basic criteria such as high conductivity
when deposited at low temperatures and bending stability (no grain boundaries
to progress cracks in films) [36]. In many current applications one of the
most utilised amorphous materials is a-Si. However the p-oribital dominated
transport of a-Si means that the carrier mean free path increases significantly
with amorphisation. This has limited its use to areas where mobility is not
the main a factor in performance. In recent years a number of new materials
have been developed which possess high mobilities which are not impacted
by the absence of a crystal structure. a-IGZO has taken a dominant place
in the field of amorphous Transparent Conducting Oxides (a-TCOs) due to its
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conductivity, controllable carrier concentration, ease of manufacturing, and high
mobility [34, 37]. Amorphous materials are noncrystalline, which means that
the arrangement of their atoms lack long-range order periodicity. They cannot
be called completely disordered as the local chemistry provide bond length and
bond angle constraints on the nearest-neighbour environment [38]. From the
structural perspective polycrystalline films are made of crystalline grains, coherent
crystallographic domains, connected by a region of highly disordered material
(grain boundaries). The downside of polycrystaline or amorphous materials is
that these grain boundaries cause scattering (as discussed in 2.1) reducing carrier
mobility. However, by careful control of deposition these effects can be minimised
by ensuring the grain boundary thickness does not exceed the electron mean free
path. For many applications the benefits of amorphous materials outweigh these
limitations.

2.2.2 Amorphous Zinc Tin oxide

As mentioned above there are sustainability concerns raised by the high con-
centration of rare elements used in TCO materials related to the toxicity [39]
and inflexibility of supply and increasing costs of its constituent elements [40].
This is also true for the field of amorphous TCOs where a-IGZO is the most
commonly utilised material. This creates a demand for a new generation of
sustainable, low cost materials [41] with improved mechanical properties [36] and
thermal stability due to their amorphous nature [42] for the development of the
electronics industry [43]. Amorphous zinc-tin oxide (a-ZTO) occupies this niche
[44, 45], being entirely composed of Earth abundant elements and possessing a
high direct optical band gap of 3.3-3.9 eV [46], high optical transparency and
good electrical properties, with conductivities of up to 445 S/cm reported [47–49].
a-ZTO possess the same overlapping s-orbital dominated dispersed conduction
band structure as a-IGZO [50] leading to a high mobility and conductivity, that
is maintained even in the absence of a crystal structure. a-ZTO has already been
utilised in laboratory scale thin film transistors [35, 46, 51, 52], photovolatic cells
[53], gas sensing [54], transport channels in metal-semiconductor-field-effect-
transistors [55, 56] and organic light-emitting diodes (OLEDs) [48, 57]. However,
there is a lack of in-depth discussion about the optimisation and origin of these
properties, particularly in relation to composition. This thesis is aimed to reveal
the comprehensive compositional analysis of the a-ZTO system synthesised via
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physical vapour deposition magnetron sputtering technique and chemical vapour
deposition spray pyrolysis method.

Electron conduction in a-ZTO is important for various device applications.
However, due to the amorphous structure the conduction mechanism and carrier
generating defects are rather complex. Like in many amorphous semiconductors,
disorder in a-ZTO originating from a random distribution of atoms induces band-
tail states near the band edges, by which the mobility edge is defined between
localized and extended states [58]. Also, depending on the extent of disorder
potential disorder could cause deep and/or shallow states in the band gap [59]. It
is agreed upon that the impact of disorder in amorphous oxide semiconductors on
the CB edge is small since it mainly consists of metal s-states, while the VB edge
mainly comprised of direction dependent oxygen 2p states is strongly influenced
by structural disorder. Therefore, the disorder in amorphous oxide semiconductors
leads to sharp CB tails while the VB tails are found to be broad.

The structural origins of electronic states inside the band gap of a-ZTO were
evaluated by density functional theory (DFT) calculations. Körner and collegues
suggested a theory according to which it has been shown that uncoordinated
oxygen generates deep states near the valence band, while oxygen deficiencies and
resulting metal atom clusters create shallow donor states near the conduction band
edge [60]. Hard X-ray Photoelectron Spectroscopy (HAXPES) measurements
showed experimentally that there is a tendency of tin-rich a-ZTO to form
defect associated subgap states [61]. These mid gap states and near-edge states
immediately above the valence band edge are observed for only the more tin-rich
a-ZTO compositions, with no evidence of subgap states for the tin-poor compo-
sitions. The combined experimental and theoretical work by done by Husein and
coworkers [43] demonstrate the strong likelihood of Sn under-coordination in both
Zn-poor and Zn-rich phases of a-ZTO leading to the high carrier concentrations.
Their calculations of the electronic properties of simulated amorphous ZTO
structures determine that Sn contributes significantly more than Zn to the density
of states and charge density near the Fermi level, supporting the idea that Sn is the
cation governing carrier generation. The simulated structures also demonstrate
that the Zn species control the medium-range structure and transition points from
amorphous-to-crystalline/crystalline-to-amorphous transition suggesting that Zn
controls the morphology and subsequently the carrier mobility [43].
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2.3 p-type oxides

The synthesis of the first p-type TCO happened a lot later than it’s n-type
counterpart. In 1993, Sato and colleagues reported a synthesis of unintentionally
p-type doped NiO1−x films via radio frequency magnetron sputtering [62]. These
films demonstrate a conductivity up to 7.1 Scm−1 and a transmittance of 40% in
the visible range while perfectly stoichiometric NiO is completely insulating. The
mechanism of conductivity is explained by the presence of hole states induced by
Ni vacancies formed under oxygen-rich conditions [63]. The conductivity of NiO
films can be further improved by doping with monovalent elements such as Li, or
increasing the amount of Ni+3 [64].

After theoretical studies that demonstrated a p-type nature of Tin monoxide
(SnO) which is arises from the low formation energy and more dispersed VBM
caused by hybridisation of oxygen 2p and spherical Sn 5s orbitals, this material
started to gain attention from TCO community [64]. Ogo and colleagues succeded
in the epitaxial growth of SnO on yttria-stabilised zirconia substrates [65].
However, SnO is known for having some stability issues that significantly limits
its performance [25].

Another binary oxide that is also considered promising among the p-type
materials is cuprous oxide Cu2O with a cubic crystal structure (space group
pn3m, a = 4.27 Å) that demonstrates the best p-type Hall mobility value of
100 cm2V−1s−1 and a band gap of 2.1 eV [66]. Theoretical investigations
explained the p-type character of Cu2O by the presence of copper vacancies. The
VB is composed of fully occupied hybridized levels from the Cu 3d and O 2p
orbitals and the top of the VBM is filled by Cu d-states that allow less localized
hole transport [64]. Despite encouraging mobility values achieved via different
synthesis methods low carrier concentration (1014cm−3) and low optical band gap
are important parameters limiting the application of Cu2O in fully transparent
electronics [64]. The strategic development of an improved p-type TCO was
sought by chemical modulation of the valence band.

As it’s been noted before Cu2O possess a very low optical band gap possibly
arising from Cu–Cu interaction in the cuprite structure with every Cu ion having
12 next-nearest Cu+ neighbours [67]. Consequently, attempts to find larger band
gap among the ternary Cu+ were made. There are several subgroups of ternary
p-type oxides that have been reported so far, mainly developed using a similar
approach. Chemical Modulation of the valence band (CMVB) taking a prominent
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place along with the other strategies of p-type materials synthesis. This approach
of chemical development was first described by Kawazoe et al. in 1997 [68]
for CuAlO2. It has been hypothesised that the main difficulty associated with p-
type TCO development is due to the intrinsic electronic structure of metal oxides
where the top of VB is composed of highly localized O 2p-derived orbitals [69].
Due to the fact that oxygen is a small atom possessing high electronegativity it
is difficult to introduce shallow acceptors and large hole effective masses [63].
Therefore, CMVB strategy aims to mitigate the strong O 2p orbitals hybridisation
by introducing closed-shell Cu 3d10 orbitals. It is expected that the energy level
of the d10 closed shell electrons will overlap with that of the oxygen 2p electrons
to create a covalent bond, and hence, reduce localization on the edge of the VB.
Conceptually, CMVB is a way to delocalize the VBM by means of creating a
hybridization level between the d levels of the metal cations and the 2p levels of
the oxygen anions [64].

2.3.1 Delafossite family of p-type oxides

The study of Yanagi and colleagues [67], where they successfully grew CuAlO2

by pulsed laser deposition, demonstrated that the upper valence band of this
material is primarily composed of mixed state of Cu 3d and O 2p orbitals via
combination of PES/IPES measurements with FLAPW energy band calculations.
Their study stimulated a search of different types of Cu-based delafossites with
general formula CuMO2 in which M corresponds to trivalent cation such B, Al,
Cr, Ga, Sn In, Y. The delafossite structure is composed of each Cu atoms linearly
coordinated with two O atoms, forming a O-Cu-O dumbbell parallel to the c-
axis. Every oxygen anion is also coordinated to M3+ cations oriented in a way
that M-centered octahedra form MO2 layers that are parallel to the ab plane [63].
These O-Cu-O dumbbells and octahedral M3+ can be arrange in layers on top of
each other. Because of that the number of next-nearest-neighbours is 6 CuMO2 as
opposed to 12 in Cu2O. This reduction of dimentiality in the Cu-Cu interaction is
found to be responsible for increase in the bandgap of CuAlO2 [67, 68]. Indeed,
the work of Hosono and his colleagues proved that thin films of CuAlO2 posses
a large optical band gap of 3.5 eV while maintainig a good optical transparency
of 70 % and p-type conductivity of 1 Scm−1 [68]. Usually Cu-based delafossites
have higher conductivity values but lower Hall mobility values compared to Cu2O.
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This higher conductivity is possibly justified by the hole concentrations produced
by a higher-density of native acceptor-like defects [63].

2.3.2 Other types of p-type oxides

Chemical Modulation of the valence band that is based on combining closed
shell metal d10 orbitals with the oxygen p orbitals to obtain delocalized VBM
can be used in the synthesis of spinel family of p-type oxides. Materials with
the spinel structure have the chemical formula ZnM2O4 where M=Co, Ir, Rh
[70–72] with Zn occupying the tetrahedral sites and M occupying the octahedral
sites [63]. Closed shell metal cations can effectively avoid colouration from
metal d–d or oxygen 2p–metal d transitions. The hybridization between the
oxygen 2p levels and the metal d states will result in a split of metal d states
into sixfold-degenerate t2g and fourfold degenerate eg states, creating a band gap
between the above mentioned levels [64]. Despite the extensive studies conducted
ZnM2O4 still suffers from low electrical conductivity related to the polaronic
conduction mechanism. Together with the high price of precious Rh and Ir metals
it significantly limits their production for industrial applications [63].

The concept of CMVB was further extended to use chalcogens (Ch = S, Se,
and Te) for oxygen replacements, assuming a greater hybridization between the
Cu 3d orbitals and the Ch p orbitals in the sequence of O, S, Se, and Te [63]. An
expectation to get more dispersed VBM was theoretically predicted from stronger
hybridization between Cu 3d and Ch p orbitals due to the increasing covalency
between Cu and Ch. The first material synthesised utilising this approach was
LaCuOS composed of CuS and LaO layers arranged in sequence along the c
axis. Cu atoms are tetrahedrally coordinated by four S ions in the CuS layers,
creating the upper part of the VB and conduction paths for holes; the LaO layers
constrain the CuS in 2D layers, resulting in a large band gap of 3.1 eV [63]. The
undeniable benefit of this group of p-type material is a possibility to tune the band
gap via alteration of chemical compositions at Ch sites [73]. The trend is that band
gaps shrinks from 3.1 eV in LaOCuS to 2.82 eV for LaOCuSe and 2.31 eV for
LaOCuTe [74, 75]. This is explained in terms of the energy level reduction of Ch
np6 orbitals (S > Se > Te). Unfortunately, there are some drawbacks associated
with oxychalcogenides as some of chalcogenide precursors are reported as being
toxic, also some chalcogens are incompatible with vacuum systems and suffer
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from low long term stability in ambient conditions [74] and possess a high carrier
concentration that is hard to control.

2.3.3 Benefits and application of p-type TCOs

The progress in TCO development is slowed down by the imbalance in the
performance of p-type oxides in comparison with their n-type counterparts. It
is also limiting the progress of fully transparent electronics and optoelectronics.
Improvements in the field of photovoltaics and solar water splitting also require p-
type electrodes to increase the efficiency of hole collection [63]. There are several
subfields in electronics that will immensely benefit from the synthesis of high-
performing p-type oxides. One of the areas where p-type materials can bring a
significant change is Thin-film transistors (TFTs), currently extensively studied
semiconductor devices. The main reason of their widespread use is a relatively
simple structure that finding a prevailing application in displays production, where
TFTs are utilised as basic units of pixels control in flat panel displays, liquid-
crystal display (LCD) and active-matrix organic light-emitting diode (AMOLED)
screens [64]. Some of the top-performing oxide TFTs already demonstrated
commercial applications in displays [76] while the search of comparatively good
p-type oxides is still ongoing. However, expectations for p-type oxide TFTs in
sensing or memory applications are quite high, on the assumption of reaching
reasonable performance [64].

It’s known that Transistors are the basic elements of a circuit design, and
in order to create high-performance p-type transistors, circuits need to obtain
greater functionality and lower power consumption for the emerging transparent
electronics industry. This can be achieved by means of a powerful complementary
metal oxide semiconductor (CMOS) device [64]. The list of benefits of CMOS
devices include low power consumption, low waste heat generation, high noise
margin, high logic swing output, high circuit integration density along with
architectural simplicity [77]. The working principle of an inverter is a reversal
of high and low voltages that correlate to binary signals of l and 0 in digital
electronics, where a binary 0 input becomes a binary 1 output and vice versa
[64].

Along with the aforementioned applications p-type oxides are seeing use in
p–n junctions; an uncomplicated yet robust device composed of two oppositely
doped semiconductor films (p- and n-type). The functions of p-n junction
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devices prove to be of significant importance in rectification, surge protection,
light emission, and receiving/generating radiofrequency signals [64]. These
devices also demonstrate suitability for sensor applications, such as thermometers,
photodetectors, and radiometers [78]. Without complementary p-type materials
however, such structures remain outside the scope of transparent electronics.

One prominent application of p-type TCOs arising from their wide band-gap,
stability, high work function and good hole conduction [79] is the use as hole
transport layer (HTL) that selectively extract and transport p-type charge carriers
[80] in thin film solar cells [81, 82] or OLEDs. To fulfill its primary purpose
as HTL, materials should possess an appropriate valence band structure, be well
aligned with the high work function of a contact and the valence band [83] of the
photo-active layer to effectively suppress diffusion between the electrode material
and photo-active layer [79]. In addition they can act as UV-blocking layer to
improve photo-stability of dye sensitized and perovskite solar cells [84]. Another
prospective application of p-type TCOs is in fully transparent TFTs [83]. While n-
type TCO transistors are already employed in driving circuits for OLED displays
[85, 86], their analogue p-types are not yet as developed and currently actively
investigated [87] to ensure availability of both n- and p-channel transistors for
complementary logic circuits design [88]. Some p-type materials are also utilized
in memristors and have shown effectiveness for neuromorphic applications [89].
Despite the need for high performing p-type oxides their synthesis remains a
challenging task. The main barriers in creating acceptor defects in oxides are:
a) relatively high formation energy of the native defects responsible for hole
formation, e.g. cation vacancies; and b) the low formation energy of native donors,
which are compensating acceptor states. Such native n-type compensating defects
are anion vacancies or hydrogen interstitials [90, 91]. Regrettably even when a
high concentration of holes is achievable, it does not guarantee good electrical
performance as the VBM is often comprised of anisotropic and localized oxygen
2p orbitals, resulting in a large hole effective mass and low mobility [64, 92].

2.3.4 Copper chromium oxide CuxCrO2

The pioneering report by Kawazoe et al. on the synthesis and properties of p-type
CuAlO2 stimulated a search for different types of Cu-based delafossite oxides.
One notable exception within the class of copper delafossites is CuxCrO2 , where
the top of the valence band was found to be formed by the Cr 3d states rather
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than the Cu 3d [93–95]. This facilitates an insensitivity to the crystalline quality
as the conduction is based on a hopping mechanism between CrO2-octahedra,
allowing for nano-crystalline, or even amorphous p-type TCOs grown at much
lower temperatures than conventional copper delafossites.

Taking into account the demand for high performing p-type oxide and desired
low processing temperature compatible with flexible substrates, CuxCrO2 was
chosen for in-depth investigation in this thesis. This material has recently
been synthesised by solution processed methods in a temperature regime that
is compatible with flexible plastics [36, 96]. However, the synthesis of high
performing p-type transparent conducting CuxCrO2 requires a narrow temperature
window, the origin of which is not yet understood. Therefore, this thesis aims to
monitor a spray pyrolysis growth process utilising an in situ polarization based
refractive index sensing method. This sensing allows the activation energies for
the film formation reaction at each individual temperature to be revealed by optical
detection of effective medium changes obtained from gold dimers during the film
growth. Acquired information provides insight into the limitation on CuxCrO2

synthesis and reveals the route towards its fine tuning.



Chapter 3

Research methodology

3.1 Spectroscopic techniques

3.1.1 X-ray photoelectron spectroscopy

Historically, X-ray photoelectron spectroscopy (XPS) takes its origin from the
work of Heinrich Hertz carried out in 1880s, where he noticed that electrically
isolated metallic objects held under vacuum exhibited an enhanced ability to spark
upon light exposure. This effect, named after him, also allowed the derivation of
the ratio of Plank’s constant over electronic charge (h/e) and the work function
(Φ) of the metal object when altering the energy of the irradiation source [97].

In 1901, Max Planck utilised term "quanta" to refer to energy quanta of light
[98]. Planck postulated that the energy of a quantum of light is proportional to the
frequency, the energy of which is given by

E = hv = h̄ω (3.1)

where h is Planck’s constant, v is the frequency of the light, h̄=h/2π and ω=2πν .
Later, in 1905, this effect arising from the transfer of energy from photons to

electrons bound within the atoms of the respective metallic objects was explained
by Albert Einstein. For his "his discovery of the law of the photoelectric effect"
Einstein was awarded a Nobel Prize in Physics in 1921. Another important finding
revealed by Einstein is that an electron requires a certain minimum amount of
energy to escape a material (now known as the work function, Φ), and that
the difference between this and the energy of the incident photons is given to

23
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the electrons as kinetic energy, EK . Therefore, for the most energetic electrons
emitted from a sample the following expression is true:

h̄ω = EK +Φsample (3.2)

However, as a quantitative electron spectroscopy technique based on the
photoelectric effect, XPS, was established by Kai Siegbahn and his coworkers.
They constructed an electron spectrometer, which allowed to detect electrons with
an energy resolution, identify and quantify different elements, and also to resolve
chemical shifts. In the following years, XPS was thus developed as one of the most
established methods for quantitative surface analysis and Siegbahn was awarded
the 1981 Nobel Prize in Physics [99].

Figure 3.1: Schematic of XPS process. The kinetic energy of photoelectrons
which originate from the Fermi level is given by the difference between the photon
energy hf, and the work function Φ of the material. For electrons residing in bound
orbitals, the binding energy of this orbital have to be subtracted from the kinetic
energy.

