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Summary

This thesis deals with the broader implications of amorphous ZnSnO
(a-ZTO) growth via two synthesis methods, examining the in-situ
resistivity monitoring approach to optimising a low-annealing tem-
perature <300°C and exploring oxide-oxide lamination system is to

control the properties of TCOs.

Chapter 4 describes the effects of reactive and nonreactive sputtering
methods on the growth of a-ZTO. Two techniques broadly correspond
to an oxygen-poor and rich atmosphere. Both approaches lead to iden-
tical conductivities of a-ZTO films. The best properties are found in
two distinct compositions. The elemental ratio shifts were found to be
due to shifts in local bond arrangements. These local bond arrange-
ments were confirmed by Raman spectroscopy. This demonstrates the
complex relationship between growth conditions and oxygen structure
in a-ZTO.

I will then discuss in-situ post-deposition annealing to improve the
conductivity of a-ZTO films at lower annealing temperature <300 °C.
The optimal conditions for annealing were examined via a specialist
system that allowed in-situ monitoring of the resistivity in the an-
nealing process. The system also allows for control of the annealing
atmosphere. This setup examined the impacts of different anneal-
ing parameters on final film properties. The parameters examined
include the gas composition of the annealing atmosphere, the rela-
tionship between annealing time and temperatures, and the thickness
of the films. A lower annealing point of 220 °C temperature was identi-
fied that produced similar conductivities to those attained at a higher

temperature of 300 °C. The successful post-deposition treatment with



a highly conductive film on a Kapton substrate demonstrated the ben-

efits of a well-controlled annealing approach.

Chapter 5 explored a layered structure to achieve a low carrier den-
sity of TCOs. This method involved inserting an ultra-thin layer
of an alternative oxide between two TCO material layers. Two com-
mon ultra-thin TCOs and insulators were used to examine the layered
structures. SiO, used as one of the layers in the trilayer that showed
a marked decrease in carrier density in the insertion of SiO, in the
laminated films. The free carrier density of a-ZTO/SiO, /a-ZTO de-
clined by a factor of three compared to a similar thickness a-ZTO,
but just 40% of reduction in carrier mobility was found. The inser-
tion of TiO, layers into the laminated oxides was also investigated in
a similar tri-layer arrangement. Although the TiO, layer suppressed
the density of current carriers less effectively compared to the layer
of SiO,, in a-ZTO/TiO,/a-ZTO trilayers, a significantly reduced in-
fluence on carrier mobility was observed. The lowest density of free
carriers in the trilayer of a-ZTO /Insulator/a-ZTO structures was es-
tablished by a small thickness 2nm thick SiO, and TiO, insulators.
By utilising a broader range of characterisation techniques, the carrier
concentration drop in a-IGZ0O/Si0, /a-IGZO was assessed (a-IGZO is
amorphous InGaZnO). a-IGZO was selected for this study as the effect
is markedly similar to a-ZTO while significantly enhancing in magni-
tude. The film growth was established to be continuous regardless of
thickness by SEM due to discontinuous leads to increase resistivity.
No variation in oxygen structures in trilayer structures was confirmed
via in-situ XPS studies. The effect of oxygen flow on the SiO, layer
in trilayers was studied, and the oxygen flow eliminated a reduction

in charge carrier in trilayers.
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Introduction

Semiconductor materials for electronic applications have attracted significant sci-
entific attention since the beginning of the last century. Crystalline Si has become
one of the dominant materials with unique and remarkable features for optoelec-
tronic applications since used in the radio wave detector in 1906 [1]. It is suitable
for a wide variety of fabrication methods, can be grown on a great diversity of
substrates, well suited to integrate into technology, and is cost-effective due to
its abundance in the Earth’s crust and low-temperature deposition. Also, a-
Si- based solar cells, thin film transistors (TFTs), light-emitting diode (LED)
and many electronic applications have achieved considerable commercial success.
Over the past 50 years, the performance of optoelectronic appellations has mas-
sively improved. However, this progress is slow due to a lack of alternatives to
a-Si. Meanwhile, the mobility of electrons in a-Si is not high (<1cm?/Vs) [2].
Also, studies have found that crystalline Si is not ideal for use in optoelectronic
and high-speed electronic applications due to its indirect bandgap, where the
amount of the emitted light potential can be sorely restricted. In addition to that,
metals are excellent conductors but opaque, and insulators are poor electrically
conductive but transparent. An opaque property for metal and poor electrical