The physical principle behind XPS is the photoelectric effect in occurs due
to illumination of a material. Electrons emitted by this process are called
photoelectrons. A schematic of the XPS process is depicted in Figure 3.1. The
most common photoemission X-ray sources use a thoriated tungsten filament that
emits electrons, accelerated by a high voltage in a range of 10-15 kV, which are
directed to an anode. By bombarding the anode with high kinetic energy electrons,
emitted from the tungsten filament, X-ray line emission happens. The emitted X-
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rays can be monochromated by quartz crystals that, by using Braggs’ law "select"
the Kα line of Al at 1486.7eV. The remaining from the anode kinetic energy EK of
the emitted electron is then measured [97]. Although EK is the quantity recorded
in XPS, it is the derived binding energy EB that is typically used to show the
energy spectrum. The measured photoelectron spectrum of monochromated X-
rays is therefore a direct indication of the binding energies which are element
and environment specific [100]. The measured binding energy represents the
difference between the neutral N-electron state prior to ionization (initial state)
and the ionic N-1 electron state after ionization (final state) [99, 101], i.e

EB = Eini(N)−E f in(N−1) (3.3)

EK , hν and EB are related by the following equation:

EK = hν− (Φ+EB) (3.4)

The measured intensity depends on incoming flux (source current, monochro-
mator alignment, detector efficiency, focus: all of them kept constant during
measurements), and crucially the elemental concentration N, and elemental
photoionisation cross section S also referred as Relative sensitivity factors (RSF).
This photoionisation cross section refers to the probability of photoelectron
production from a specific core level of a specific element under the irradiation of
photons of a specific energy [97]. The cross sections are commonly given relative
to a C 1s reference transition, which is set to unity. It is important to note that these
probabilities do not vary with the chemical environment or oxidation state of the
atom emitting a photoelectron. RSF are elemental data which are tabulated based
on empirical measurements of the intensity of pure element standards with the
same instrument and experimental conditions [102] which can be applied to other
instruments. During the XPS analysis one measures the intensities of elements
and by means of tabulated RSF data could compute elemental concentration using
the following expression:

NA

NB
=

IA/SAE0.7
KAλIMFPA

IB/SBE0.7
KBλIMFPB

(3.5)

where IA and IA are measured intensities of elements A and B, SA and SB

their sensitivity factors, NA and NB concentrations of atoms, E0.7
K accounts for
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the difference in escape depth for different EK for elements A and B (see Figure
3.2), λIMFP accounts for approximation of the inelastic mean free path’s (IMFP)
universal curve for various elements. Analysing elemental ratios is useful because
it allows us to cancel out all instrumental aspects (alignment, flux and e.g.) as they
are the same prefactors to IA and IB.

Figure 3.2: Experimental values for electron escape depth. This value varies as
function of the electron’s kinetic energy. Red and blue points correspond to Zn 2p
and Sn 3p, provided for comparison, only assuming the excitation is Al Kα . Bars
on the graph indicate energy range for low energy electron diffraction (LEED)
and Auger spectroscopy/XPS. Data taken from [103].

XPS is a surface sensitive technique [104, 105] and only elastically scattered
electrons from the sample carry direct information about the electronic structure
[106]. It’s surface sensitivity originates from the finite inelastic mean free path an
electron has within a solid before undergoing energy losses [100]. This situation
is true for almost all photoelectrons produced from atoms/ions situated at some
depth greater than ∼10 nm below the surface. Therefore, the discrete signals that
remain (spectral peaks that acquired) are from the surface region alone [100] due
to the low IMFP that can be characterised as the mean distance that an electron
travels before involving in an interaction resulted in energy loss [102]. The basic
assumption in XPS measurements is that the analysed volume is homogeneous in
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terms of elemental distribution at different depths. This assumption can be verified
via sputter depth profiling by collection of photoelectron spectra after sputtering
treatment, which results in the removal of surface atomic layers in a controlled
manner due to the impact of energetic ions over the area of interest [97].

There are two main methods employed for obtaining the IMFP: experimental
determination and theoretical prediction [103]. The experimental are values usu-
ally obtained from bulk standards with carefully chosen instrumental parameters.
To ensure that the composition of the surface is representative of the the bulk,
the sample for analysis is most commonly a single crystal cleaved in the UHV
prior to analysis [103]. Casa XPS sofware employed in the analysis of the XPS
data in this work uses a universal equation approximations based on experimental
measurements to IMPF published by Martin Seah:

λ =
(0.73+0.0095E0.872)

Z0.3 (nm) (3.6)

where E is the kinetic energy of the photoelectron and Z is the average atomic
number provide a means of correcting for escape depth dependence on kinetic
energy. The most widely used theoretical prediction is based on the Tanuma
Powell and Penn algorithm (TPP-2M), their predictive equation for the IMFP, λ

given as a function of electron energy, E (in eV) and represented by the following
equation [107]:

λ =
E

E2
p[β ln(γE)− (C/E)+(D/E2)]

(3.7)

β =−0.10+0.944(E2
p +E2

g)
−1/2 +0.069ρ

0.1 (3.8)

γ = 0.191ρ
−1/2 (3.9)

C = 1.97−0.91U (3.10)

D = 53.4−20.8U (3.11)

U = Nvρ/M = E2
p/829.4 (3.12)
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where Ep=28.8(Nvρ/M)1/2 is the free-electron plasmon energy (in Ev), Nv is
the number of valence electrons per atom (for elemental solids) or molecule (for
compounds), ρ is the density (in g cm−3), M is the atomic or molecular weight
and Eg is the bandgap energy (in eV).

A crucial benefit of of XPS is its ability to obtain information on chemical
states from the change in binding energy between two different chemical forms
of the same atom. This energy difference of the photoelectron lines is called the
chemical shift [101]. This change occurs due to action of the effective charge
potential on the atom. When one atom is bonded to another one having higher
electronegativity, a charge transfer to the latter occurs and the effective charge
of the former becomes positive, thus increasing the binding energy by increased
Coulomb interaction [102]. XPS measurements are usually carried out by first
collecting energy spectra over all accessible energies and then concentrating on
particular photoelectron signals of core levels [97]. The basic line shape of
photoemission process is described by a Lorentzian (L) function. The natural
line width ∆En originates from the lifetime of the core hole state created by
photoemission (lifetime broadening) and may be evaluated by the uncertainty
principle through following equation

∆En =
h
τ
=

4.1×10−15

τ
(3.13)

where h is Plank’s constant in eV and τ is lifetime in seconds [102]. Atomic
vibrations in crystalline materials create certain temperature dependent Gaussian
(G) broadening. Another source of the Gaussian broadening is instrumental
broadening of the analyser and X-ray source, a function is directly given by
the resolution of the analyser. Therefore, the line shape of any XPS core
level should be represented by a combination of both line shape types using a
mixed Gaussian–Lorentzian (G/L) function or, physically more correct, using
convolution of a Lorentzian with a Gaussian [102]. Crucial for amorphous
materials is also inhomogeneous broadening due to random nearest neighbour
distance (disorder).

The energy resolution in XPS (∆E) is commonly defined by the convolution of
three main parameters: (a) the full width at half maximum (FWHM) of the source
(∆Ep); (b) the line width of the photoelectron emission (∆En); (c) the energy
resolution of the energy analyzer (∆Ea).
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∆E = [(∆Ep)
2 +(∆En)

2 +∆Ea]
1/2 (3.14)

Most commonly commercially available XPS instruments are equipped with
monochromated Al-Kα sources, which are capable of providing ∆Ep in a range
of 0.2 and 0.3 eV, while ∆En can be in a range from <0.1 to >1.0 eV depending on
the core hole lifetime and lattice vibrations of the particular sample. ∆Ea values
depend on the type of analyzer and the conditions under which these are operated
and can be as low as 0.001 eV or as high as 1 eV [97].

Figure 3.3: Omicron XPS used in this work with main components labelled.

XPS measurements were carried on an Omicron Multiprobe XPS system,
depicted in Figure 3.3. The system consists of a fast entry load lock for
sample loading, a preparation chamber for low energy sputter cleaning and
high temperature annealing of the samples and analysis chamber. The main
components of the analysis chamber include a dual filament X-ray source with
aluminium anode, a quartz crystal monochromator, and a hemispherical electron
energy analyser (EA125). The sample, X-ray source and monochromator crystal
positioned on a 500mm diameter Rowland circle. The X-rays are monochromated
by a quartz crystal X-ray mirror that, via diffraction as described by Braggs law,
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separates the wavelengths by diffraction angle. This allows for the selection of
the Kα line at 1486.67 eV via the careful design of chamber geometry.

The generated photoelectrons travel through a dual electrostatic lens system
before reaching the HemiSpherical Analyser (HSA). The first lens of the set
selects the analysis area of the sample, and specifies the angular acceptance of
the analyser. The second lens retards the photoelectrons by a certain amount
set by the lens voltage. The electrons then enter the HSA, which consists of
two concentric hemispheres of radii R1 and R2, with a mean radius of R0. The
placement of the entrance and exit analyser slits is along R0. The inner hemisphere
is biased negatively and the outer hemisphere biased positively with respect to V,
the median equipotential surface between the hemispheres. As a result there is an
an inverse square field between the hemispheres. The HSA performs a filtering
function, only allowing electrons with the pass energy Ep to reach the detector.
The pass energy is described by equation

Ep =
eV

R2
R1
− R1

R2

(3.15)

Therefore, the resolution ∆Ea can be improved by choosing smaller slits and
changing an acceptance angle of incoming electrons and by reduction of the pass
energy. The pass energy values can be chosen from the range of 20–50 eV aiming
to obtain the best compromise on the required resolution and intensity as lower
pass energy provides better resolution, yet decreases the intensity of a signal.
Usually, the constant analyser energy mode is chosen for the operation. In this
regime the the analyser pass energy is held constant and the retarding voltage is
changed, therefore the specified range of kinetic energy is measured. The electron
detector is a set of seven electron multipliers (channeltrons) placed across the exit
plane of the analyser.

The energy resolution of the used instrument (∆Ea) with Al-Kα source, that
depends on pass energy, slits and lens magnification mode, can reach 0.45 eV at
best, which is considerably larger than the natural line width of the Ag 3d 5/2

peak from pure silver (0.33 eV) [108]. Thus, the analyser resolution is calibrated
by measuring a silver (111) single crystal using the Ag 3d 5/2 peak. The silver
crystal was cleaned by several sputtering/annealing cycles until no carbon was
present on the spectrum. The XPS absolute energy scale is calibrated by ensuring
that the binding energy of 0 eV correspond to the Fermi edge of the silver crystal.
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3.1.2 Surface preparation

Surface sensitivity is an issue when dealing with ex situ samples as adsorbates
on surface contamination dominate the spectra. Hence, surface cleaning is
required. After deposition and prior to XPS measurement all samples were
cleaned in an ultrasonic bath in an acetone and isopropanol in 10-minutes cycles,
including the samples deposited via spray pyrolysis to ensure the removal of
organic residue from the precursor salts. After that samples were attached to the
stainless steel sample holder by copper tape compatible with utra high vacuum
(UHV) conditions that have dual use fixating the sample firmly on the holder and
providing electrical contact from the films to the holder to avoid charging.
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Figure 3.4: Typical XPS survey spectra of as grown (red) and sputtered (blue)
spray pyrolysis a-ZTO film.

In order to remove carbon contamination from the oxide surface, each sample
went through an argon ion sputtering process. Films were etched by means of cold
cathode argon ion gun operated at a voltage of 750 V with a sputter current around
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6 µA and pressure in preparation chamber 1.5×10−5 mbar for 10 minutes. Figure
3.4 represents a spray pyrolysis deposited a-ZTO film before and after sputter
cleaning step. It is clear that the removal of carbon overlayer greatly increases the
signal from elements of interest - Zn and Sn core levels. The lower the kinetic
energy (the higher binding energy) the larger gain in counts due to removal of the
carbon overlayer as it shows the difference in escape depth (see Equation 3.5).
An annealing treatment that is usually performed to get rid of disorder caused by
ion bombardment and restore crystallographic order is not required in case of the
amorphous materials.

3.1.3 Raman spectroscopy

Raman spectroscopy is based on scattering of incident light from a high intensity
laser light source. The scattered light move perpendicular to the incident light
and is divided into two components: dominant Rayleigh scatterring possessing
the same wavelength (and frequency) as the laser source itself and weak Raman
scattering. Raman scattering is illustrated by Feynman diagrams depicted in
Figure 3.5. When an incident photon transfers energy to the crystal lattice, it
causes a lattice vibration creating a phonon. As a result of this Stokes process,
the energy of the photon is reduced ω0−Ω. The higher the frequency of the
phonon, the more energy is transferred and therefore the larger the reduction in
photon frequency. The phonon and photon travel in different directions from
the scattering site since momentum and energy are conserved. During the anti-
Stokes process a phonon scatters with an incident photon and transfers its energy
and momentum to the photon. As a consequence, frequency of the scattered
photon is higher than that of the incident radiation ω0 +Ω. In both cases, the
frequency difference Ω between incident and scattered light corresponds to the
phonon frequency of the vibration probed by the interaction.

Raman measurements present a number of peaks, showing the intensity and
wavelength position of the Raman scattered light that reveal information on
the local vibrational modes within a material. These phonon modes in any
material depend on the distance, mass and geometric arrangement of atoms,
therefore, measuring the energy of the phonon modes one can obtain information
on the crystallographic order, as well as size-related effects within nanostructured
material [109, 110]. The position of the Raman mode reveals indirect information
on stoichiometry, while the width of the modes is correlated to disorder and size.
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Figure 3.5: Schematic of Raman scattering process.

In contrast to XRD the local bond order plays an important role and long-range
order is not essential for signal acquisition. Hence, amorphous structures can
also be measured and it is frequently employed in amorphous silicon or carbon
characterisation [111].

Unfortunately, transparent materials typically exhibit a low Raman cross-
section. Their low absorption coefficient for visible light, where most lasers used
for Raman spectroscopy operate, leads to overall low signal levels. Secondly, the
cross-section is directly proportional to the scattering volume. Therefore, in very
thin films signal levels drop further and all measurements contain a superposition
of thin film and substrate Raman signals. If appropriate background subtraction
methods are employed it is nevertheless possible to analyse even the different
vibrational signature of single atomic layers [112], or the modes of surface atoms
in a different bond arrangement than their bulk counterparts [113].

For amorphous materials, such as a-ZTO, the lack of crystalline structure
leads to very broad Raman modes with a large scattering background. For
measuring bulk materials this is not an issue. However, for thin films, and
specifically transparent thin films, on likewise amorphous structures this become
problematic. For microscopic Raman measurements the signal is generated at
the focal point with about 1-2 µm diameter, and if the thin film is transparent,
both the substrate and thin film signal are superimposed. In crystalline samples
this is usually insignificant once the film and substrate have distinctly different
vibrational modes, well separated in energy. However, for a-ZTO on glass this
is not the case and method of the substrate background signal subtraction has to
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Figure 3.6: Illustration of the measured areas once the microscope focus is at the
surface/thin film and once the sample is moved up by a controlled amount, larger
than the focal point width. The shown spectra are those of a reference sample,
illustrating the validity of the approach.

be applied. This is because the amorphous highly variable bond lengths in the
material leads to the specific modes having a high distribution of values, leading
to a high FWHM in raman peaks. For samples described in this work a method
involving a controlled reproducible shift in the microscope focal plane was used.
One measurement is taken with the thin film in focus, a second with the focal
plane inside the substrate as schematically illustrated in Figure 3.6. This method
is described in detail in the published work [109].

3.2 Deposition techniques

This section presents deposition techniques used for synthesis of studied amor-
phous and nanocrystalline thin films.

3.2.1 Magnetron sputtering

The choice of deposition technique is usually dictated by the possible application
of the material and underlying properties. Magnetron sputtering as a deposition
technique is commonly used in both industry and academia due to the potential
high quality of the grown films along with comparatively low cost. Upscaling of
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MS resulted in the recent developments in the area of electronic displays and anti-
corrosive or physically protective coatings [114]. In traditional sputtering, a target
made of the desired material is bombarded with energetic gas ions, the process
results in removal of surface atoms from the target due to momentum transfer.
Magnetron sputtering is a physical vapour deposition (PVD) process which is an
alteration of the standard sputtering technique, which includes a magnetic array
below the target. Magnetron sputtering sources are equipped with a magnetic
array placed such a way that the pole lies in the center of the target whilst the
other is arranged along its edge. Under the applied magnetic field the emitted
secondary electrons are forced to move on a circular trajectory and remain close
to the target surface [114]. Therefore secondary electrons travel a longer distance
near the targets surface. During this motion the secondary electrons ionise further
gas atoms, increasing the plasma density near the surface of the target. A primary
benefit of this is that a plasma can be maintained at significantly lower pressures
than in traditional sputtering. There are several types of magnetron sputtering
techniques. Direct current sputtering operates on the principle that the cathode
attracts cations (positive ions) from the plasma, while the anode attracts anions
(the electrons). Yet, the technique could not be used to sputter non-conductive
materials because ion bombardment may promote an accumulation of positive
charge surface of the target. There is an alternative and more complex way of
sputtering insulating targets that is commonly used, its radio frequency sputtering.
In the radio frequency sputtering a high frequency (13.52MHz) alternative current
source is used. This method relies on the differing inertia of electrons and ions to
induce a negative charge on the target surface allowing for consistent attraction of
positive ions for sputtering.

While typical sputtering focuses on the use of Ar as a gas due to its chemical
inertness and low cost, additional or alternative gasses can be employed. Most
commonly this is done in reactive sputtering, where a gas is added to react with
the growing material. The most common usage of this is the addition of O2

to the sputtering process to allow for formation of oxide thin films from metal
targets. Reactive sputtering can be a complicated process as the included gases can
react not only with the growing film, but also with the metal target itself causing
changes in the growth of the films. Films discussed in Chapter 4 were grown
using RF magnetron co-sputtering from two separate targets, one zinc source and
one tin source and kindly provided by my colleagues. The used magnetrons were
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Figure 3.7: (a) Schematic of the spray pyrolysis process. (b) Spray pyrolysis
system used in this work.

designed by AJA International and were installed with fixed balanced magnetic
arrays, meaning the produced field was static and symmetric.

3.2.2 Spray pyrolysis

Spray pyrolysis could be considered as a less technologically complex technique
for material growth in comparison with magnetron sputtering, mainly, because it
doesn’t require vacuum conditions. However, the simplicity of the technique, it’s
high speed, low cost and potential upscalability to industrial level are definitely the
intrinsic strengths of this technique. In the spray pyrolysis process precursors take
the form of metallic salts, dissolved in a solvent and stoichiometry is controlled
by changing the type of the metal salt, type of solvent and the ratio of them in
the solution. Selection of best performing chemical components is a complex
process involving solubility, chemical compatibility, non-formation of unwanted
side products during spraying and stability of the salt in the solution. As a
result, control and optimisation of spray based films is an involved process. The
solution is sprayed by means of air atomiser on the heated surface of a chosen
substrate [115]. During the film growth by spray pyrolysis many processes occur
at the same time or subsequently. Among these processes are precursor solution
atomization, transport of the droplets, their influence and distribution over the
substrate and finally drying and decomposition of the precursor salt [116].
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The custom built deposition system used to grow the films in this thesis
(shown in Figure 3.7) consists of a large (Abbess 18 Cube) stainless steel chamber
equipped with an air blast atomizer nozzle (PNR Air assisted ultrasonic atomizer,
model MAD 0331 B1BA) placed at a distance of 29 cm from the deposition
substrate [117]. Despite the relatively large size of the utilized hot plate (10×10
cm) a minor temperature gradient exists. Optimum deposition position are
found by empirical growth trials with different positioning of the substrates. A
combination of compressed air and nitrogen are employed as a carrier gas and
the flow is regulated by mass flow controllers. By control of relative flow rates
any internal oxygen pressure from 0-21 % can be consistently maintained. The
oxygen concentration inside the chamber was monitored using an oxygen sensor
placed at a distance of 35 cm away from the nozzle [117].

The liquid solution is transported though the maprene pipes by way of
a peristaltic pump. The thermocouple is attached directly on the heater to
provide more accurate temperature readings, a proportional-integral-derivative
(PID) controller is used to display them and to control to a desired temperature.
The thermocouple is isolated from the chemical spray via the use of a thermally
conductive cement.

3.2.3 Modified spray pyrolysis setup

In contrast to commonly employed air-blast nozzles, a modified setup used for
deposition of CuxCrO2 discussed in Chapter 6 employs medical grade nebulizers
positioned in a small chamber with an optical window, employed for in situ
monitoring. The same pyrolytic decomposition of the dissolved precursors,
sprayed by the stream of carrier gas towards the surface of a substrate governs the
deposition. In contrast to conventional spray pyrolysis, the different nebulization
method of the solution allows the formation of high-quality, smooth films at lower
substrate temperatures. The main difference is a reduction in the active cooling
from the nebulizing gas, as much lower gas flow rates are required here. In
addition, the more homogeneous droplet size distribution, and the reduced impact
damage from larger droplets accelerated onto the film by the high pressure in
air blast nebulizers further improves the film morphology. The downside of this
particular setup is that there is no continuous supply of precursor solution as cup
size limited by 8 ml and hence it is difficult to grow thick samples.
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3.3 X-ray diffraction and reflection

In a crystalline material, the periodicity of the structure will serve as a three
dimensional diffraction grating to X-rays. The X-rays incident at the particular
angle on a surface of a crystalline material that has all crystal planes parallel to
the surface, separated by a distance d, can create the path difference between x-
rays diffracted from each plane in a way that constructive interference between
the diffracted x-rays take place as depicted in Figure 3.8 (a). The particular angle
at which constructive interference appears (θ ) is defined by Bragg’s Law

nλ = 2dsinθ (3.16)

where n is integer, representing the order of diffraction, λ is the wavelength
of the incident X-rays and d is spacing between diffraction planes.

Figure 3.8: The schematics of (a) X-ray diffraction and (b) X-ray reflection.

Usually, the X-ray source and detector are aligned to create angle θ to the
sample surface, they both then move in coupled manner increasing the angle while
diffraction intensity is collected [118]. However, in case of thin films a different
methodology called Grazing Incidence X-Ray Diffraction (GIXRD) aimed to
reduce the signal from the substrate and obtain a higher surface sensitivity has
proven to be highly useful. During GIXRD measurement the incident angle of
the X-rays is set at a low position (1° or so) while the detector position is varied
through the 2θ range. This higher angle of incidence significantly extends the path
length of the X-ray in the sample securing an enhancement of the film/substrate
signal ratio.
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Figure 3.9: Typical XRD/GIXRD spectra of a glass substrate on polymethyl
methacrylate sample holder.

The information acquired from XRD/GIXRD relies on the crystallinity of the
measured material, therefore for the amorphous structures, glass for example, the
representative scan will only show a "halo" peak that is composed of distribution
of low angle peaks. This "halo" is very broad as represents the collection of
non-directed, that are not very defined. Figure 3.9 demonstrates a typical XRD
spectra of a glass substrate and polymethyl methacrylate (PMMA) sample holder
obtained via Bruker D8 Advance system, that was employed for the XRD/GIXRD
measurements of thin films discussed in this work.

Another X-ray based technique that is extremely beneficial in thin films
characterisation is X-ray reflectivity (XRR), a method that is based on the
measuring X-rays that are reflected from the surface of the film. This method
allows to determine the thickness, roughness and density of films below 150 nm.
This upper limit is defined by the Bruker D8 Discover instrument use in this work
due to limitations in the resolution and coherence length of X-rays.

The refraction index in the X-ray region is a complex quantity and can be
expressed as

n = 1−δ − iβ (3.17)
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Figure 3.10: A typical X-ray reflectively curve with physical properties that can
be obtained from the measurement highlighted. The sample is an spray pyrolysis
grown 21 nm film of CuxCrO2 on a glass substrate.

where the real part δ is associated with dispersion and imaginary part β

corresponds to the absorption of the X-rays.
The scenario when X-rays with a wavelength λ hit a flat sample is depicted in

Figure 3.8 (b). Here, the refractive index of the sample material can be denoted
as n, while the medium above the sample surface (commonly air, less frequently
vacuum) can be assigned to having a refractive index equal to unity. Due to the
fact that refractive index of the sample is smaller than media above it, a possibility
of total external reflection emerges. In case of an incidence angle θ smaller than
a critical angle θc, total reflection takes place [119]

sinθc =
√

2δ (3.18)

This means that at angles of incidence below θc the material will behave
as a perfect reflector of incident X-rays. Therefore, the angular position of
the critical point can be directly related to the refractive index of the material



3.4. Optical characterisation 41

and via this the density. An XRR pattern generated from 37 nm thick film of
CuxCrO2 with the Kiessig fringes and critical point have been labelled shown in
Figure 3.10. Roughness of both surface and interface can dampen intensity and
oscillations at higher angles. A thickness gradient will also lead to a damping
of the observed thickness by varying the angle that constructive interference
conditions occur at, leading to an increase in oscillation FWHM and reduction in
intensity. Furthermore, at higher thickness of >150-180nm the XRD system used
in this work no longer has the angular resolution to detect discrete oscillations.
This places a upper limit on what can be measured. When the surface of the
sample has a high roughness or thickness of the film is greater than the largest
measurable value, no specular reflection is observed, requiring the usage of an
alternative method for the thickness measurement.

It is quite important to note that the XRR technique is not sensitive to crystal
structure, dislocations and defects, therefore can be utilised for probing single
crystals, polycrystalline samples and amorphous materials [120]. This is due to
the dependency of the signal only on the electron density of the studied material.

3.4 Optical characterisation

To fully characterise TCO materials, the method used to measure optical prop-
erties such as transmission (T) and reflection (R) that comprise the relevant
Figure of Merit, described in Chapter 2, should be discussed. In this thesis
optical properties of thin films were measured with a Perkin Elmer 650 lamba
spectrophotometer, which measures T and R of Ultraviolet-visible (UV-Vis)
range. The used spectrophotometer is equipped with two light sources; a
deuterium lamp for high energies in the ultraviolet range and a tungsten halogen
lamp for the visible energies. The measured wavelength ranges from 200
nm to 850 nm corresponding to 1.5–3.9 eV energy range. High resolution is
achieved by using dual holographic grating monochromators. At every given
wavelength, the spectrophotometer measures the intensity of the light that is
travelling through the sample, the intensity of light which has passed an equal
path length but not through the sample, and a dark reading. The transmission
is calculated from these values. It is important to note that the transmission of
a film depends not just on its light absorption but also on the refractive index
mismatch between it and its substrate. This can lead to incorrect assumptions if
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only transmission is used to draw conclusions about film viability as the materials
use case might differ substantially from a simple films substrate model or require
different substrates entirely. Further complication is introduced by the possibility
of thin film interference in the reflectance spectra which introduces variation in
the transmission spectra which are solely dependent on film thickness. Such
variations are often not observed in actual TCO applications as the use cases
for TCOs skew to the very thin or the micrometer thick at which values the
interference variation is minimised. For example, the choice of sample thickness
of 50-80 nm for investigation leads to apparent reduction in transmission caused
by reflectivity changes rather than absorption. It gives a incorrect impression of a
low transmission, while the thicker sample would have a higher transmission. As a
result of these considerations, transmission will only be discussed in this thesis in
the context of the corresponding reflectance or absorption spectra. Transparency
will also strongly depend on the adjacent layers and adjacent layer thicknesses
within a device. For an example, the CuxCrO2 in this thesis has a refractive
index of 2.7 and thus has a high glass reflectivity. However its use case is
as a carrier selective contact between two layers in an optoelectronic device.
This use case means that the material with not have an interface with glass, but
instead be sandwiched between two electronically active layers. As a result the
transmission of the material on glass, as deposited here, is a poor indication of
effectiveness and instead the absorption of the film should be used to judge its
optical performance/characteristics.

In order to account for thickness dependency of the film simple calculation of
absorption coefficient from T, R and thickness (t) can be used instead via Equation
3.19.

α =
−ln(T +R)

t
(3.19)

Absorption structure characterisation is especially important for p-type TCOs as
they tend to have low transmission in comparison with best performing n-types
and demonstrate relatively high absorption in the visible spectral range [63]. For
the materials discusses in this thesis, only absorption coefficients of the film below
3.8eV can be extracted due to the glass substrate related absorption.
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3.5 Electrical characterisation

Electrical characterisation of the thin films were carried out across two systems.
First system is the Hall measurement system where sheet resistance and mobility
was determined in Van der Pauw methodology. This method requires that contacts
are sufficiently small and positioned at the sample’s perimeter. Contacts were
made using silver wire contacted to the sample that was cut squared 1×1 cm by
the use of silver adhesive at four corners as it is schematically depicted in the
Figure 3.11 (a). As suggested by the diagram current normally would be applied
across AB, IAB, and potential measured across CD, VCD.

Figure 3.11: (a) Van der Pauw contact arrangement and measurement direction
employed to determine the sheet resistance and the mobility. For sheet resistance
measurements the vertical orientation is defined as AB-CD and horizontal orien-
tation as AC-BD. (b) Four point linear probe Bell-jar system.

To remove possible inhomogenities arising from the sample measurements
were performed in both horizontal and vertical orientations, i.e RAB−CD and
RAC−BD. To eliminate offsets measurements were carried out in forward and re-
verse bias. Therefore, a vertical orientation resistance (RvertAB-CD) is expressed
by the following Equation:

Rvert =
RAB−CD +RBA−DC +RCD−AB +RDC−BA

4
(3.20)



3.5. Electrical characterisation 44

With a corresponding relation existing for the horizontal orientation (RhorAC-
BD).

The sheet resistance thus can then be solved employing the Van der Pauw
formula:

e−
πRvert

Rsh + e−
πRhor

Rsh = 1 (3.21)

The Hall effect is caused by the response of charge carriers to a magnetic field.
The Lorentz force (FL) influencing charge carries expressed as following:

FL = q(v×B) (3.22)

This magnetic field creates a transverse electric field generating a flow of carriers.
This charge generates a potential drop across the two sides of the sample, referred
as Hall voltage (VH) given by Equation 3.23.

V H =
IB

ncet
= IBµHRsh (3.23)

µH =
V H

IBRsh
(3.24)

Therefore, Hall mobility (µH) can be determined using Van der Pauw measure-
ments on a sample with a magnetic field applied perpendicularly to the sample
surface. In such a case, sheet resistance can be measured using a traditional Van
der Pauw measurement. The Hall measurement can be performed by applying a
field perpendicular to the sample surface in conjunction with a current across the
diagonal of the square sample. A measurement of the voltage across the other
diagonal gives the strength of the hall electric field, and hence the Hall bias. Sheet
resistance is measured simultaneously to the Hall voltage to ensure that variations
in Hall resistance aren’t due to changes in the overall sample resistance. Apart
from mobility, observing the direction of the carrier under the magnetic field
allows to identify the semiconductor class, namely p-type or n-type).

The second instrument employed is a four point linear probe system equipped
with a heating element. The experimental setup shown in 3.11 (b) consists of
a Keithley 2400 source meter with electrodes being spring loaded gold probes.
The samples were heated by a Watlow ceramic heater and the thin-film resistivity
measured in situ while the sample temperature varied controlled by an Omega i-
Series PID controller. Resistive heating allows the low temperature annealing and
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the activation energy Ea measurements via the use of the following relation

Rsh = Ro× exp(−Ea

kT
) (3.25)

The sheet resistance measurement is carried through four linearly spaced
probes that are brought into contact with the film surface. The current is applied
through two outer contacts and generated potential can be measured via the
two inner probes. The measured sheet resistance is described by the following
expression:

Rsh =
π

ln(2)
V
I

(3.26)

and if taking into account thickness of the material the resistivity of a material
can be calculated:

ρ = Rsh× t (3.27)

The above is true when the sample surface is significantly larger than the probe
distance, otherwise Rsh is overestimated.

3.6 Microscopic characterisation

Three microscopy techniques were used for characterisation of the grown thin
films: scanning electron microscopy (SEM), atomic force microscopy (AFM)
and scanning tunneling microscopy (STM). Microscopy images used in this work
are kindly provided by my colleagues. SEM images obtained by David Caffrey,
AFM/STM images acquired by Kuanysh Zhussupbekov.

SEM: Zeiss SEM Ultra microscope was used to study morphology of the films
and cross-section with 3−5 keV electron energies employed to maximise surface
contrast. Samples were grounded on stubs via silver paint in order to reduce
charging of the isolating substrate. A 30 micrometer aperture was employed for all
samples. All samples were scanned using the in-lens secondary electron detector.

AFM: Topography of the films was obtained by AFM measurements that
were conducted on an Asylum MFP-3D microscope with AC Air Topography
mode. The scanning was performed at 300 kHz frequency utilising rectangular
cantilevers with tetrahedral tips from Oxford Instruments.

STM: STM was employed to investigate the topography of the film. In order
to understand the electronic properties of the film, STS was used to map the local



3.6. Microscopic characterisation 46

density of states (LDOS) of the surface of film. The STM employed in this thesis
is a commercial low-temperature system from Createc with a base pressure of
5× 10−11 mbar. All STM images were recorded at liquid N2 temperature (77 K)
in constant-current mode. The preparation chamber of the STM system has been
fitted with heating stage and an ion gun for sputtering. The STM tip was [001]-
oriented single-crystalline tungsten, which electrochemically etched in NaOH
from tungsten rods. The bias was applied to the sample with respect to the tip.



Chapter 4

Spectroscopic investigation of
amorphous Zinc Tin oxide deposited
via magnetron sputtering

This chapter focuses on understanding the influence of local bond arrangement
and composition of a-ZTO films on their electrical performance utilising spectro-
scopic techniques: XPS and Raman spectroscopy [85], both outlined in section
3.1. The analysis reveals that the best Zn/Sn ratio for high conductivity of the
material can vary depending on the deposition method used as both reactive and
non-reactive sputtering employed in compared samples.

4.1 Introduction and state of the art

Certain applications such as solar cells, flat panel displays and window coatings
[1, 26, 121–125] require materials that are transparent yet conduct electricity, as a
metallic contacts will not satisfy their optical functionality. Highly crystalline n-
type TCO material such as Indium Tin Oxide (ITO) [126–129], doped zinc oxide
[8, 123, 130–132] or doped tin oxide [133–135] among a variety of others [136–
139] are prevalent in these applications. A growing amount of research has been
focused on transparent amorphous oxide semiconductors in recent years due to
the cost saving advantages they offer, via lower deposition temperatures and roll to
roll manufacturing compatibility [140], alongside their compatibility with flexible
substrates [35–37]. Currently, amorphous indium gallium zinc oxide (a-IGZO) is
dominating the field of amorphous transparent conducting oxides (a-TCOs) due

47



4.2. Deposition of the films 48

to its impressive conductivity, controllable carrier concentration and high mobility
[37, 131], all of which can be acquired via room temperature deposition [34, 141].

One such amorphous TCO system is a-ZTO, a solid state solution of Zn and Sn
in an amorphous structure which can be expressed as (ZnO)x(SnO2)1−x (0<x<1)
[46]. This notation x is adopted for representation of Zn/Sn ratio in the graphs
and relevant discussions in this Chapter. a-ZTO demonstrates a high mobility
[142] which it maintains in an amorphous state and while being composed only
of common abundant materials [57]. In addition, films of especially high figure of
merit have been attained at room temperature via magnetron sputtering without
the need for post-growth treatment via the discovery of a narrow formation
window of ZnO microcrystals in the Zn rich region [61]. However, as an intrinsic
oxide semiconductor the defect chemistry of a-ZTO is complex. The dependence
of the properties of the material on intrinsically occurring defects, such as
metal overlap, oxygen vacancies or hydrogen interstitials, interlinks its electrical
properties much more tightly to deposition conditions than would be the case for
an extrinsically doped oxide. Indeed, an examination of the literature for a-ZTO
reveals there can be variations in required optimised compositions for excellent
properties even in films that have nominally similar overall quality [61, 143–145].
It is vital for the practical application and theoretical understanding of a-ZTO that
the interaction between growth method and differing ideal composition points
is understood. In this light a-ZTO was studied by comparing the composition
ratios of films deposited by reactive and non-reactive sputtering by XPS using
the same systems for all comparison and analysis. This chapter will discuss
the existence of different distinct local bond arrangements and stoichiometry
depending on deposition technique via Raman spectroscopy even in these closely
linked systems. These structures are found to have an effect on the relationship
between Zn/Sn ratio and conductivity, leading to different "ideal" compositions
depending on oxygen partial pressure. Experimental results suggest that such
variations may be linked to variation in the local oxygen deficient regions of the
films.

4.2 Deposition of the films

Amorphous ZTO thin films were deposited via radio frequency magnetron co-
sputtering from separate zinc and tin sources. Composition of the films can
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be represented by the formula (ZnO)x(SnO2)1−x (0<x<1) [46]. The employed
notation x represents the Zn/Sn ratio in the graphs and relevant discussions
within this Chapter. While a ZnO target was used as the zinc source for all
depositions, two separate tin sources were used. One set of films was grown
by reactive sputtering of a metal Sn target (99.99% purity) in Ar+(O2). These
will be indicated as (ZnO-SnAr+O2) in future. A second set was sputtered
employing a SnO2 target (99.99% purity) in an inert Ar atmosphere. These
will be denoted to as (ZnO-SnO2Ar). During deposition the total gas pressure
was kept constant at 5×10−3 mbar, with the oxygen partial pressure being
varied from 0 to 0.4 µbar during reactive sputtering. Details of the thin films
deposition can be found in the published work [85]. All films were deposited
at 300 °C substrate temperature on standard microscope glass slides, purchased
from Thermo Scientific with dimensions of 1x1 cm and thickness of 0.8-1mm.
The temperature was specifically chosen as it ensures the best performing films,
while still being at a low enough temperature to be compatible with a number of
common plastic substrates.

All samples were subject to annealing treatment in a nitrogen environment
after the growth in order to improve the conductivity and to create a standardised
point of comparison between films. During annealing electrical properties were
monitored in-situ to maximise the properties. Films were heated to 320 °C over
approximately 10 minutes and then allowed to cool. Thickness of the films was
measured by XRR.

4.3 Evaluating crystalline quality and optical trans-
parency of the films

Films were measured using a Bruker D8 Advance X-Ray Diffraction system using
a unmonochromated X-ray source to confirm the amorphous nature. As expected,
no crystallinity is observed in any of the films with the same broad amorphous
structure observed in all cases. Figure 4.1 illustrates the XRD pattern of a set
of the oxide films at high mobility and high carrier concentration for illustration.
These are compared to the background signal from the glass substrate and sample
holder. The only variation observed is a broad “halo“ signal at lower angles. This
is expected to be a broad signal from the underlying glass. This structure is not
found to vary between films beyond that expected due to thickness variation in
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Figure 4.1: XRD pattern of a set of oxide grown a-ZTO for illustration. Very little
variation is observed between the a-ZTO films and glass beyond a wide "halo"
peak at low angles which does not vary significantly between films. Notation x
refers to the compositional Zn/Sn ratio measured by XPS.

the films. As a result these XRD spectra do not give insight into the structural
properties of the films.