conductivity for insulators result in withdrawing them as promising candidates



for developing certain optoelectronic applications. There are known key materi-
als for optoelectronics, such as Si, a-Si etc and development of them will remain
with a key priority in the future. In addition, TCOs are also one of the key
players in optoelectronics. As a result, a certain number of optoelectronic appli-
cations require a material that combines transparency optically and electrically
conductivity concurrently in one material, called Transparent Conducting Oxides
(TCOs) [3]. The primary use of a-TCOs is that a-TCO materials are not only
conductive or semiconducting but also transparent at the same time. There is a
sizable number of examples of this. Conductive TCO materials use as transparent
contacts (electrodes), such as in OLEDs or thin film solar cells. They are also
used in heterojunction solar cells, where a highly transmissive charge extractor
is needed at every cell interface. Heterojunction solar cells are also typically re-
quired of a material that has a high transmission from the IR to the UV light, too,
for the reason that they are used in a common set of highly-specialised solar cells
for Loon balloons. These loon balloons provide a network to a specific geographi-
cal area [4], where a feather-light (highly-specialised) solar panel serves energy to
onboard equipment, which absorbs the light spectrum in different ranges. TCOs
are particularly interesting in this regard. They can also be easily deposited in a
homogeneous manner film with the standard industrial technologies over a wide
area, which is a key aspect for applications. a-TCOs have a different application
that has little to do with their transparency and more to do with them being
high-quality semiconductors. The two most common amorphous TCOs, a-IGZO
and a~-ZTO are also popular because their electron mobility is not linked to a spe-
cific crystallographic order. This makes their deposition temperature is desirable
to deposit at low temperature as you are then more compatible with other steps
of the industrial process for manufacturing thin film cells. They also have high
carrier mobility and controllable carrier densities, but carrier density in a-IGZO is
more controllable than a-ZTO due to G acting as carrier suppressor in a-1GZO.
This makes them highly desirable for high-density TFTs used in applications,
such as high-resolution displays. In addition, they are also crucial for some in-
dustrial applications, such as TCOs for coating in order to reduce electromagnetic
radiation interference (EMI), where they maintain visual access and reduce the

amount of EMI simultaneously. This means that, leakage of radiation must be



reduced by the coating of transparent TCOs, and this prevents exposure to the
users. Finally, transparent heating elements rely heavily on TCOs as defrosters
in aircrafts [5].

TCOs are semiconductors that simultaneously possess a wide bandgap, ex-
hibiting high conductivity and visible-range transparency (E, >3 eV). Well-
known TCO of Indium Tin Oxide (ITO) has showed its impressive properties,
such as the lowest resistivity 1072 ohm-cm and transmittance of T>90% in the
visible range light spectrum at the same time. However, concern over the short-
age of In in the earth’s crust has prompted a search for ITO to fulfil the op-
toelectronic application’s requirements. Here, a few alternative materials have
been extensively studied for that reason, such as silver nanowires (AgNWs) and
graphene as a transparent electrodes in optoelectronic devices and organic solar
cells [6]. These alternatives have made great progress with a high priority on
ultra-thin films and a mesh of nanowires. These ultra-thin materials facilitate
excellent transparency as well. Furthermore, recently, increased attention has
been given to oxide TCO materials, which benefit from low synthesis tempera-
tures and higher mechanical flexibility while maintaining low electrical resistivity
by the arrival of novel amorphous oxide semiconductors. Also, the ability to
control carrier concentration is noticeably absent from crystalline TCOs, making
them unviable for some electronic applications. All the above properties are pos-
sessed by amorphous Indium Gallium Zinc Oxide (a-IGZO) and Zinc Tin Oxide
(a-ZTO). In 2004, an a-IGZO-based TFT was developed by Japanese scientists
Nomura Kenji et al. and a-ZTO based TFT was fabricated by Chiang and et
al. in 2005 [7, 8]. They present excellent electrical properties (high conductivity
and carrier mobility) and are optically transparent simultaneously. In addition,
they are an excellent candidate for electronic devices with flexible substrates due
to low synthesis temperature as low as room-temperature [9]. The advantages
of above materials have made them as a predominant part of thin-film transis-
tors (TFTs), solar cells, an organic light-emitting diode (OLED or organic LED),
and flat-panel displays [7-9]. In recent decades, a-IGZO and a-ZTO have been
extensively studied; as a result, both have been achieved with resistivity around
1073 ohm-cm while exhibiting lower than 10% absorption in the visible range of

the light spectrum concurrently [10, 11]. Moreover, the durability of amorphous



materials needs be taken into account as the material bending radius is essential
for flexible electronics. Moreover, a-IGZO and a-ZTO showed a good performance
in terms of inducing stresses, due to which bending thin films of them and the
ability to withstand the strain without fracture by flexible substrates and thick-
ness of films themselves. A number of bending tests on both materials showed
that at a certain radius range, they do not show any cracks and degradation in
performance, where the bending radius of 3 mm for 14 nm thick a-ZTO and 2 mm
for 50 nm thick a-IGZO, respectively [12, 13]. 40nm thick a-ZTO was tested by
bending radius 15mm, which came out with excellent performance previously
published elsewhere [14].