In order to investigate if there was any significant short range crystallisation
or structure films were scanned by cross sectional SEM. Films were imaged using
a Zeiss SEM Ultra with a secondary electron detector. Films for cross sectional
analysis were cleaved directly before analysis and contacted to ground with silver
paint to mitigate charging. Electron energies from 3-5 keV were employed for
imaging, 3 keV for cross section and 5 keV for surface. Cross sectional SEM
images are given in Figure 4.2.

SEM images are found to be in agreement with XRD analysis showing no
crystallisation or long range structure in any of the films. It is clear from
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Figure 4.2: SEM images of (a) Cross-sectional SEM of a (ZnO-SnAr+O2) film, (b)
cross-sectional SEM of a (ZnO-SnO2Ar) film, (c) cross-sectional SEM of a (ZnO-
SnAr+O2) at a non-ideal oxygen level. All images acquired using a secondary
electron detector.

cross section images that films are amorphous throughout their structure with no
apparent voids or discernible grain structure, independent of growth conditions.

Visually all deposited films are highly transparent. As optical properties of this
material are of interest they were measured via UV-Visible spectrophotometry.
Figure 4.3 (a) shows an example R, T and T+R for a Sn rich a-ZTO (the most
absorbing film) compared to the glass slide. A value of T of 70 % at 3eV
could be perceived as very bad, but this is entirely an interference effect, the
absorbance loss at 3eV is below 2%. Combined with the substrate already
showing significant absorption above 3.8eV there is a very limited spectral range
that actually measures intrinsic a-ZTO properties. Some variations in transmission
with composition are noticed, however, these are dominated by small variation
in thickness. Figure 4.3 (b) compares the absorption coefficient of the films
of various composition grown by both methods. While there is a trend of Sn
rich samples having a slightly higher sub band gap absorption, the chosen film
thicknesses combined with a 1% T systematic error due to the instrument prevent
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Figure 4.3: (a) R, T and T+R for a Sn rich a-ZTO film compared to the glass
slide;(b) Absorption coefficient of the films of various composition grown by both
methods (ZnO-SnAr+O2) and (ZnO-SnO2Ar).

a meaningful discussion as the difference between samples is only just above the
detection limit.

4.4 Spectroscopic compositional analysis via XPS

An extensive compositional analysis of the deposited films was performed via
XPS on the Omicron MultiProbe XPS described in Chapter 3. Prior to mea-
surement films were etched via an argon ion gun operated at a voltage of 750 V
with a sputter current around 11 µA and chamber pressure 1.5×10−5 mbar. This
sputtering was not found to have a negative impact on the electrical properties of
the material. Measured regions were quantified via Casa XPS software. Due to the
amorphous nature of analyzed a-ZTO the fitting methodology is straightforward.
The focus of the XPS performed for this work was solely on the cation ratio.
Images of representative XPS scans of the Zn 2p and Sn 3p peak are shown in
Figure 4.4.

Components were selected from the elemental library according to peak
position with Gaussian/Lorentzian line-shapes and Shirley background. Zn/Sn
composition was determined the ratio of the cross sectional areas corresponding
to each selected peak as Zn is only in Zn2+ state and Sn is more likely in Sn4+ as
the Sn2+ is unstable. However, chemical state assignment for tin is difficult due
to the small energetic separation of the Sn 3d peak in different oxidation states
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Figure 4.4: Representative examples of the Zn 2p 3/2 and Sn 3p 3/2 spectra
obtained for the (ZnO-SnAr+O2) (— (a) and (b)) and (ZnO-SnO2Ar)((— (c) and
(d)) grown a-ZTO at points of maximum conductivity. Shaded regions give the
area used for the calculation of the Zn/Sn ratios. 2p 3/2 peak was fitted with G/L
value 57 and Sn 3p 3/2 was fitted with G/L value 70. Lower black line gives the
residual of the fit.

SnO and SnO2. In addition, the sputtering required to remove the surface adhered
oxygen and hydrogen species from air exposure could also have a distorting effect
due to surface band bending and preferred oxygen removal for the Ar ion etching
in vacuum. In light of this no attempt to deduce the valency of the Sn from the
XPS is taken in this work. Due to the amorphous nature of the films measured
peaks are quite broad. Therefore higher resolution measurements obtained at
a reduced pass energy or using narrower slits will not result in better physical
information regarding the elemental core levels as the FWHM is being dictated
by material issues such as a distribution of chemical site environments giving a
range of chemical site dependent binding energies rather than the instrumental
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Figure 4.5: XPS raw measurements for an a-ZTO sample after transfer into the
UHV system, a 10 min Ar-etching cycle (0.75kV, 6 µA, 1.5×10−5mbar) and a
second subsequent etching with the same conditions. The standard 10 min cycle
is sufficient to remove the organic adsorbates. Further etching doesn’t alter the
residual Carbon signal from areas screened from the ion beam (fissures, cracks,
shadowed areas in rough samples). The Carbon removal is accompanied by an
increase in the Zn counts, most attenuated by overlayers. The Zn content in the
film (xfilm) is calculated from area fits of the entire core level. As the Zn 2p peak
is very sharp and has a higher sensitivity factor compared to the Sn 3p core level,
the calculated change in xfilm is less than the raw peak amplitude change would
suggest.

broadening limiting the measurement. Thus, for materials comparison the use of
survey scans has been prioritised throughout the rest of this work.

XPS is a surface sensitive technique with the electron escape depth varying
between 1-10 nm depending on the kinetic energy of the photoelectron. As
samples were exposed to ambient conditions after the deposition and prior to XPS
measurements, there is an adlayer of hydroxide, which can substantially alter
the determined Zn/Sn ratio. The Equation 3.6 discussed in Chapter 3 allows to
calculate the IMFP for individual elemental core levels based on the universal
curve approximation from experimental data, similar to Casa XPS software.
Using this approach the IMFP for Zn 2p and Sn 3p photoelectrons determined to
be 0.98 nm and 1.2 nm respectively. It is possible to compare these values of the
IMFP with TPP-2M theoretical prediction given by Equation 3.7 [146] calculated
via QUASES-IMFP-TPP2M software developed by Sven Tougaard, which gives
the value of 1 nm for photoelectrons emitted from Zn 2p core level and 1.9 nm for
photoelectrons originated from Sn 3p core level. Therefore, the removal of organic
adsorbates within the UHV system is required for a reliable determination of the
stoichiometry. The method of choice is Ar ion etching. This ion etching in itself
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can alter the measured stoichiometry if specific cations are sputtered preferentially
during the process. Therefore, sputter conditions and etching times have be
carefully chosen to a) remove the adsorbates and b) minimise actual etching of
the thin film.

It has been established that Ar-etch with acceleration voltages much less
than 1 kV is the most reliable sputtering procedure for our experimental setup.
Previous measurements on thick films of doped ZnO, CuCrO2, SrTiO3, and TiO2

have shown that standard process of 10 min Ar etching with 750 V acceleration
voltage, 6 µA ion current, at 1.5×10−5 mbar Ar pressure is sufficient to remove
organic adsorbates, while not substantially etching the film itself. Nevertheless,
to eliminate the possibility of preferential Zn or Sn sputtering that can alter
composition the effect investigated of Ar sputtering on the films’ stoichiometry
was investigated. Figure 4.5 shows XPS measurements of a-ZTO sample as
grown, after one, and after two such cleaning cycles. The first cycle was sufficient
to remove all residual carbon with a stoichiometric change from xfilm=0.26
to xfilm=0.34, while the second cycle only slightly changes the determined
stoichiometry (xfilm=0.36). Therefore, exactly the same cleaning procedure with
one sputtering cycle was applied to all samples without any changes to the process.
There is no strong evidence of preferential sputtering as this should reduce the
signal from lighter elements such as Zn and O compared to the heavier Sn cation.
The difference in xfilm seen between the first and second sputter cycle was also
used to estimate the error of the determination of xfilm.

4.5 Substrate based contamination

It is known that when TCO films are grown on top of sodium-containing glass,
such as soda-lime glass, sodium can diffuse into the film and increase its
resistance. This is especially notable in tin dioxide, as sodium quickly diffuses
at the high substrate temperatures (> 550 °C) utilised in its synthesis [25]. The
films discussed here were deposited at 300 °C on standard microscope glass slides.
Films were analysed for contamination arising from elements, which can be found
in the substrate. In particular the concern was whether such contaminants could
be having an effect on the electrical properties. For microscope slides (soda lime
glass) often contain elements other than silicon and oxygen, primarily Ca and Na.
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Figure 4.6: XPS scans of Si 2p, Ca 2p, Na 2s and Mg 2p regions for a samples on
glass ((—), quartz ((—) and sapphire ((—).

Specifically the concern is that Na could act as a carrier trap and Ca as carrier
scattering centres.

In order to investigate whether this was having any effect on the conductivity,
a test film was grown from the ZnO/SnO2 target setup simultaneously on three
different substrates, glass, crystalline quartz and sapphire. XPS of the glass
substrate was measured with charge neutraliser because of its insulating nature.
Both the crystalline Al2O3 and quartz substrates are free of additional Na or
Ca contamination and allow for a direct comparison of conductivities between
the films. There is no variation of the conductivity of the a-ZTO between the
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investigated substrates, confirming that if dopants are present that they are not
electronically active in the levels required to influence the overall conductivity.

Additionally the composition of the resulting films was measured by XPS.
The Zn/Sn ratio was confirmed to be the same within error. Furthermore, the
possibility of Na and Ca bulk incorporation was evaluated. Unfortunately, Na
and Ca are common surface contaminants and so obtaining a clear indication of
incorporation level is difficult.

To attempt to quantify the incorporation of these elements films were grown
and transferred to XPS. Once loaded the films were exposed to a significant level
of sputter cleaning of 15 min Ar etching with 750 V acceleration voltage, 6 µA
ion current, at 1.5×10−3 Pa Ar pressure to remove any surface contamination.

The levels of incorporation of the contaminants were then measured. No Si
and Na contamination within the limits of XPS technique (0.1%) was observed as
can be seen from Figure 4.6 (a) and (b). A small Ca contamination depicted in
Figure 4.6 (c) was observed. However as this occurs in all cases and is frequently
observed in all of our measurements, it is attributed to a contamination transferred
from a sample handling or the solvents used in sample preparation and cleaning.
In light of the above it can be concluded that even if contamination from the
substrate is occurring that it is at a low enough level as to not be a factor in the
conductivity.

4.6 Electrical performance of the films

Detailed room temperature electrical properties were determined via Hall mea-
surements using Van der Pauw methodology with contacts being silver wire
attached via silver adhesive. Figure 4.7 shows the conductivity of a range of
a-ZTO films as a function of Zn/Sn ratio for samples grown using the (ZnO-
SnAr+O2) target combination. The film composition is reported in terms of the
x value from the expression (ZnO)x(SnO2)1−x (0<x<1) [46]. If only conductivity
and the Zn/Sn ratio is considered, substantial scatter is observed in the data, caused
by oxygen partial pressure PO2. Many films were grown with the same Zn/Sn
ratio, but at different PO2. The ideal in terms of the highest conductivity obtained
combinations of PO2 and sputtering powers applied to the target are marked as
( ).
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Figure 4.7: Conductivity map for a-ZTO deposited using a combination of a ZnO
target and a metallic Sn target (ZnO-SnAr+O2). The samples with best conductivity
for a given Zn/Sn ratio have been highlighted (- - - -). The large spread originates
from variations in oxygen backpressure. ( ) indicates points at non-ideal PO2,
( ) indicates points grown at ideal PO2.)

There is an ideal value of PO2 for each combination of ZnO and Sn sputtering
powers, which is related to the oxygen-metal kinematics that occur at the target
surface. This ideal point is illustrates in Figure 4.8, which shows variation in the
conductivity of (ZnO-SnAr+O2) systematically deposited using 100W ZnO/60W
Sn sputtering powers yet varied PO2. The ideal combination of PO2 and sputtering
powers applied to the target are marked as ( ) in Figure 4.8.

A likely explanation of the drop in conductivity at non-ideal PO2 is the
suppression of the carrier generating metal cluster-oxygen vacancy defect [47]
at higher oxygen levels. Alternatively, variation in the Sn bonding arrangement
(from Sn2+ to Sn4+) could also be the source. However, as mentioned above, the
high coincidence of the XPS peaks associated with those different valences means
that decoupling the nature of the peaks in these samples was not possible as part
of this study [147, 148]. It can be observed that ideal points ( ) form an envelope
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Figure 4.8: Variation in conductivity of the films deposited from (ZnO-SnAr+O2)
targets with the same total Ar+O2 gas pressure and target powers yet different
PO2 during the growth.

of highest conductivity for every given Zn/Sn ratio probed (- - - -). The maximum
conductivity observed is 225 S/cm and is found in the Sn rich region (x=0.32). It
is possible that with additional optimisation of the deposition system, specifically
in terms of target sample distance or geometry, these samples could be further
improved.

In Figure 4.9 the conductivities of films grown using the (ZnO-SnO2Ar)
combination are plotted alongside those deposited via (ZnO-SnAr+O2) at ideal
oxygen levels. Achieved conductivities are found to exhibit close to identical
values, with the highest conductivity obtained via (ZnO-SnO2Ar) deposition being
found again to be approximately 225 S/cm in the Sn rich region. However, the
Zn/Sn ratio that this occurs at is found to be shifted to higher Sn contents of
(x=0.27) for a-ZTO, a different value than that observed in the (ZnO-SnAr+O2)
case (x=0.32). This shift is seen consistently across the Zn/Sn ratio range
investigated by both deposition methodologies (considering ideal oxygen PO2 in
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Figure 4.9: Conductivity map for a-ZTO deposited using ZnO and SnO2 targets
(�) (ZnO-SnO2Ar). The conductivity vs. Zn/Sn ratio follows a similar trend (- - - -
). The trend-line for (ZnO-SnAr+O2)grown at ideal PO2 pressure has been included
for comparison (- - - -).

the case of (ZnO-SnAr+O2)) and is beyond the experimental error of the XPS
measurements performed.

The carrier mobility of the films are shown in Figure 4.10. A clear dependency
of the mobility on composition can be observed. Mobility of the films is found to
increase with Zn content up until a value of approximately x=0.4 beyond which
the gains observed are minor in the range tested. The highest mobility observed is
18 cm2/Vs. A recent report [61] has indicated a region of increased conductivity
could exist at higher Zn ratios than those discussed in this thesis (closer to x=0.8-
0.9). The onset of this region was not observed in studied films. This could
be due to the higher growth temperature employed in deposition, which may
suppress the Zn micro-crystal formation responsible for this effect or narrow the
compositional range of their formation. A dependency of the carrier concentration
on composition is also noticed. The carrier concentration is depicted in Figure
4.11 of the films is found to increase with higher Sn concentrations until the
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Figure 4.10: Carrier mobility as a function of Zn/Sn ratio. With increasing Zn
content the mobility generally increases. The larger variation in mobility is caused
by the different PO2. Samples grown from a SnO2 target (blue squares) and those
with optimized conductivity of the metallic Sn target (red bullets) follow similar
trend-lines.

Zn/Sn ratio is under x=0.23. Beyond this point nc is found to decrease rapidly.
One explanation for this reduction is that the films are switching from a ZnSnO4

solid solution to structure closer to SnO2 due to the low levels of Zn. A similar
effect has been reported recently for the aforementioned Zn rich case of a-ZTO
where at high Zn inclusion levels microcrystals of ZnO can begin form [61]. It
is possible that a similar formation of SnO2 is occurring in these films. If so
the crystallite size is below that observable via XRD as the films maintain an
amorphous structure. In this (x=0.1-0.23) region, carrier concentration is found
to vary rapidly seeing a factor of ten reduction in this small window. In addition,
mobilities in this range are poor.

The effect this has on the electrical properties can be understood via the nature
of metallic cluster to oxygen interaction in a-ZTO. The prevalence of oxygen
vacancies in a-ZTO is well documented [149, 150] and is of great importance
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[52, 151, 152]. Here the carrier concentration appears to be driven primarily by
the tin content of the films, with contents of 70% Sn seeing substantially enhanced
carrier concentration over those with higher zinc content. This can be understood
in the context of previous work which links the formation of carriers to the local
interaction between metal clusters in oxygen deficient regions [47].
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Figure 4.11: Carrier concentration vs. Zn/Sn ratio for samples grown from a
metal Sn target (( ) indicates points at non-ideal PO2, ( ) indicates points grown
at ideal PO2), as well as from an oxide Sn target ((�).

Degradation of the carrier mobility at higher carrier concentrations (Sn ratios)
can be explained by the fact that these same defects also act as scattering sites
in the material [47]. This in turn can give further indication into the origin of
the distinct compositional behaviours of the samples, as local arrangement of
oxygen deficiencies and metal atoms could see substantial differences due to the
two sputtering techniques used. It is possible that the formation energy of these
oxygen deficient regions is higher when sputtering from a SnO2 target, where
the Sn is already 4 fold co-ordinated to oxygen and more inclined to form such
structures in the a-ZTO. As a result, proportionally more Sn (x≈0.27) is required
to reach the same degree of metallic cluster states in sputtering of the SnO2 than
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in the reactive sputtering of the Sn target (x≈0.32). This is supported by the fact
that the carrier concentration in the (ZnO-SnAr+O2) films is maximized at x≈0.33,
while (ZnO-SnO2Ar) films this occurs at closer to x≈0.25-0.27, as can be seen
in Figure 4.10. The result of this phenomena is that the nature of the growth
technique used (amount of atmospheric oxygen available, temperature etc.) has
a significant effect on the relationship between the electrical properties and the
Zn/Sn ratio. In such a case the attainment of a single "ideal" composition to
always achieve best properties in a-ZTO is likely to be infeasible. Instead each
deposition system and sputter type may require its own optimization to locate
ideal conditions for conductivity, mobility etc. Confirming this will require in-

situ XPS analysis of pristine as deposited samples of a-ZTO to allow for in-
depth analysis of the oxygen state of the films without atmospheric contamination
masking the behaviour, first attempts of which has been done and will be discussed
in a later section of this chapter. It is possible that in processes using even
higher oxygen partial pressures, such as CVD or spray pyrolysis, additional
compositional "sweet spots" could also exist.

4.7 Raman spectoscopy on a-ZTO films

The presence of distinct relationships between Zn/Sn ratios and conductivity
could indicate the existence of two distinct local bond arrangements within the
a-ZTO grown by the different sources. The observed ratios observed with integer
stoichiometries ZnSn2Oy and ZnSn3Oy respectively, which in turn correspond to
unstable a-ZTO polymorphs ZnSn2O5 and ZnSn3O7. These polymorphs have
not been experimentally synthesised, however they have been calculated via
density functional theory [153]. As no crystallographic structure is observed
via XRD in these films, it suggest that if such a bond structure variation exists
it must be on a short range local level. Therefore, Raman spectroscopy, which
is sensitive to the local vibrational modes of a material is used instead as it
allows sensing of the structure on a level inaccessible to XRD. Raman spectra
of selected samples were performed using a JY Horiba LabRAM800 Confocal
Micro-Raman Spectroscopy System with motorised positioning stages. The
excitation wavelength was 488 nm, power ∼10 mW, and integration time 5 min.
The substrate Raman spectra of the underlying glass was numerically subtracted
for each shown spectrum to emphasise the thin film contribution.



4.7. Raman spectoscopy on a-ZTO films 64

2 0 0 4 0 0 6 0 0 8 0 00

2 0

4 0

6 0

8 0

1 0 0

1 2 0

1 4 0

2 0 0 4 0 0 6 0 0 8 0 0
4 0

6 0

8 0

1 0 0

1 2 0

1 4 0

1 6 0

0 . 2 3
0 . 2 9
0 . 3 2
0 . 3 4

0 . 4

Ra
ma

n i
nte

ns
ity 

(ct
s/(

mW
 s 

µm
))

R a m a n  s h i f t  ( c m - 1 )

S n O 2 : E g A 1 g
A 1 ,  E 1A 1 ,  E 1 ,  E 2Z n O :

0 . 5 4

0 . 2 2

S n - t a r g e t

0 . 1 7
0 . 2 1
0 . 2 3
0 . 2 8
0 . 3 6

Ra
ma

n i
nte

ns
ity 

(ct
s/(

mW
 s 

µm
))

R a m a n  s h i f t  ( c m - 1 )

S n O 2 : E g A 1 g
A 1 ,  E 1A 1 ,  E 1 ,  E 2Z n O :

0 . 4 5

S n O 2 - t a r g e t

( a ) ( b )
Figure 4.12: Raman spectra of samples spanning the investigated composition
range for (a) samples grown by the combination of Sn metal- and ZnO target
and (b) samples using oxide only targets. For comparison the position of Raman
modes in crystalline ZnO and SnO2 are indicated [154, 155]. The a-ZTO samples
only show two very broad modes unrelated to those.

Raman spectra of a-ZTO were found to only show very broad modes (FWHM
> 80 cm−1) around 500 (P1), and 650 cm−1 (P2), with a large background
indicative of the amorphous nature of the films as shown in Figure 4.12 (a)
and (b). These modes do not coincide directly with modes seen in ZnO or
SnO2 [154, 155]. The relative amplitudes, width, and position of the modes
vary with Zn/Sn ratio, exhibiting similar trends independent of the choice of
target. Figure 4.13 shows the energetic position of both modes and their relative
amplitude (P2/P1) as function of Zn/Sn composition x. Colour code is consistent
with metal Sn (blue) and SnO2 (maroon) targets used for films deposition. There is
a clear difference between stoichiometric (x= 0.5) and Sn-rich samples (x< 0.33)
with a large increase in the amplitude of P1, accompanied with a shift in position
from 480 to 520 cm−1. The distinctly different Raman spectra confirm that over
the investigated range one observes measurable differences in the local bond
arrangements. It is interesting to note that the best conductive samples are seen
just at the Sn-rich crossover point.

The Raman spectra of the two most conductive samples at x = 0.33 for the Sn-
target and x = 0.25 for the SnO2 target are broadly similar, with small differences
in the P2/P1 ratio in line with the general change of this ratio with composition.



4.7. Raman spectoscopy on a-ZTO films 65

Figure 4.13: Raman spectra peak positions and P2/P2 modes ratio spanning the
investigated composition range. The relative intensity and width of the broad
amorphous modes varies with Zn/Sn ratio. Position (bottom) and is relatively
stable, while their relative intensities varies (top).

The similarity, and weak overall signal does not allow to conclusively assign
different bond arrangements to these two points. It is allow for conclusive
assignment that in order to have good conductive samples one has to have a Raman
signature with a stronger P1 mode.

Thus, Raman measurements can confirm a specific bulk structure of a-
ZTO which allows for effective intrinsic doping and hence conductive samples.
However it can only confirm the correct growth conditions in terms of Zn/Sn ratio
and local structure, without acquiring a signature of the actual doping defect due
to the highly amorphous nature of the films. There is no specific Raman signature
which would distinguish between samples with high and low carrier concentration
at the same Zn/Sn ratio. Seeing a specific Raman signature hence only confirms
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that one has the correct structure allowing for a conductive sample/dopant defect
formation, yet cannot tell if the sample is actually conductive. Nevertheless, the
bond arrangement does show a correlation with the carrier mobility, with samples
showing a weak P1 mode having higher mobility.

In the first section of this chapter, amorphous a-ZTO films have been grown
via reactive co-sputtering of a ZnO target with a Sn target in an Ar+O2 and
non-reactive co-sputtering of ZnO and SnO2 targets in Ar. In both cases the
conductivity of the films was found to have a maximum value of 225 S/cm, a
competitive result for earth abundant amorphous n-type TCOs. The exact position
of the maximum conductivity was found to exist at two different Zn/Sn ratios
depending on the growth method, (ZnO-SnAr+O2) x≈0.32 and (ZnO-SnO2Ar)
x≈0.27. XRD revealed no crystallographic structure in the films, however Raman
spectroscopy of the films indicates the presence of two distinct local bonding
arrangements which are hypothesized to be related to a local bond stoichiometry
consistent with stoichiometric material and local unstable polymorphs of a-
ZTO (such as ZnSn2O5 and ZnSn3O7). Zn/Sn ratios required to maximize the
carrier concentrations of the films were also found to be separated depending on
deposition technique, indicating different requirements for forming carrier related
defects. These points of high conductivity were found on the Sn rich side of
the point of change from one broad Raman signature to another. This signature
thus can serve as an indication of the presence of the required local structure
to facilitate correct formation of defects for high conductivity films. It should
be noted that these findings are part of published work [85]. The existence of
multiple distinct local bonding arrangements within a-ZTO could lead to variation
in the electronic structure of the material which could have implications for the
modelling and understanding of the performance of the material in devices.

The study of the local bond arrangement of a-ZTO is exceptionally important
as it can help to distinguish two distinctly different short range structures ZnSn2O5

and ZnSn3O7 that were predicted by density functional theory ("Materials project"
database) [156]. While predicted to be unstable, they have a high electron
mobility and coincide in Zn/Sn ratio with best conductivity samples from our
experimental studies. The compositional dependence of electronic properties will
open up opportunities for future theoretical modelling of the material system.
With computational treatment of amorphous materials being very difficult, a
confirmation of a local bond order consistent with the predicted structures will
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open up avenues to predict and evaluate specific doping mechanisms in this
material. Beyond this, it will also provide guidance for growth conditions for
optimising conductivity and mobility in device applications. Finally, it will
illustrate the requirement for optimisation of the Zn/Sn ratio for new growth
methodologies and upscaling. To evaluate the structural difference in amorphous
structures at the Zn/Sn ratios corresponding to calculated crystalline ZnSn2O5

and ZnSn3O7, X-ray absorption of the Zinc K-edge (9.6586 keV) can be used.
The proposal for a-ZTO study was granted (201-09358-ST) and beamtime was
allocated in BESSY II synchrotron KMC-2, XANES line. However, due to
COVID restrictions, the beamtime in April 2020 was first rescheduled and then
ultimately cancelled in January 2021 due to the local lock-downs. Therefore, this
important study has be performed in the future and results unfortunately not be
included here.

4.8 In situ study of Eg and Φ for MS grown a-ZTO

In the first section of the Chapter the Zn/Sn composition was determined from the
ratio of the cross sectional areas corresponding to each selected peak. However,
chemical state assignment for tin was not performed due to the high coincidence
of the SnO (486 eV) and SnO2 (486.6 eV) peaks. Moreover, the sputtering
required to remove the surface adhered oxygen and hydroxide and carbon species
from air exposure could also have a distorting effect on peak position, due to
surface band bending and preferred oxygen removal for the Ar ion etching in
vacuum. In order to overcome the aforementioned limitations an in situ XPS
study of the sample deposited in the magnetron chamber that was transferred
under the vacuum conditions without air exposure in a vacuum suitcase developed
in the group was initiated. This complex in situ study was conducted across 3
vacuum chambers: the XPS/Ultraviolet photoelectron spectroscopy (UPS), STM
and magnetron sputtering deposition system. The study required a modification
of the vacuum suitcase by introducing a new extension and design of a special
sample holder adaptor for the magnetron sputtering deposition system.

The XPS survey spectrum in Figure 4.14 demonstrates no substantial carbon
contamination present, confirming a successful in situ sample transfer and
allowing to accurately compare elemental ratio for stoichiometric formula. From
the regions and compositions function of Casa XPS one can compare composition
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of selected regions in %. The Zn, Sn and O have percentages of 9.4%, 27.5%
and 63.1%, respectively (see Figure 4.15), giving a stoichiometric formula
ZnSn2.9O6.7 that is close to calculated unstable polymorph ZnSn3O7 [153].

The UPS source that is installed in the same XPS chamber was employed to
study the valence band region with an excitation energy of He I (21.2 eV). The
work function of the material determined by the cut-off of the secondary electrons
and was found to be 5.1 eV as shown in Figure 4.16. To ensure that measured work
function actually belongs to the material rather than detector, sample was biased
with -5 and -10 eV, as a result the same value of work function was obtained,
confirming the reliability of the measurement.

After the XPS/UPS characterisation the sample was in situ transferred to the
STM. As STM measurements require a conductive substrate to ensure good tip-
surface contact, gold contacts were deposited on the glass substrate at the 4
corners prior to the a-ZTO film growth. STM data were obtained in constant
current mode using single crystalline W [001] tip. The base pressure in the main
STM chamber was 3×10−11 mbar.
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Figure 4.14: XPS survey spectrum of a-ZTO, which was in situ transferred from
magnetron chamber.
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Figure 4.15: Zn, Sn and O core levels with denoted percentage areas from Casa
XPS fitting software of in situ transferred magnetron a-ZTO sample.

From STM images depicted in Figure 4.17 it is clear that surface of a-ZTO
film is amorphous (no sharp edges of the clear shapes (like triangles or hexagons)
were observed). Figure 4.17 (a) is a STM image of a-ZTO film with 1500×1500
nm2 scanning window, which was scanned at V =2.5V and I=90 pA. It could be
seen from the height bar that sample’s surface possess a low roughness, rarely
exceeding 9 nm (see Figure 4.17 (a)). The film demonstrates a low root mean
square (rms) roughness of∼4 nm over 500×500 nm2 scanning window as seen in
Figure 4.17 (b), which is measuring a smaller region of (a) (scanning parameters
for (b) were V=2.5 V and I=100 pA).

In order to understand the electronic properties of the a-ZTO film, Scanning
tunneling spectroscopy (STS) was utilised to map the local density of states
(LDOS) of the surface of a-ZTO film. Figure 4.18 (a) shows STM image
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Figure 4.16: UPS spectrum of the in situ transferred magnetron a-ZTO sample
with work function of 5.1 eV marked by dashed line.

Figure 4.17: Large scale STM image scanned at parameters a)1500×1500 nm2,
V =2.5V, I=90 pA b) 500×500 nm2, V=2.5 V, I=100 pA.

(1500×1500 nm2) of the clean a-ZTO film surface. Figure 4.18 (b) illustrates
grid STS measurements performed on the same area as in Figure 4.18 (a). 50×50
individual I(V) measurements were conducted on the grid with dimensions of
1500×1500 nm2. At each point of the grid, the spectra were averaged over 5
individual I(V)-measurements. The tip was moved in constant-current mode with
the scanning parameters V=2.5 V and I=90 pA between points. The voltage was
swept between - 2.5 V and + 2.5 V. Figure 4.18 (b) represents the tunnelling
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current from the I(V) at each spectroscopy point at a bias 2.5 V. Brighter points
correspond to a higher tunnelling current value at 2.5 V.

Figure 4.18: (a) STM topography obtained on the as received surface at
1500×1500 nm2, V =2.5V, I=90 pA. A grid STS experiment was carried on the
area depicted in (a). (b) 50×50 point grid STS experiment shows the tunneling
current value (taken from the I(V)) at each STS point of the grid at a bias of 2.5 V
(c) The averaged dI/dV spectra of the whole grid, which indicates the band gap is
approximately 3.3 (eV)

It is well known that dI/dV spectra (numerical derivative of I(V)) are propor-
tional to the LDOS. The averaged dI/dV spectrum, which was acquired on the
a-ZTO film, is depicted in Figure 4.18 (c). The spectrum shown is an average of
a few thousand individual spectra on the clean surface. The obtained electronic
band gap of a-ZTO film here is around 3.3 ± 0.04 eV. Since the measurements
were performed at the liquid nitrogen temperature the error in all STS spectra is
± 0.04 eV.

Film was annealed in vacuum to induce crystallisation and observe the
clustering. After UHV annealing at 600 °C for 20 hours, some features resembling
nucleus of the crystals appeared on the film. The changes in electronic properties
due to contribution of these clusters are observed. Figure 4.19 shows an STM
topography, current map and average band gap after annealing. 50×50 individual
I(V) measurements have been performed on the surface of a-ZTO (grid image
at 2.5V). At each point the spectra is an average over 5 individual I(V)-curves.
The voltage has been swept between + 2.5 V and -1.8 V. The annealed surface
demonstrate an average band gap around 2.4 eV.

The clusters observed upon annealing marked by red star in Figure 4.19
possess different electronic properties and therefore assigned to Sn metal clusters
as they demonstrate a substantially reduced band gap of 1.2 eV, while the
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Figure 4.19: (a) STM topography after vacuum annealing obtained at 200×200
nm2, V = 2.5V, I=95 pA. A grid STS experiment was carried on the area
depicted in (a). (b) current map of the same area, where 50 × 50 individual I(V)
measurements have been performed on the surface. The spectra at each point is
an average over 5 individual I(V)-curves with a voltage swept between + 2.5 V
and – 1.8 V. Red star indicates one of the clusters and green star marks the normal
surface.

remaining surface have a band gap of 3.4 eV. It is possible that annealing in UHV
created oxygen deficient regions. The created defects demonstrate properties in
line with computational calculations consistent with Sn cluster defects adding
further evidence that this donor defect is in fact a deep defect [49]. Despite the
noticeable changes upon annealing, the material did not crystalise substantially as
confirmed by XRD performed after sample was taken out from the STM chamber.
This is likely due to the very low dimensions of the observed crystals being around
1.2 nm in diameter, which is not measurable by our XRD system. Possibly,
the crystallisation can be achieved if the crystalline substrate used instead of
conventional glass.

These results indicate that a-ZTO will remain primarily amorphous even under
consistent annealing at elevated temperatures in a UHV environment yet that
"semimetallic" clusters will begin to form at this temperature. It is currently
unknown if these metal clusters may form at intermediate temperatures (300-600
°C). This section demonstrates they are unlikely to form under standard deposition
temperatures of <300 °C, yet could be introduced in short or long term annealing
of the films in vacuum. It could be explored in the future whether introduction of
flows of oxygen into process could inhibit the formation of these clusters.
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Figure 4.20: dI/dV curves of the area depicted in Figure 4.19 (a) average dI/dV
from the whole area (b) average dI/dV on the cluster marked by red star (average
of 10 dI/dV points) and (c) normal surface indicated by the green star (average of
24 dI/dV points).

A direct experimental measurement of the a-ZTO fundamental band gap
performed by STS give value around 3.3 ± 0.04 eV. The absorption from
glass substrate hinders the possibility of the optical band gap extraction and it’s
comparison with the electronic band gap.



Chapter 5

Synthesis and characterisation of a
high performance spray pyrolysis
grown amorphous Zinc Tin oxide

In this chapter the growth of a-ZTO by an inexpensive and versatile chemical
vapor deposition-based spray pyrolysis method is discussed. The the different
solution compositions of dissolved Zn and Sn precursors with film compositions
measured by XPS to achieve the as-deposited conductivity of ≈300 S/cm, the
highest value to-date among the reported solution-processed films are investi-
gated.

5.1 Introduction and state of the art

a-ZTO has been grown by a variety of PVD methods including magnetron
sputtering [46, 48, 85], pulsed laser deposition [157] and some chemical methods
[32, 55, 145, 158, 159]. The most common chemical method is spin-coating,
however this can be associated with an unwanted increased degree of porosity
[160]. Synthesis of these films via spray pyrolysis technique, where decomposi-
tion of precursors occurs as a result of spraying a solution over a heated substrate,
is highly desirable due to the method’s low-cost and versatility. In spite of this,
there are practical challenges which hinder wider application of spray pyrolysis
to a-ZTO. High quality a-ZTO is a non trivial material to synthesise with a wide
range of different defects [47, 58] and local structures [61, 109, 161, 162] which
easily form under nominally similar deposition conditions. While this impacts all

74
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growth techniques, the effect is exacerbated for spray pyrolysis by the complexity
of the physics of the precursor delivery and the chemical synthesis steps. As in-
lab construction and customisation is the norm for the technique, this additional
complexity is in turn accentuated by the absence of standardisation across spray
pyrolysis deposition systems, with liquid delivery, nebulisers, substrate heating,
and atmosphere management systems all varying between laboratories. As a
result, an understanding of the role of system parameters in determining film
properties is required to allow transference of results between laboratories and
eventually to large scale tools.

Figure 5.1: Conductivity, thickness (d), compositional ratios for different precur-
sors combinations tested for a-ZTO synthesis. Sample numbers 1-4 are consistent
with Figures 5.2 and 5.3

This chapter is focused on the synthesis of high performance a-ZTO via a
single step deposition spray pyrolysis technique. For the a-ZTO synthesis a
combination of the following precursors were used (as shown in Figure 5.1):
tin (II) 2-ethylhexanoate, tin (IV) chloride pentahydrate, tin (II) acetate and
tin (II) chloride on the Sn site; zinc acetate dihydrate, zinc acetylacetonate
hydrate and zinc chloride on a Zn site were tested to obtain desired films. The
prescreening tests of different solutions having a benefit of low cost of the used
salts and the high throughput allowed to identify the Zinc chloride and Tin
(II) 2-ethylehexanoate precursors combination as being the best based on FOM
calculation shown in Figure 5.2. Morphological characterisation by SEM reveals
microscopic cracks that explain the poor electrical performance observed for some
of the films (Figure 5.3). The films discussed within this Chapter were therefore
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grown using the best performing Zinc chloride and Tin (II) 2-ethylehexanoate
precursors combination.

1 2 3 40 . 0

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0

1 . 0 1 . 5 2 . 0 2 . 5 3 . 0 3 . 5 4 . 0
0

2 0

4 0

6 0

8 0

1 0 0
T, 

R (
%)

p h o t o n  e n e r g y  ( e V )

1   2   3   4T

R

0 2 4 6 8 1 0

0

2

4

6

8

1 0

Fig
ure

 of
 M

eri
t (S

)

S a m p l e  n u m b e r

0 2 4 6 8 1 0

Figure 5.2: Figure of Merit calculated for films grown using different precursors
combinations, insert shows the transmission and reflection data, numbers corre-
spond to the sample numbers from the Figure 5.1.

The obtained conductivity of ≈ 330 S/cm, is the highest reported solution
processed a-ZTO grown up to date, under optimised growth and brief post-growth
treatment. The simplicity and cost-effectiveness of fabrication, combined with
the low optical absorption and roughness highlight the potential applicability of
the proposed method for efficient light emission and minimum current leakage
through the organic active layers in OLEDs [48]. In addition, it has been
identified that the film morphology is the primary limiting factor in the electrical
performance and it is linked to inherent factors in deposition set up utilised. In
doing so, a roadmap by which the performance of spray pyrolysis grown a-ZTO
can be further improved to match and even surpass the best PVD grown films
[47, 48] without costly, energy-consuming vacuum conditions is presented.
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Figure 5.3: SEM images of the a-ZTO films grown with different precursors
combinations, numbers and colours follows the FOM graph provided in Figure
5.2 and precursors combinations list given in Figure 5.1

5.2 Synthesis of the films

Full details of the chamber geometry, nozzle type, etc. employed in this work
are decribed in section 3.2.2. Key to the following discussion is that I employed
a simple gas blast nebuliser (PNR, model 0331). All films were deposited on
standard microscope glass slides (Thermo Scientific, 2.5×5 cm, 1 mm thick).
Precursors of Zinc chloride and Tin (II) 2-thylehexanoate were dissolved in
methanol keeping the total molarity constant at 0.05 M. The concentration of Sn
and Zn precursor was changed according to: cZn=xsol·0.05 M and cSn=(1− xsol) ·
0.05 M, with xsol varied from 0.2 to 0.8 in steps of 0.05. These specific precursors
were selected for their high solubility in methanol, with no precipitation being
observed and without need for any extensive stirring. The solution was sprayed
at a rate of 1.7 ml/min using a mixture of compressed air and nitrogen with a gas
flow of 17 l/min onto a heated substrate with a heater temperature of 450 °C. A
gas composition of 95% nitrogen /5% oxygen was observed to give maximum
performance of as grown films. It was based on the previous optimisation and
studies performed on doped ZnO [117, 163]. The temperature readings from
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the heater surface during the growth were taken using a type K thermocouple
(chromel vs. alumel) welded to the top of the hot plate. The heater temperature
was PID controlled during spray conditions within ±10 °C. Due to the cooling
effect of the gas flow, actual substrate surface temperatures is assumed to be lower.
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Figure 5.4: (a) Representative raw XRR data and corresponding fit. (b)
Representative raw ellipsometry data and corresponding fit.