Furthermore, the challenges of inadequate optimisation prevent them from
implementation in optoelectronic devices, so that understanding the nature of
the defects with alteration by post-deposition treatment and tuning the electrical
properties without introducing undesirable side effects, like dephasing or ionised
impurity scattering. In this thesis, I focus on a promising candidate amorphous
Zinc Tin Oxide (a-ZTO) with low-cost, abundant compound constituent elements
[8] and one of the best performers is an amorphous Indium Gallium Zinc Oxide (a-
IGZO) [7]. This work focuses on optimisation study, annealing process for a-ZTO,
and tuning electrical properties of a-ZTO and a-IGZO films. Both materials have
less In content compared to the most commercialised Indium Tin Oxide (ITO),
which has impressive electrical properties, such as 200 nm thick ITO with 2x
10~* ohm-cm resistivity while exhibits 30 cm?/Vs carrier mobility, simultaneously
[15]. Nevertheless, there is a shortage of In, and a replacement of ITO with less
In content candidates would only sort out a problem, which including several
alternatives as stated above. The candidates are a-ZTO and a-IGZO, but a-
IGZO is not the best replacement for ITO due to there is also concern over
potential occupational exposures during the manufacture of gallium compounds.
However, a-ZTO is a good replacement for a-IGZO. The films a-ZTO and a-1GZO
were fabricated and contain ultra-thin (below 10 nm) insulator layers between two
TCO layers. This work aims to tune the electrical properties of a-ZTO and a-
IGZO films. Here, the insulating layer was either SiO, or TiO,.

Indium and Gallium are high-cost elements due to the depth of mining. Also,

a substantial increase in manufacturing these elements for the semiconductor in-



dustry results in alteration in environmental concentrations of these elements,
which may lead to exposure to humans but practical research has not been hes-
itated to investigate these elements for a wide variety of purposes. It is clear
to researchers that amorphous transparent conducting oxides are exciting and
complicated materials. Complex a-1GZO and a-ZTO are intrinsic oxide semicon-
ductors, where the optical and electrical properties depend on a stack of crucial
factors, such as deposition conditions and post-deposition treatments, etc. The
former is strongly connected with the optimisation process of the thin films by
different fabrication methods applied. This influences the stoichiometry of a-ZTO
films that implies how each synthesis method plays a key role in creating defect
levels within the materials. That is why the production of amorphous networks
is rigorously controlled. It is a well-understood fact that free carriers of these
materials originated from oxygen and metal cluster defect centres [16]. Here, de-
position conditions alter the composition of the films and can tune the electrical
and optical properties, where different synthesis methods can vary the ratios of
elements. This implies that the amorphous phase is highly susceptible to material
properties, and it needs to be optimised with a precise selection of the growth
parameters, such as choosing the target materials, precursors, deposition condi-
tions, etc. [16-19]. As previously stated, a-ZTO can be deposited by performing
various fabrication methods, which include atomic layer deposition, sol-gel, chem-
ical vapour deposition and magnetron sputtering. Recent research has focused on
optimising annealing temperatures, thickness, oxygen vacancies, and Zn:Sn ratios
correlated to the films’ electrical properties of the films [20-23]. Based on the
analysis of these results, I have aimed at optimising the reactive and nonreactive
sputtering methods with different content of the oxygen in the same magnetron
sputtering chamber to show this can be advantageous to optimise each sputtering
chamber for obtaining the best possible properties of oxide materials. Reactive
sputtering provides an oxygen-rich environment (oxygen partial pressure being
varied from 0 to 4 x 107! mbar during sputtering), while nonreactive sputter-
ing is an oxygen-poor (No external oxygen added during the synthesis process).
The two sputtering methods created two different bonding arrangements due to
forming different defect levels by varying the Zn:Sn ratios, where the highest

conductivity is in line for samples by two sputtering methods. It is possible the



different oxygen content alters the oxidation of tin between the two sputtering
modes and result in differing electronic structures. Conclusion for every fabrica-
tion method requires its optimisation parameters and creates a variety of defect
levels [24].