For films thinner than 120 nm X-ray reflection (XRR) was employed to
confirm precise film thickness. As XRR requires a low surface roughness, its use
here already indicates the high quality of the deposited films. Representative fit
for XRR thickness determination is shown in Figure 5.4 (a). Substantially thicker
films (all in a range of 200 nm) were measured by spectroscopic ellipsometry
(Sopra GESP 5) using three incidence angles around the Brewster angle (63°, 66°,
69°). Representative fit for the thickness evaluation by Ellipsometry is depicted
in Figure 5.4 (b).

5.3 Compositional study of spray pyrolysis grown a-
ZTO

I report the film composition in terms of the x value from the expression
(ZnO)x(SnO2)1−x (0<x<1) [46]. In this section I will refer to the composition
of the film using xfilm, while the precursor solution cation ratio will be notated
as xsol. A complete stoichiometric transfer from solution to film would result
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Figure 5.5: (a) Film composition as function of solution relative molarity. The
orange dashed line indicates the case of stoichiometric transfer from solution. As a
guide, compositions consistent with some calculated crystalline ZTO phases have
been included. (b) Thickness vs. solution relative molarity; for thicker samples
with high Sn content shaded in grey, thickness was obtained via ellipsometry. The
thickness of samples coloured in red was measured by XRR.

in xsol=xfilm (orange dashed line in Figure 5.5(a)). Figure 5.5(a) compares the
solution concentration with the Zn content found in the film. Stoichiometric
transfer from solution to film is only observed at a high Sn content (xsol<0.4).
Once the Zn content exceeds xsol>0.4, the film composition does not change
despite different solution compositions. For films with xsol>0.65 the Zn content
increases again. This is consistent with a kinetic limitation of film growth by the
Sn molarity. The surplus Zn within the solution is not incorporated, consequently
a reduction of the growth rate is seen (Figure 5.5(b)). This behaviour complicates
the growth due to the high dependence of the defect chemistry of a-ZTO on its
Sn stoichiometry, with previous reports demonstrating that the primary donor
defect in a-ZTO result from under-coordinated metal Sn ions [58]. In the range
(0.4<xsol<0.65), changing the cation ratio in solution does not significantly alter
the composition, but will alter the growth rate and hence defect formation in the
films. As a consequence, films with the same xfilm exhibit different properties due
to their differing xsol in their respective growth run.

The composition of a-ZTO was determined via XPS by analysing the intensity
ratios of the Sn 3p3/2 vs. the Zn 2p3/2 core levels using the same approach
as described in Chapter 4. It should be highlighted that as samples are grown
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in atmosphere from organic precursors, the removal of an adlayer of organic
molecules and hydroxides is especially important for these samples.

5.4 Evaluating crystalline quality and optical trans-
parency of the films

The crystallographic structure of the films is investigated employing a Bruker D8
Advance X-ray diffraction system with a Cu Kα X-ray source. XRD of films
with varying xfilm compared to background signal from the glass substrate and
sample holder. In order to increase the ratio of the film/substrate X-ray diffraction
measurements were performed in a grazing incidence (GIXRD) regime. However,
a small contribution of the underlying glass substrate at 48-50° is still present
in films. Despite having various stoichiometry all films demonstrate a broad
amorphous ’halo’ structure without crystalline features. Some difference in the
intensity of the signal between the films is assigned to the thickness variation.
Grazing incidence XRD measurements depicted in Figure 5.6 have shown no
discernible crystalline structure in most cases. Only the most Sn rich sample
(xfilm=0.25), which also has anomalous electrical properties, exhibits a partial de-
phasing of the films into SnO2 and a-ZTO in these conditions. This particular film
xfilm=0.25 display a SnO2 (101) and (211) peaks due to fragmentary de-phasing
of the film. These reflexes indexed in Figure 5.6.

Independent of the discussed changes in stoichiometry and morphology, all
samples remain highly transparent. Optical properties were measured via UV-
Visible spectrophotometry (Perkin Elmer S650). A representative UV-VIS trans-
mittance and reflectance spectra, as well as the absorption coefficient calculated
from T , R, for one of the films with the known thickness are displayed in Figure
5.7 (a). A high transmittance in the entire range with a film related absorption
tail, specifically for Sn-rich samples, is displayed in Figure 5.7 (b). The band gap
of the films is above the glass substrate absorption edge and can not be measured
here. The increased absorption in Sn-rich samples has been previously seen in
a-ZTO films grown by other methods [61].
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Figure 5.6: GIXRD data for sample with varying xfilm. Only very broad structures
are seen caused by incoherent scattering and increased roughness. The most
Sn-rich sample shows some SnO2 reflexes in addition to the broad amorphous
structure indicating a partial de-phasing of the film.
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Figure 5.7: (a) Transmittance and reflectance spectra of a 60nm thick film
(xfilm=0.38) (b) Absorption coefficient for samples with varying xfilm.
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Figure 5.8: Dependency of conductivity on film stoichiometry xfilm. The Sn-rich
sample for xfilm=0.25 (blue) does not follow the general trend due to an additional
de-phasing of the film.

5.5 Electrical performance of the a-ZTO films

Room temperature electrical properties were determined via Hall measurements
using Van der Pauw methodology with silver wire contacts attached to the surface
via silver adhesive. The conductivity of the films are displayed in Figure 5.8.
Electrical performance of the films vary dramatically and, if shown in terms of
film composition (xfilm), a large scatter of the data is seen. Despite this, a clear
general trend in conductivity, dictated by carrier concentration, can be observed.
Four samples marked in red have similar film composition, yet demonstrate quite
different compositions. The Sn-rich sample indicated by blue colour demonstrate
partial de-phasing of the film.

It is important to note that at optimised growth conditions, as-deposited

films can already demonstrate degenerate conductivity of 304 S/cm and carrier
concentration 2×1020 cm−3. This electrical performance is already comparable
with samples grown via PVD [48, 85] and is only exceeded by reports utilising
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Figure 5.9: Carrier concentration dependency on film stoichiometry xfilm. Among
the electrical properties only the carrier concentration is strongly dependent on the
overall film stoichiometry. A subset of samples with similar xfilm is highlighted in
red. While they posses similar carrier concentration their mobilities differ due to
morphological differences in the films. The Sn-rich sample for xfilm=0.25 (blue)
does not follow the general trend due to an additional de-phasing of the film.

defect passivation by post-growth treatments [47]. This highlights the high
potential of films grown via spray pyrolysis. To further increase the performance
of these films there is the need to identify both the limiting factor in these films’
performance and, more importantly, the cause for the apparent scatter within films
of otherwise similar stoichiometry.

The carrier concentration was found to vary monotonically (see Figure 5.9),
with little scattering and is comparable, if not in excess, of values obtained by
magnetron sputtering in our facilities [85] and elsewhere [46, 48]. Conductivity
variations were instead driven by large variations in the mobility. Best samples
show high mobilities with a maxima of 9-10 cm2/Vs being observed for a wide
range of film compositions as seen from Figure 5.10, but this is a noticeable
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reduction from literature best values of >16 cm2/Vs [48, 61, 109], which are
achieved without special treatments.
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Figure 5.10: Dependency of Hall mobility on film stoichiometry xfilm. Only
the carrier concentration is strongly dependent on the overall film stoichiometry.
A subset of samples with similar xfilm is highlighted in red. While they
posses similar carrier concentration their mobilities differ due to morphological
differences in the films. The Sn-rich sample for xfilm=0.25 (blue) does not follow
the general trend due to an additional de-phasing of the film.

The carrier concentration of four samples highlighted in red show similar
values, while their mobility varies significantly from 5 to 10 cm2/Vs. Limited
carrier mobility can occur due to defect scattering or macroscopic grain boundary
(GB) scattering. Despite the amorphous nature of the films they referred as GB.
Previous studies have demonstrated that there is an inverse relationship between
the number of donor defects in a-ZTO and its mobility at high levels of carriers
[47]. However, in these spray pyrolysis grown films a similar mobility is obtained
independently of the carrier concentration (see Figure 5.11).

It can be observed that the maximum mobility occurs at high carrier concen-
trations, the opposite expectation for the mobility limited by ionised impurity
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Figure 5.11: Hall mobility as a function of a carrier concentration. Only the carrier
concentration is strongly dependent on the overall film stoichiometry.

scattering. In addition, in most reported studies of ZTO mobility is enhanced
at Zn rich compositions, an effect not observed here [48, 85]. It is seems that
for these spray pyrolysis grown samples, the mobility is hindered by a granular
nature of the films themselves. It should be noted that the granular structure does
not imply a crystalline material. At a simple level, spray pyrolysis deposition
combines two processes: 1) individual nucleation of dried up seed material from
liquid phase growth within droplets and 2) a chemical vapour deposition (CVD)
type of growth which increases the size of those nucleates within the atmosphere
above the growing film and after their adhesion onto the film [164]. Therefore,
spray pyrolysis films frequently demonstrate granular features independent of the
crystallinity.
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Figure 5.12: (a-d) SEM images of a-ZTO with similar composition xfilm≈0.38,
from spray pyrolysis growth runs with varying solution composition (b) has the
highest conductivity of 304 S/cm and mobility value of 10 cm2/Vs; (a, c) are
samples with lower conductivity of 220 S/cm due to lower mobility of 8 cm2/Vs.
(d) is slightly more Sn rich and has an even lower mobility. (e-f) Magnetron
sputtering grown a-ZTO with varying film composition for comparison.

5.6 Morphological characterisation of the a-ZTO
films

In order to explain the observed high scatter in mobility in films with similar
stoichiometry, indicated in red in Figures 5.8 to 5.12, morphology of the films was
studied by scanning electron microscopy (SEM) on a Zeiss SEM Ultra microscope
with 3-5 keV electron energies. Figure 5.12 shows SEM images of a-ZTO grown
via spray (a, b, c, d) and via magnetron sputtering (e, f).

The surfaces of four spray deposited films composed of a mixture of dif-
ferently shaped particles that are closely packed. A comparison of spray and
magnetron grown films yield some immediate differences in morphology, with
magnetron films being continuous smooth films with no discernable structure,
while spray pyrolysis films demonstrate an observable granular structure. It is
important to note that the occurrence of a granular structure is not necessarily
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Figure 5.13: XRR analysis of rms roughness and as function of measured sample
stoichiometry. Displayed error bars are estimated by variation in fitting results
using different roughness models, fitting software, and range limitations, to
account with the systematic errors in XRR-analysis.

a consequence of the spray pyrolysis method itself, but more likely arises from
constraints introduced by the insufficient nebulisation of the solution in the
utilised air-blast nozzle. An improvement in the quality of deposited films could
therefore simply be achieved by the use of ultrasonic nebulisers known to produce
smaller droplets and narrower droplet size distributions which will help to achieve
more CVD like conditions and minimise the morphological damage and clustering
of larger liquid droplets impacting the surface.

A comparison of data from SEM, XRR and AFM can be used to explain the
observed mobility variations, most notably at xfilm≈0.38. Figure 5.12 demon-
strates that the surfaces of four spray deposited films composed of a mixture of
differently shaped particles that are closely packed. No large macroscopic cracks
and fissures are observed in these films, indicating that the issues do not originate
from substrate heating or cooling induced damage due to thermal mismatches and
consequent film delamination. The most noticeable difference is that the granular
structure in samples with lower mobility is more pronounced and individual grains
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Figure 5.14: XRR analysis of a density as function of measured sample stoi-
chiometry. Displayed error bars are estimated by variation in fitting results using
different roughness models, fitting software, and range limitations, to account with
the systematic errors in XRR-analysis. Density of crystalline phases ZnSnO3 (01-
077-4192), ZnO (01-070-8070) and SnO2 (01-071-53-24) phases have been taken
from database and included for a comparison.

appear more separated. Thus the reduction in mobility is consistent with an
increase in number of GBs or porosity in the film.

SEM images show the changes in morphology qualitatively but is supported
by more quantitative measurements using XRR and AFM. Least-square fits of the
XRR measurements, mainly used to determine the thickness, can also provide
estimates for the root mean square (rms) roughness, as well as density of the
films. Figure 5.13 shows that best films around xfilm≈0.38 are smoothest, while
the density of the films linearly depends on the Sn content. The density obtained
from XRR fitting is displayed in Figure 5.14

The granular structure of the film explains why spray pyrolysis grown samples
show a lower mobility and little dependence on the Zn content itself. In a GB
restricted mobility model, an improvement in transport in the material itself is
not observed on the macroscopic transport once GB scattering is the dominant



5.6. Morphological characterisation of the a-ZTO films 89

mechanism (1/µ = 1/µgb + 1/µii). In related crystalline material, such as ZnO,
GB scattering plays a major role in the transport, specifically in films with lower
carrier concentration and if the sample has been exposed to oxygen at elevated
temperature. The latter leads to a large number of trap states at the interface
between grains, accompanied with a depletion layer within the grain which
becomes wider the lower the carrier concentration [8, 163, 165, 166]. It is logical
to assume that a similar mechanism is responsible for the spray pyrolysis grown
a-ZTO.
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Figure 5.15: Comparison of local AFM based roughness (1×1 µm2 area) with the
rms determined from XRR fits on the entire sample. While the numerical values
differ, the overall trend is in agreement

Atomic force microscopy (AFM) measurements were conducted on an Asy-
lum MFP-3D microscope with AC Air Topography mode to quantify morphology
difference in the films and gain insight into topography. The scanning was
performed at 300 kHz frequency utilising rectangular cantilevers with tetrahedral
tips from Oxford Instruments. The topographic profile of the films measured
via AFM allows to obtain values of local roughness on the scanned area as
its directly registers the surface profile with nanometer resolution, while XRR
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measurements reveal roughness information with a density profile from the entire
thin film. Despite the fact that AFM probes locally, roughness’s obtained by AFM
are broadly following the same trend as measured by XRR as depicted in Figure
5.15.

Figure 5.16: (a) and (b) SEM and AFM images of the film with the highest
conductivity of 304 S/cm and mobility value of 10 cm2/Vs (indicated by red
square in electrical performance and GIXRD graphs). (c) and (d) SEM and
AFM images of the film xfilm=0.25 exhibiting the presence of SnO2 crystallites on
GIXRD (indicated by blue square in electrical performance and GIXRD graphs).
Note there is a factor of 3 in the height scale between the smooth xfilm=0.38 and
rough xfilm=0.25 sample.

AFM and XRR tools cover different ranges of lateral spatial frequency and
probing depth, therefore the surface roughness measured by these two methods
is not always consistent, especially taking into account surface contamination
present in spray pyrolysis grown samples. The comparison of the SEM image
with AFM image (Figure 5.16 (a) and (b)) for film with the highest conductivity
demonstrates that the small cracks present in SEM as a contrast modulation are not
observable via AFM as usage of 20 nm radius tip does not allow resolve few nm
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scale cracks. However, for the film with xfilm=0.25 that displays SnO2 crystallites
on GIXRD and larger grain size a strong correlation between the SEM and AFM
images can be observed (Figure 5.16(c and d)). Both AFM and SEM techniques
showed the same range of grain sizes from 20 nm to 100 nm. Some brighter
clusters on the SEM image can be attributed to SnO2 crystallites observed in the
GIXRD. It is also seen that this film with the highest Sn content is significantly
rougher than the optimised film exhibiting the highest conductivity.

Thermal postgrowth treatments were carried out in a nitrogen atmosphere in a
separate Bell-jar chamber. Details of the system are provided in Chapter 3. The
film resistivity was recorded during a 50 °C→ 290 °C→ 50 °C annealing cycle
with a total process time of 15 min [163].
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Figure 5.17: Changes in the sheet resistance of spray pyrolysis grown a-ZTO
samples during annealing in nitrogen atmosphere for two samples (xfilm=0.38,
xfilm=0.46).

Figure 5.17 shows the resistance change of two samples with xfilm=0.38
and xfilm=0.46 when they are heated to 290°C in a nitrogen atmosphere. This
annealing temperature has been chosen to be significantly below the nominal
growth temperature in order to avoid potential recrystallisation of the otherwise
amorphous material. Similar to ZnO the sample resistivity is reduced irreversibly
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once heated above 250°C, consistent with the exchange of oxygen species at the
grain interface by passivating N2 molecules. Once cooled the improvement in
conductivity remains, leaving the GB passivated. As with ZnO the improvement
in resistance, depicted in Figure 5.18, is larger for samples with lower carrier
concentration, indicating the same mechanism [163]. The improvement also
scales with the rms roughness, showing that more granular films with a higher
surface area are more dramatically changed by the annealing.
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Figure 5.18: Improvement of the sheet resistance during the anneal cycle as a
function of the samples rms roughness (a) and carrier concentration nc (b).

It is clear that findings demonstrate the key role that chamber geometry
plays in the optimisation of a-ZTO. I highlight that the film morphology in
spray pyrolysis grown films strongly depends on film growth rates and solution
nebulisation, which in themselves depend on used molarity, chamber geometry
and the type of nozzle. Smoother films are typically observed at reduced molarity,
smaller droplet size, and narrow droplet distribution. In the case of a-ZTO the
additional challenge created by the kinetic limitation of the Sn precursor results
in a substantial change in a growth rate depending on xsol, which has a knock
on effect on the defect formation within the film. For instance, observed higher
carrier concentrations in the Sn rich regime, which show higher growth rates, but
may compromise the morphology, and hence carrier mobility, by creating rougher,
more granular films. For this specific growth setup an optimum conductivity for
samples balances these two opposing trends. For other instruments, while the
same chemical and kinetic limitations are expected, the point for the optimum
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solution composition may vary. Understanding and accounting for the role
of system limitations will thus be essential in optimising and enhancing the
performance of spray grown a-ZTO.

In summary, in this Chapter successful growth of low roughness a-ZTO
exhibiting record-breaking electrical performance amid films deposited by in-
expensive chemical synthesis methods is shown. Careful control of deposition
parameters is needed to tune composition and their electrical properties which is
important for many applications. The resistivity values are found to be highly
competitive with PVD deposited samples despite the constraints arising from the
specifics of the utilised deposition system. It is expect that more specialised
system with a superior nebuliser could help overcome these limitations to push
conductivity of a-ZTO even higher. Despite the granular nature of the films,
carrier mobilities of≈10 cm2/Vs are achieved. This bodes well for the prospect of
using a-ZTO in ink-jet printed films from a nanoparticle suspension. In that case
even room temperature deposition may be feasible as the nanoparticle synthesis
could be decoupled from the film deposition. These results on granular amorphous
samples grown by spray pyrolysis show that, while there is a limitation in the
transport, it is not as excessive as seen in other crystalline TCOs. It should be
noted that results described in this Chapter are part of published work [167].

Investigation of the a-ZTO films synthesised via physical vapour deposition
magnetron sputtering and spray pyrolysis provides a comparative overview
regarding these deposition methods, their advantages and disadvantages. Quite
competitive conductivity values can be obtained via both techniques at optimised
conditions, spray pyrolysis demonstrating even higher performance of≈300 S/cm
as-deposited. However, the systematic investigation is more challenging in case of
the spray pyrolysis due to large scatter in the data and difference in decomposition
rates of used Zinc and Tin precursors and hence, non-linear transfer from solution
to the film. Yet, the versatility of the method with it’s low cost and high throughput
make it ideal for fast screening of new potentially interesting materials. Despite
being associated with higher cost, magnetron sputtering brings the benefits of
potential deposition of a-ZTO at the room temperature, making this method
compatible with plastic substrates. Non-reactive magnetron co-sputtering from
ZnO and SnO2 targets is considerably more controllable and reproducible then
reactive co-sputtering from ZnO and Sn target in an Ar+O2.



Chapter 6

An in situ precursor decomposition
via refractive index sensing in p-type
transparent copper chromium oxide

Deposition of transparent conductive oxides via spray pyrolysis is a flexible,
low cost and energy saving method compatible with large area and volume
production. However, the complex growth chemistry and a lack of in situ

monitoring during the growth process can complicate the growth optimisation of
ternary materials. In this Chapter the development an in situ polarisation based
refractive index sensing platform using Au nanodimers as transducing elements
is reported. This method was created to extract the changes in refractive index
of the grown films and measure the activation energies for the film formation by
monitoring the rate of change at different temperatures. As a proof of concept, the
thermal decomposition of individual Cu acetylacetonate and Cr acetylacetonate
precursors was monitored at various temperatures. This allows to understand the
origin of narrow temperature window for the synthesis of high performing p-type
transparent conducting CuxCrO2. The significant variance in the decomposition
and desorption rates of sub-oxides for the Cu and Cr precursor is found to be
responsible for the limited temperature window for high performance CuxCrO2

semiconductor synthesis. Based on these findings, CuxCrO2 films were success-
fully grown at reduced temperature of 310 ◦C employing medical grade nebulizers
in a modified spray pyrolysis setup. Due to versatility of the proposed method it
can be effectively utilised in the growth rate monitoring of various oxides and
deconvoluting other complex oxide growth processes.

94
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6.1 Introduction and state of the art

The synthesis of any ternary material is a complex process. The possibility of
monitoring the properties of the grown films in situ, during the growth, enables
the determination of vital information, such as the refractive index of the material,
rate of formation and the growth mechanisms. For this reason, reflectance based
optical techniques are frequently employed both as an investigative technique and
also as a quality monitoring step [168–171]. However, in the spray pyrolysis
the nebulized solution generates large scattering and absorbing droplets along
the light path within the chamber, rendering standard intensity-based reflectance
measurements challenging.

Previously a very narrow processing window for spray pyrolysis grown, best
performing p-type CuxCrO2 [172, 173] was reported. In order to analyse the
origin of this narrow temperature window for CuxCrO2 synthesis the probing of
the activation energies of the film formation process in spray pyrolysis during
the growth was employed. The effective medium between the Au nanoparticles
changes gradually from air to CuxCrO2 as the film goes thicker and it is
monitored using a polarization-based in situ optical sensing technique for variety
of growth temperatures. This method was tested using two widely employed [174]
Cu(acac)2 and Cr(acac)3 precursors, yet the versatility of the technique allows for
it to be applied to real time growth monitoring of different oxides. To fully explore
the tunability of CuxCrO2 films the influence of temperature and oxygen partial
pressure on the film composition and electrical performance was investigated.

6.2 Summary of in situ spray pyrolysis growth mon-
itoring

A small deposition chamber was specifically designed with an optical window
normal to the sample surface. The sample was clamped on a vertically mounted
heater with the nebulizer placed directly underneath, allowing the use of low cost
medical nebulizers. This design was further improved by positioning nebulisers
with an angle as depicted in Figure 6.1 to reduce the thickness gradient of the
films. The gas supply was controlled by mass flow controllers (MFC) to allow
for a controlled variation of the oxygen partial pressure, as well as reproducible
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Figure 6.1: Photograph of the small spray pyrolysis chamber with main compo-
nents labelled. Insert shows the heater with the glass substrate.

gas flow rates into the nebulizer. The entire setup was mounted on an optical
alignment stage allowing to adjust the reflected beam more precisely.

The spray pyrolysis chamber had to be integrated into the optical setup as
its shown on schematic in Figure 6.2. The optical window allows the use
of any, normal incidence based reflectance method. In order to allow in situ

measurements of the spray pyrolysis process a sensing approach based on a
polarization based refractive index sensing [175] was adapted. This method called
Reflection anisotropy spectroscopy (RAS), measuring the difference in reflectance
(∆r) of normal incidence plane-polarized light between two orthogonal directions
in the surface plane (x,y) normalized to the mean reflectance (r)[176, 177].

∆r
r

=
2(rx− ry)

rx + ry
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Figure 6.2: Schematic of the small spray pyrolysis chamber and the main optical
components of the RAS setup. Insert shows the SEM image of gold nanoparticles
prior to Al2O3 coating.

RAS measurements though, can not be acquired on conventional glass
substrates. These substrates and the grown polycrystalline films themselves do
not exhibit any in-plane anisotropy and therefore do not show any RAS signal.
Instead functionalised glass provided by a collegues from Chalmer University,
Sweden with a plasmonic sensing material were used for these measurements.
The Au dimers are made by hole-mask colloidal lithography [178]. To fully
investigate the spray pyrolysis process, heating of the substrate for a range of
temperatures up to 400°C is required. These higher temperatures may introduce
changes to gold dimers, make them mobile. To minimize any changes in the
Au-dimer shape and size during the actual measurements at higher temperatures,
all Au dimer substrates were pre-treated by coating with a 2 nm thin Al2O3 film
grown by atomic layer deposition (Oxford Instruments, 250 °C, 20 cycles of 20
ms pulse of TMA precursor, each followed by Ar purge and water pulse) by
collaborators in Dublin City University. Following this every substrate was pre-
heated to 400 °C prior to any subsequent measurements. After such a treatment no
substantial changes to subsequent RAS spectra of the Au dimers were observed,
even if repeatedly heated to 400°C. The thin Al2O3 coating stabilizes the dimers,
preventing further shape changes at elevated temperatures. It should be noted that
the magnitude of the RAS signal can vary significantly between different runs of
the experiment as the ratio of the area containing the Au dimers and the plain
substrate can vary due to limited degree of freedom in alignment. In addition the
self organized nature of the nanoparticles deposition process leads to variation of
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Figure 6.3: RAS signal acquisition from gold dimers (a) before deposition (b)
after deposition.

nanoparticles density within the functionalised area. The shape and amplitude of
the RAS spectra will also change as function of temperature and total coverage of
material already deposited on the sample. To allow for a reliable determination of
the growth rate normalization has to be employed.

The strong RAS signal from Au dimers arises from a difference in polarizabil-
ity along and perpendicular to dimers direction as it schematically demonstrated
in Figure 6.3 (a). Therefore, the Au nanodimers act as local optical transducers
retrieving the optical properties of the p-type TCO growth in situ. In fact, not
only the Au dimers induces a rotation of the polarization angle of the polarized
light, but they are extremely sensitive to their surrounding refractive index and the
thickness (d) of the deposited film as it shown in Figure 6.3 (b). The plasmonic
nanostructure can be used to extract indirect information on the spray pyrolysis
film characteristics. Increasing the refractive index between the nanoparticles in a
subsequent growth run will, in a first order approximation, shift the plasmonic
resonance towards the infrared due to an increase of the effective medium
surrounding the Au nanoparticles.

The material is deposited on a glass slide with 10 % surface area covered
by plasmonic Au nanodimers, all aligned along the same direction. Electron
micrograph of a typical surface are shown in the insert in Figure 6.2. The
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morphological anisotropy of the plasmonic nanostructure induces an optical
anisotropy in the glass substrate, as the light is absorbed differently along and
perpendicular to the dimer axis. When linearly polarized light is sent at normal
incidence 45 ° rotated with respect to the dimer axis, the optical anisotropy causes
a rotation of the polarization axis of the reflected beam. If light is sent at normal
incidence, the rotation angle of light is proportional to the reflectance anisotropy
of the surface using the small angle approximation sinθ=θ

θ =
1
2
∗ ∆r

r

where r is the complex reflectance of the sample along the i-th direction, ∆r
r is also

known as RAS and it is a self-normalized quantity that only monitors the relative
change in intensity between two orthogonal directions [175, 179, 180].

Figure 6.4 shows a RAS spectra of a localized surface plasmon resonance
(LSPR) of anisotropic gold dimers meta-surface acquired before and after a
deposition step Sspec, as well as a transient Strans during the deposition. To allow
for a simple comparison between different spectra, the transient Strans of RAS as a
function of time is monitored in the region of largest sensitivity of the spectra, at
1.85eV as depicted in Figure 6.4 (b). The shaded region specifies the time when
MFC was turned on nebulising the solution and deposition occurred. Spectral
measurements Sspec before and after deposition were obtained in the region with
a large difference and a nearly linear spectral dependence (shaded regions in
Figure 6.4 (a)).

Due to the self normalizing nature of the RAS measurement, variations in
total intensity caused by fluctuations and turbulence in the nebulizer mist do not
affect the spectra. In principle the setup also allows for measurements of the total
reflectance, but increased noise levels due to the mentioned fluctuations in the
droplets around the sample, as well as condensation of unreacted precursor on the
inside of the window limit the use in the simple reflectance mode. The suggested
methodology is beneficial in an optimisation and fast-screening of the synthesis of
novel multicomponent oxides as well as in understanding of growth mechanism
and chemistry of the spray pyrolysis process.
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Figure 6.4: Example of a deposition cycle. (a) RAS spectra of the LSPR meta-
surface at 230°C before and after a deposition cycle using a 0.01 M solution of
Cu(acac)2 in methanol. The top panel shows the difference in the two spectra. The
shift in the spectral position of the plasmon resonance is evident. In the shaded
regions there is a large difference and a nearly linear spectral dependence. Single
wavelength, transient measurements during depositions are best taken there. (b)
Transient measurement at 1.85 eV taken during growth. The shaded area indicates
the time when the gas supply to the nebulizer was on. The top panel shows the
DC level of the measurement, which is proportional to the intensity of the reflected
light.

6.2.1 Precursor decomposition screening for copper chromium
oxide

The in situ measurements on the precursor decomposition was performed using
low molarity solutions to maintain sufficiently low growth rates in order to keep
the film accumulation on the window during the in situ test as low as possible. As
bulk samples are grown at typically higher molarities to increase growth rates, the
proportionality of the growth rate for Cu(acac)2 at the standard growth conditions
for CuxCrO2 was also tested.

The decomposition of Cu(acac)2 precursor performed on the same Au dimers
as one set of measurements without repositioning or any other changes introduced
between spectra obtained at every temperature. The measurement Sspec of
nanoparticles prior to deposition is performed on the extended energy range to
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set a reference. Based on this spectrum an energy range with a local linear change
of the RAS signal with slope Sspec is identified. Cu(acac)2 deposition increases
the refractive index between the nanoparticles in a subsequent growth run, and
therefore shifts the plasmonic resonance towards the infrared. This change is
measured as the transient Strans at an energy where Sspec gives a linear slope in the
spectrum. The rise in RAS signal during the transient measurement Strans shows an
increase in Cu(acac)2 deposited over and between the Au dimers. Normalisation
of the latter with the spectral slope provides a re-normalized value Sn = Strans/Sspec

that is proportional to a product of the films growth rate and refractive index,
measured for the temperature and precursor combination chosen for investigation.
As long as the total amount of material is significantly smaller than the height and
separation of the Au-nanoparticles (h=40 nm and s=100 nm), Sn is proportional
to a product of the films growth rate and refractive index. By probing the build
up of the fully formed oxide layer around the plasmonic nanoparticles one can
determine a normalized slope Sn for Cu(acac)2 at each temperature temperature
and, thus, examine the thermodynamics of the entire spray pyrolysis process.

Figure 6.5 displays log(Sn) vs. 1/T in an Arrhenius type graph, which gives
the activation energy of Cu(acac)2 precursor at the defined temperature range.
Thermal decomposition studies of acetylacetonate precursors has found that the
Cu(acac)2 precursor starts to decompose at 200 °C while the corresponding
Cr(acac)3 starts to decompose at 250 °C [181]. More recent work has shown that
the Cr(acac)3 precursor will have lost at least one (acac) group at 280°C [182].
However, the precursor decomposition is only the first step in the spray pyrolysis
growth process. It then also involves subsequent adsorption of the precursor onto
the surface, either in an un-reacted form or partially decomposed form. The
adsorption itself will depend on the surface termination and temperature. Indeed,
it is already known that Cr(acac)3 adsorption can be self limited preventing a
continuous growth at low temperatures. Due to this Cr(acac)3 is used as an atomic
layer deposition precursor, where this self limitation is employed and Cr2O3 is
formed with subsequent oxidation steps [183]. In spray pyrolysis the presence of
oxygen in the chamber, as well as OH groups and H2O from the further pyrolytic
decomposition of the precursors and solvents can lead to continuous reactions and
film formation.

In order to fully understand the growth dynamics of CuxCrO2 exactly the
same thermal decomposition methodology applied to the Cr(acac)3 precursor.
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Figure 6.5: Arrhenius type plots of the normalized slope Sn for the Cu(acac)2
precursor (0.01 M solution). Measurements were performed with 5% oxygen
content in the nebulizing gas.

Plotting log(Sn) vs. 1/T in an Arrhenius type graph demonstrates characteristic
differences between the Cr and Cu precursors depicted in Figure 6.6. As expected
from the thermal decomposition studies, the Cu precursor is more reactive at lower
temperatures than the Cr precursor. For the Cr precursor a linear slope is seen
giving an effective activation energy for the Cr2O3 film formation of 0.43 eV. The
Cu precursor, in contrast, displays a more complex behavior. At low temperatures
the onset of growth, limited by the actual decomposition of the precursor with
an activation energy of 1.5 eV is observed. Once the precursor fully decomposes
a kinetically limited regime is reached, where the growth rate depends on the
solution molarity, but crucially also the oxygen supply. Increasing the temperature
further actually reduces the growth rate significantly. This is characterized by an
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Figure 6.6: Arrhenius type plots of the normalized slope Sn for the Cr(acac)3
precursor (0.015 M solution) measurement to those of Cu(acac)2. Both mea-
surements were performed with 5% oxygen content in the nebulizing gas. The
estimated growth rate scale (second y-axis) is given as a rough guide and is based
on an assumed linear relationship of the growth rate with molarity and Sn. This
growth rate was calculated from growing a full cup (8 ml) while measuring the
time and correlating with the time used for Sn acquiring.
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activation energy for desorption of 0.18 eV. Either the copper sub-oxides thermally
desorb, or the formation of acetic acid in the precursor decomposition at higher
temperatures [181] leads to an active etching of the formed Cu2O [184].

The observed behavior for the decomposition and oxide film formation for the
individual Cu and Cr precursors depicted in Figure 6.6 now directly explains the
narrow growth window for CuxCrO2. For temperatures lower than the optimum
310°C, the Cr precursor does not sufficiently decompose and independent of
the actual Cu molarity in the solution only Cu2O is formed. Increasing the
temperature, while increasing the Cr incorporation significantly, reduces the Cu
incorporation dramatically as the Cu sub-oxides are found to be unstable above
250°C. In order to enlarge the temperature processing window for low cost spray
pyrolysis of this specific material, it is essential to find a Cr-precursor which
decomposes more readily at lower temperatures. These findings demonstrate that
Cr2O3 is only formed substantially above 330°C, yet the ideal growth temperature
for the ternary CuxCrO2 is 310°C. Therefore presence of Cu sub-oxides changes
the Cr(acac)3 adsorption or on-surface decomposition.

In mixed solutions the in situ optical monitoring is of less use, as it does not
allow different compositions of the growing films to be distinguished. Instead
much thicker test samples grown for a longer time of 10 min and higher molarity
0.03 M at 310°C were considered. The resulting film thickness were measured to
determine the overall growth rate for binary Cu2O, Cr2O3, and mixed CuxCrO2.
This growth rate estimate then was correlated with the decomposition time
that was employed in Sn determination. The thickness of thicker films was
determined by X-ray reflection (XRR) (Bruker D8-Discover). As has been
discussed previously in this thesis the XRR method of thickness determination
requires a low surface roughness. The compatibility of the technique with the
films indicates the high quality of the films deposited via medical grade nebulizers.
Figure 6.7 displays a representative XRR scan and corresponding fit for the
CuxCrO2 films with d, ρ and rms determined from the fitting. Majority of the
films in the set demonstrate rms roughness in a range of 2-4 nm. For thinner films
thickness was obtained from UV-Vis measurements fitting the transmission of the
film to an optical model using the database dielectric function of Cu2O, as XRR
cannot measure these 5 nm thick films.

The growth rate estimate provided on the second y-axis in Figure 6.6 was
determined in absolute terms of nm/min by dividing measured film thickness with
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Figure 6.7: Representative XRR scan and fit for CuxCrO2 film with determined d,
ρ and rms. The raw data is represented by black dotted line, corresponding fit is
represented by red line.

growth time. This approach assumes the linear dependency of thickness from
solution molarity, therefore, this was checked by growing films with different
molarities. Figure 6.8 is given as an example of such linearity for Cu2O. Using
solutions of 0.03 M Cu(acac)2 a growth rate of 1.5±0.3 nm/min for binary Cu2O
was obtained. The growth rate for a corresponding Cr2O3 film using 0.03 M
Cr(acac)3 is found to be lower at 0.8±0.2 nm/min. The ratio of 1.8±0.4 between
these growth rates is in agreement with the estimation from the in situ study where
a ratio of 2 was expected based on the values of Sn at 310°C.

When films grown using a mixture of Cu(acac)2 and Cr(acac)3 (ratio 40/60),
while keeping the total molarity at 0.03 M, a significantly higher growth rate of
2.4±0.4 nm/min is observed. Clearly the presence of Cu sub-oxides on the surface



6.3. Tunability of copper chromium oxide via oxygen partial pressure 106

0 . 0 2 0 . 0 3 0 . 0 4 0 . 0 53

4

5

6

7

8

9

thi
ckn

es
s (

nm
)

m o l a r i t y  ( M )
Figure 6.8: Growth rate vs. molarity for Cu2O films grown from solutions with
different Cu(acac)2 molarity at 310°C.

dramatically increases the Cr incorporation at this temperature. Indeed the film is
almost twice as thick as expected for a pure linear combination of the Cu2O and
Cr2O3 growth rate.

6.3 Tunability of copper chromium oxide via oxy-
gen partial pressure

To further explore the possibilities of composition and electrical performance
tuning in CuxCrO2, the role of oxygen in the films formation was studied. Tun-
ability of the CuxCrO2 during the growth is studied in modified spray pyrolysis
setup employing a medical grade nebulizers as the small chamber size provides
better control over the deposition environment. p-type CuxCrO2 oxide films were
deposited on standard microscope glass slides (Thermo Scientific 2.5×7.5 cm,
1 mm thick). The liquid precursor solution was prepared by dissolving Cu(acac)2

and Cr(acac)3 in methanol with 70/30 Cr/Cu ratio with an overall total molarity
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Figure 6.9: Representative XPS scans of the Cu 2p region (a) and Cr 2p region (b)
employed in the Cu/Cr ratio determination for spray grown CuxCrO2 films.

of 0.03 M [36]. The choice of precursors is based on characteristics such as
volatility, thermal stability and reactivity [185]. The solution was nebulized by a
Hudson RCI Micro Mist nebulizer creating a ‘mist’ which is transported towards
the heated substrate (Watlow CER-1-01-00250 Ultramic ceramic heater). The
temperature triggers the evaporation of the solvent while vaporized precursors
remain in gaseous state to form a desired material on the substrates’ surface
[186]. A range of processing temperatures were tested and the optimum for good
conductive CuxCrO2 was found to be 310°C, approximately 40°C lower than in
our conventional air-blast nebulizer system using the same precursors. This is
due to substantially reduced surface cooling by the lower gas flow needed in
comparison to a spray system with air blast nozzle.