In amorphous semiconductor materials, defects have existed ubiquitously and
unavoidably and govern materials’ properties. These defects are particularly
prevalent for low temperature, or room temperature deposited films [14, 25].
Therefore, annealing of a-ZTO and other TCO materials is often required to
maximise the attainable properties of the material for applications. In contrast,
certain defects of these sorts of materials have highly undesirable consequences
for a critical performance of devices [26]. In this work, I have developed anneal-
ing processes to control the defect profile of the films. In the case of a-ZTO, the
TFT performance was enhanced by the annealing process [27]. The exact defect
chemistry of a-ZTO is still under extensive investigation [9]. There is a strong
connection between defects and post-growth annealing. Thus, the annealing sub-
ject has been studied extensively. However, most studies have been focused on
before (as deposited) and after (annealed) measurements of the properties a-ZTO
[11, 28-31]. There is no understanding of what is happening during annealing
due to the lack of in-situ observation of resistivity. The lack of dynamic track-
ing of the annealing process means the most desirable characteristics cannot be
obtained. In this work, we reveal that monitoring the annealing in real-time by
observing the resistance and deciding when the annealing needs to be terminated,
and aim to determine ideal annealing procedures for the films by examining the
resistivity of the films during the annealing process. To ensure compatibility with
cost-effective synthesis temperature for commercialisation, it is allowed that the
annealing temperatures are kept below 300°C.

The studies on a-TCO/Insulator/a-TCO three-layers films have shown that
there is considerable attention should be directed towards improving the effi-
ciencies of ultra-thin TCO films to make them a promising candidate for flex-
ible electronics for device design, where high performance of devices requires
ultra-thin, low carrier concentration TCOs for TFTs. The main criterion is a
low-dimensional property (one dimension is in the nanoscale), and low intrin-

sic defects must be achieved. As a result of the requirements of devices, tuning



the electrical properties of amorphous Transparent Conducting Oxide (a-TCO) is
crucial in particular for low carrier concentration based TFTs with decreasing the
thickness of TCOs in order to develop an excellent switching operation [32-36].
Controlling the electrical properties of ultra-thin a-TCO for applying as thin top
contacts on plasmonic-enhanced photovoltaic (PV) devices, which can be done
by doping elements. However, doping can reduce the material quality and even
create free carriers with ionised impurity scattering centres [37, 38]. The layering
method can potentially maintain the lateral carrier mobility at ultra-thin films
that can be achieved by introducing the ultra-thin insulator layers with a few nm
thickness, which minimises the amount of ionised impurity scattering and intrin-
sic defects. This approach also offers a promising method to tune the properties
of TCOs.

Altering the electrical proprieties of the amorphous oxide semiconductors
has been investigated by involving a-ZTO and ultra-thin insulators SiO,, TiO,.
There are studies on a-ZT0/Si0,/a-ZTO and a-ZT0O/Ti0,/a-ZTO multi-layers.
In these investigations, room temperature (RT) was used as a deposition tem-
perature. Here, the carrier concentration dropped almost three times for an
a-ZT0/Si0, /a-ZTO multilayer compared to pure a-ZTO. While carrier mobility
did not drop too much. At the same time, ultra-thin TiO, with different film
thicknesses were less effective than SiO, films in reducing the carrier concentra-
tion. However, carrier mobility was maintained at ~6.5cm?/Vs, which is in line
with the a-ZTO film.

In this work, a-IGZO/Insulator /a-IGZO threelayers were also studied as well.
Much of the work was carried out on thick superlattices of a-IGZO/SiO, /a-1GZO
for tuning the refractive index of the materials, where a carrier concentration drop
was a side effect, and the carrier concentration drop in these superlattices was
not investigated. These multilayered films were deposited at a high-temperature
(300°C) [39]. In this work, I will address the carrier concentration decrease in
a-1GZ0/Si0,/a-IGZO three-layer films, which has been investigated by under-
taking theoretical and experimental work. To reveal the peculiar drop in car-
rier concentration in a-IGZ0O/SiO, /a-IGZO films, the synthesis temperature was
maintained at room temperature due to the three-layer film deposited at a high

temperature (180°C) has got rid of charge carrier drop. This can be understood



by in-situ annealing of trilayers during the deposition. Here, 2nm thick SiO,
decreased the carrier concentration of a-IGZ0O/SiO, /a-1GZO film by one order of
magnitude compared to pure a-IGZO.