The films composition was measured by XPS, details of the instrument
provided in the Section 3.1.1 of Chapter 3. Prior to XPS measurements films were
sonicated in acetone and isopropanol for 10 minutes, then etched via an argon
ion gun operated at a low voltage of 750 V with a sputter current of ≈6 µA and
chamber pressure of 1.5×10−5 mbar to ensure removal of unreacted precursors.

The cation ratio was determined from high resolution scans of the Cu 2p and
Cr 2p core levels with Cu 2p3/2 and Cr 2p3/2 chosen for are analysis in Casa XPS.
The resulted ratio of the elements presented as Cu content/(Cu+Cr) in atomic %.
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Figure 6.10: Film composition as a function of oxygen content in the nebulizing
gas. Each sample was deposited until the full cup of 8ml is emptied at a
temperature of 310°C.

Figure 6.10 shows the stoichiometry of bulk films grown from the same
solution as a function of oxygen partial pressure. Growing the film from
exactly the same solution (70/30 Cr/Cu ratio) in a nitrogen atmosphere leads
to the formation of an insulating Cu2O film, confirmed via XPS and Raman
spectroscopy, recorded using a JY Horiba LabRAM800 confocal micro-Raman
set-up with motorized positioning stages. However, supplying only 2% of oxygen
creates the condition for CuxCrO2 formation. Instrumental limitations of the mass
flow controllers prevented investigations in the 0-2% range. A further increase
in oxygen increases Cr incorporation and between 5 and 10% oxygen content
in the nebulizing gas the film stoichiometry matches the solution stoichiometry.
Increasing the oxygen content above 10% surprisingly inhibits Cr incorporation
again and at the same time films become more resistive with a noticeable increase
in carrier activation energy as it observed from in Figure 6.12 that shows activation
energy Ea as a function of oxygen partial pressure.

The activation energy Ea of the films was determined from temperature de-
pendence of the electrical sheet resistance measured in the 50-150 °C temperature
range under the nitrogen flow in the Bell jar chamber described in Chapter 3.
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Figure 6.11: Carrier activation energy as function of oxygen content in the
nebulizing gas.

The value of the activation energy was determined from the slope of the sheet
resistance vs. 1/T based on the Equation 3.17. The LabView written Multimeasure
software allows get the activation energy Ea by fitting the slope to extract value
automatically. The example of such measurement is given in Figure 6.12.

As temperature and solution stoichiometry remain unchanged this suggests the
Cr precursor preferentially adsorbs on Cu-O terminated surface in oxygen poor
conditions. Insufficient oxygen supply prevents the absorption of Cr precursor at
310°C, while an excess of oxygen over-oxidises the Cu-O layer possibly creating
CuO instead of Cu2O, which also seems to be detrimental to Cr absorption. The
fact that the Cu from the Cu(acac)2 precursor is supplied in an Cu+2 charge state,
while it is found in a Cu+1 charge state within CuxCrO2 and Cu2O, suggests that
slightly reducing conditions are required in the film formation. At the same time
one also needs to prevent the formation of oxygen vacancies and, as discussed
above, oxygen is required for the incorporation of the Cr. Both effects combined
explain the overall dependency of film stoichiometry and film conductivity on the
oxygen content. The optimum oxygen content in the nebulizing gas is therefore
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Figure 6.12: Example of activation energy determination for spray pyrolysis
grown CuxCrO2 in the Multimeasure software.
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Figure 6.13: Raman spectra of films grown with full nitogen and 2 % oxygen
content in the nebulizing gas. Labels indicate expected peak positions for highly
crystalline materials.
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Figure 6.14: Raman spectra of films grown at varying oxygen content in the
nebulizing gas. Labels indicate expected peak positions for highly crystalline
materials.

highly dependent on the instrument as in larger chambers more residual oxygen
in the surrounding atmosphere can influence the growth.

The dramatic change in film composition when changing the nebulizing gas
from nitrogen to a gas mixture containing oxygen is most noticeable in the Raman
spectra that is shown in Figure 6.13, where for the nitrogen case strong Cu2O
Raman modes are observed while for films deposited in oxygen only very weak
and broad modes consistent with the nano-crystalline nature of the CuxCrO2 are
seen. The Cu2O Raman spectra of the nitrogen grown sample is dominated by a
second-order line at 218 cm−1 and the TO and LO phonon modes of a typically
Raman in-active mode (T1u). The latter was shown to be increased by point
defects, specifically Cu-vacancies [187].

The increase in oxygen concentration in the growth atmosphere depicted in
Figure 6.14 does not change the position yet slightly sharpens the observed broad
Raman modes Eg and A1g indicating a less defective material. This is consistent
with the increased carrier activation energy shown in Figure 6.12 and, thus, higher
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Figure 6.15: T, R and T+R of CuxCrO2 films deposited at 2% (black), 9% (red)
and 15% (blue) oxygen partial pressure. Changes are dominated by differences in
overall film thickness, with 9% being the thickest.

resistivity of the samples grown in higher oxygen content, as the Cu-vacancy
defect structures are crucial for the conductivity in this material [96, 188].

Figure 6.15 demonstrates that Transmission (T), Reflection (R) and T+R
of CuxCrO2 films deposited at various oxygen partial pressure and, therefore,
possessing different carrier activation energies, do not hold substantial differences
other than those from varying the film thickness.

In conclusion, relatively smooth p-type transparent conducting CuxCrO2 thin
films were fabricated by modified spray pyrolysis using simple medical grade
nebulizers. Our altered system allows for in situ optical measurements of the
growth process. In particular, refractive index sensing by RAS using plasmonic
meta-surfaces to monitor the film growth was utilised. Analysing precursor
decomposition and film formation using Cu and Cr precursors respectively
allowed for the identification of the physical origin of the very narrow growth
window for CuxCrO2. When supplying both precursors simultaneously a Cu
induced uptake of Cr incorporation is observed. It is also noticed that the
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change in the oxygen content can be effectively employed to further tune the
composition and electrical performance. These results expand the understanding
of the synthesis mechanism and doping in ternary copper chromium delafossite.
Beyond this specific material, the developed real time growth monitoring method
to study the spray pyrolysis growth process will be applicable for many other spray
pyrolysis processes and can quickly identify ideal growth conditions for various
ternary oxides or assist in finding alternative precursors to further reduce growth
temperatures to minimize the thermal budget of thin film synthesis. Comparing
results from individual precursor measurements to ternary samples can also
highlight additional complex behavior such as the changed Cr incorporation in
the presence of a Cu-O terminated surface.



Chapter 7

Conclusion and Future work

This thesis focuses on investigation the best synthesis conditions and characterisa-
tion of novel ternary n-type amorphous Zinc Tin oxide and p-type nanocrystalline
CuxCrO2 transparent conductive oxides, materials important for a wide range of
optoelectronic devices.

Spectroscopic investigation of a-ZTO deposited via magnetron
sputtering

Amorphous ZTO films have been deposited by reactive co-sputtering of a ZnO
target with a Sn target in an Ar+O2 and non-reactive co-sputtering of ZnO and
SnO2 targets in Ar. An extensive composition maps have been measured by
XPS. In both sets of samples produced the conductivity of the films reached a
maximum value of 225 S/cm, a competitive result for earth abundant amorphous
n-type TCOs. The comprehensive analysis of (ZnO)x(SnO2)1−x composition
reveals that the best Zn/Sn ratio for achieving high conductivity in the material
can vary depending on the deposition technique utilized. These two different
Zn/Sn ratios depending on the deposition method, found to be at x≈0.32 for
(ZnO-SnAr+O2) and x≈0.27 for (ZnO-SnO2Ar) . XRD confirms the absence of
crystallographic structure in the films, however, Raman spectroscopy indicates the
presence of two distinct local bonding arrangements. These short range structures
are hypothesized to be related to a local bond stoichiometry consistent with
stoichiometric material and local unstable polymorphs of a-ZTO such as ZnSn2O5

and ZnSn3O7 that were calculated by density functional theory (“Materials
project” database) [156]. While predicted to be unstable, they have a high electron
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mobility and coincide in Zn/Sn ratio with best conductivity samples from obtained
in this thesis experimental studies. These findings of multiple distinct local
bonding arrangements existence within a-ZTO are important as they could lead to
variation in the electronic structure of the material which could have implications
for the modelling and understanding of the performance of the material in devices.

An in situ study across magnetron sputtering => XPS/UPS => STM/STS
systems without air exposure enabled a measurement of the stoichiometry of the
film to be ZnSn2.9O6.7 that is close to calculated unstable polymorph ZnSn3O7

[156]. UPS measurements revealed the work function of the material, being
5.1 eV. The STM/STS characterisation indicated the band gap of a-ZTO to be
approximately 3.3 eV. The annealing at 600° C under UHV conditions did not
induce long range order crystallinity, yet some clusters observed upon annealing.
These cluster possess different electronic properties (a reduced band gap of 1.2
eV) assigned to Sn metal clusters.

Synthesis and characterisation of a high performance spray
pyrolysis grown a-ZTO

The systematic study of a-ZTO growth by spray pyrolysis technique revealed that
this low cost solution method can be successfully employed in acquisition of a
low roughness thin films exhibiting a record-breaking as-deposited conductivity
of ≈300 S/cm among a-ZTO films deposited by inexpensive chemical synthesis
methods. Brief post-anneal cycles in N2 gas improve the conductivity of the
films by means of grain boundary passivation. The percentage of improvement
is proportional to the roughness of the films, with more dramatic enhance-
ments in the rougher films. Compositional analysis via XPS reveals a non-
stoichimoetric transfer of Zn and Sn from the dissolved precursors into the film,
with best electrical properties achieved at a film composition of xfilm=0.38±0.04
((ZnO)x(SnO2)1−x (0<x<1)). Therefore, a careful control over deposition
parameters for to tuning a-ZTO composition and films electrical properties is
required. If these are considered, resistivity values are highly competitive with
PVD deposited samples are achieved. It is found that electrical properties of the
films are highly dependant on the film morphology, which also compared to the
morphology of PVD synthesised a-ZTO films. Even though the spray deposited a-
ZTO films demonstrate granular structure the mobility in a range of ≈10 cm2/Vs
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is achievable. This is promising because it brings a prospect of using a-ZTO
in ink-jet printed films from a nanoparticle suspension for the room temperature
deposition.

It should be mentioned that some instrumental constraints such as air blast
nozzle that produce large size droplets limits the possibly achieved electrical
performance. Therefore, a finer droplets size distribution produced by a superior
nebuliser could help overcome these limitations to push conductivity of a-ZTO
even higher.

An in situ thermal precursor decomposition in copper chromium
oxide

The synthesis of transparent p-type oxides via chemical vapour deposition meth-
ods is a complex procedure as various processes happen almost simultaneously
during the growth. This makes understanding of the growth process very
challenging, forcing to rely only on ex situ information for the growth rate
determination. It is therefore detrimental for optimisation and effective synthesis
of fully transparent electronics that is scarce on high performing p-type oxides
to gain insight into the precursor decomposition that precedes film formation.
The developed methodology based on probing of an optical response from gold
dimers (plasomic nanoparticles) synthesised by hole-mask colloidal lithography
[16] via changes in refractive index [11] associated with oxide film formation is
of high importance. As a core material for developing and testing of this method
a prominent p-type TCOs CuxCrO2 employed, material that while considered to
be one of the best performing p-type CuxCrO2 [19, 20] possess a very narrow
processing window for synthesis [1]. The origin of which is explained through
the in situ optical sensing of a chemical vapour deposition process that helped to
determine an activation energy of Cu(acac)2 Cr(acac)3 precursors separately and
reveal differences in their desorption. For temperatures lower than the optimum
310°C, the Cr precursor does not sufficiently decompose and independent of
the actual Cu molarity in the solution only Cu2O is formed. Increasing the
temperature, while increasing the Cr incorporation significantly, reduces the Cu
incorporation dramatically as the Cu sub-oxides are found to be unstable above
250°C. These findings demonstrate that Cr2O3 is only formed substantially above
330°C, yet the ideal growth temperature for the ternary CuxCrO2 is 310°C.
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Therefore, the presence of Cu sub-oxides changes the Cr(acac)3 adsorption or
on-surface decomposition.

X-ray absorption study of novel ternary amorphous
and nanocrystalline transparent conducting oxides

There is growing need for versatile n- and p-type transparent conducting oxides
using abundant, non-toxic constituent which also allow for flexible, bendable
devices. The future focus of my studies will be understanding of local bond
arrangement and intrinsic defect formation in two such materials – n-type
amorphous zinc tin oxide (a-ZTO) and p-type nanocrystalline CuxCrO2 to gain
further insight into the conditions where the best conducting properties are
achieved, as well as the underlying intrinsic defect formation responsible for
conductance. I’m planning to conduct these investigations employing X-ray
absorption spectroscopy (XAS), X-ray absorption near edge structure (XANES)
and Extended X-ray Absorption Fine structure (EXAFS) by comparing Sn- and
Zn K-edge (Cu- and Cr K-edge) spectra of films with various elemental Zn/Sn
(Cu/Cr) ratios and grown by different techniques (physical and chemical vapour
deposition) we want to gain insight into the local bond order of the amorphous
(or nanocrystalline) material and its dependence on composition. By comparison
of highly conductive with insulating samples of same stoichiometry I will also
identify specific bond order conditions which are responsible for the conducting
defects in these materials.

Thin films studied in this thesis are synthesised by different deposition
methods – low cost versatile spray pyrolysis and industrially relevant magnetron
sputtering on glass substrates. Comprehensive composition analysis of a-ZTO
and CuxCrO2 performed by laboratory XPS revealed best performing conduc-
tivities for reactive and non-reactive magnetron sputtering [2] as well as spray
pyrolysis that exist at distinctly different Zn/Sn ratios [3]. Spray pyrolysis
grown CuxCrO2 films have likewise been extensively characterised via various
techniques including resonant valence-band photoemission spectroscopy (RPES)
at the former D1011 beamline in Maxlab [4]. What is lacking for both materials
is an understanding of how the crystalline stoichiometry and bond-order relates
to the formation of the carrier generating defects. For both materials we can
have samples with identical Zn/Sn respectively Cu/Cr ratio, yet conductivities
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differing by an order of magnitude [2, 3]. Due to the amorphous nature of
the films I cannot use XRD to assess the local bond configurations. Raman
spectroscopy revealed distinct differences but lacks elemental specific information
or supporting computational information on the origins of these differences.
Qualitative and quantitatively comparison of the X-ray absorption edges of for
sets of films with varying Zn/Sn respectively Cu/Cr ratio, as well as monitoring
how structural changes induced by in-situ heating alter the XANES spectra will
help us to gain exactly that understanding.
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Figure 7.1: Calculated XAS structures for two distinctly different crystalline
forms of Zn-Sn-O [153].

For a-ZTO differences in the X-ray absorption (XAS) spectra for the Zn K-
edge for thermodynamically unstable crystalline ZnSn2O5 and ZnSn3O7 [153]
have been calculated. By conducting XAS measurements on Zn K-edge of
amorphous samples depicted in Figure 7.1 it can be qualitatively asseses if these
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thermodynamically unstable phases do exist on the local nearest neighbour scale
and if they are responsible for the carrier generating defect (for all these TCOs
carrier concentration is >1022cm−3, making them directly accessible for XAS
measurements). Qualitative comparison aside, it will be possible to perform
coordination fitting of the Zn K-edge as has been shown for doped ZnO [7].
By correlation of the spectra to theoretical modelling I will gain information
about differences in the local order in the material and how they relate to the
conductivity. Complimentary measurements performed on the Sn K-edge will
help to reveal qualitative difference among the samples with the same elemental
ratio possessing different conductivities to confirm (or exclude) a possibility of
undercoordinated Sn as driving conduction mechanism [8]. In situ annealing
of the samples will help to observe the transition from amorphous to crystalline
phase to understand the amorphization mechanism. Correlating the compositional
dependence of electronic properties with the XAS spectra is of great importance
as a confirmation that measured local bond order is consistent with the predicted
structures. This will open avenues to identify the specific doping mechanisms
in this material and directing further tuning of growth conditions to improve a-
ZTO performance to a point where it can replace IGZO. Future work for the a-
ZTO will involve measuring best conducting samples for any given Zn/Sn ratio
(Several “optimal” ratios exist depending on growth method and oxygen partial
pressure during growth). These then will be compared to samples with lower
carrier concentration to get an insight what changes in the nearest neighbour
configuration are responsible for the conducting defect.

In the case of the CuxCrO2 the most promising result would be the possibility
to directly confirm and quantify Cu vacancy rows (key to p-type conductivity of
the material [9]) in a large set of samples by correlation of spectral differences at
the Cr K-edge induced by in situ annealing. Annealing dissociates the vacancy
rows and hence alters some of the Cr atoms nearest neighbours. So far, the
presence of Cu vacancies rows can only be detected by Transmission electron
microscopy, a too localised and time-consuming method to be able to allow for a
systematic comparison of a larger sample set grown in various conditions. Again,
allowing quantification in large sample sets allows to identify growth conditions
maximising the vacancy rows formation. The future outlook of this thesis would
also include characterising of CuxCrO2 samples grown at different oxygen partial
pressure showing different carrier activation energies. It would be interesting to
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observe qualitative changes in the Cu and Cr K-edge once the defect generating
vacancy rows [9] are broken up during annealing of the samples and correlate
the corresponding changes in K-edge absorption to differences between as-grown
samples to identify grow conditions maximising the vacancy row formation.
For both materials crystalline, binary materials with high crystalline quality and
hence known local bond order (ZnO, SnO2, Cu2O, Cr2O3) will be measured for
reference. The study requires XAS, XANES, EXAFS measurement of the Cu, Cr,
Zn, Sn K-edges. Beamtime was granted for April 2020 on BESSY II synchrotron,
which first was postponed and then finally cancelled with no option to resubmit
in January 2021 due to COVID restrictions. Since then a new proposal for a
beamtime to other synchrotron (the Balder beamline at Max IV synchrotron) was
submitted to perform this study.

Zn and Sn precursors decomposition study

The developed precursor decomposition analysis methodology as discussed in
Chapter 6 applied to multiple zinc and tin precursors is shown in Figure 7.2.
Thermal decomposition was performed on two Sn precursors - tin (II) 2-
ethylhexanoate, tin (IV) chloride pentahydrate and three Zn precursors - zinc
acetate dihydrate, zinc acetylacetonate hydrate and zinc chloride for temperatures
from 120 °C up to 400 °C with 20 °C step.

The further work on this will expand the studies done in Chapter 5 and help
to ensure the rapid optimisation of the growth, finding the low temperature-
compatible precursors combinations for growth on flexible substrates and create
a road map for synthesis of the material with performance higher than reported
in this thesis. Preliminary screening using RAS shows that it should be possible
to grow a-ZTO at 280 ° C using a different precursors combination, yet much
more work is required to understand conditions for doping defect formation (as
discussed above in XAS studies).
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