In this thesis, three things have been discussed, and the motivation behind
three things are; understanding the optimisation of a-ZTO films and annealing
with an in-situ monitoring of resistivity of a-ZTO films and altering the electrical
properties of two amorphous TCOs, where this was done via ultra-thin insulator
films. Firstly, I will present challenges in deposition methods for a-ZTO, where
a-Z'TO is an intrinsic semiconductor, meaning that in an intrinsic semiconductor,
its electrical properties and optimisation are directly linked to its own electronic
structure. This electronic structure is essential for optimisation to understand-
ing in detail of optimisation condition effects. Optimisation study implies that
prescriptions of fabrication of a-ZTO are crucial to controlling the properties of
materials, and highly-accessible fabrication techniques must be tuned for growing
the desirable properties of a-ZTO, where the magnetron sputtering method was
used in order to show impacts of the different deposition environments of mag-
netron sputtering on the properties of a-ZTO. Deposition environments can vary
across the film synthesis and understanding of the consequences of sputtering at-
mosphere variations in the film’s synthesis process. Furthermore, post-deposition
annealing is often a key element of the performance of a-TCO for various appli-
cations. Defects in amorphous materials define the performance of a-TCOs. The
nature/type of the defects in a-TCOs is essential, not just their number. The
nature of the defects is defined by the growth conditions and the post-growth
anneal. That is why I focus on these aspects in my thesis. It is a proven fact
that altering the nature/type of the defects can enhance the electrical proper-
ties of a-ZTO films, which can fulfil the requirements of TFTs or other applica-
tions. One of the best examples is that device requirements for highly conductive
and transparent films with high electron mobility to enhance the refresh rate
of oxide-based displays. By doing post-growth annealing, an annealing method
can improve electrical properties, such as enhancing conductivity and carrier mo-
bility. However, most studies deal with high-temperature annealing (>300°C)

that results in loosing the appropriateness for the low temperature based plastic



substrates and device manufacturers. This implies that understanding the im-
portance of low-temperature annealing with monitoring of resistivity is crucial.
Also, high-temperature annealing can lead to high-cost TCO-based electronics
due to the fact that, maintaining high-temperature annealing requires a chal-
lenging procedure. In-situ monitoring of the annealing process can reduce the
annealing temperature and this annealing method showed its efficiency in exam-
ining the different annealing gas atmospheres and film parameters. Furthermore,
certain amorphous Transparent Conducting Oxides (a-TCOs) based TFT appli-
cations need the low-carrier density of TCOs (<10 cm™?), while maintaining the
mobile carrier high. The benefits of achieving a low carrier density of TCOs via
novel layered structures are to minimise the intrinsic defect levels, where low-cost,
environmentally friendly, and more abundant elements can be used. As I have
investigated multilayered structures, where a-1GZ0O and a-ZTO are used as TCO
layers, and SiO, and TiO, are selected for insulator layers in trilayer structure.
All materials have been extensively studied for developing optoelectronic devices,
although they can be used as research materials for developing and understanding
the layered structures in this thesis. Also, these materials’ impressive optical and
electrical properties could benefit this layering oxide investigation. Based on the
above discussion, a short description of each chapters is given below:

In Chapter 2: 1 will start with identifying the properties of the TCOs, which
can be compared with other well-known solid materials (metals and insulators).
Then the basic physics of the TCO materials will be discussed. I will outline
the concept of defects in two main a-ZTO and a-IGZO materials that have been
studied theoretically and experimentally. The thickness of these materials, it is
a function of the electrical and optical properties will be stated.

In Chapter 3: I will reveal the details of thin-film synthesis and character-
isation techniques that was used in this work. Will also show the fundamental
Physics concealed in these techniques for obtaining films’ electrical, optical and
structural properties.

In Chapter 4: [ will outline the use of annealing on a-ZTO with in-situ
monitoring of the sheet resistance in order to show effective ways to prevent
missing the best point during the annealing process (fixed time annealing could

skip the best gains). Observed peculiar curve of resistivity and a high activation



energy of the reaction was found a sharp decrease in the resistivity slope. These
are used to determine the conditions of the greatest rate of change with time.
These studies allow us to select the lowest temperatures where the most significant
changes occur with estimating a lower temperature. In doing so, I have found
a range of values where little improvement is gained with increases in annealing
temperature. In this range, it was observed that an increase in total annealing
time served as a substitute for increasing the temperature. While samples were
annealed in oxygen-rich atmosphere by in-situ monitoring of the resistivity with
altering metal clusters and oxygen vacancy defect centres, where changes result in
improving the electrical properties of films. At the same time, a-ZTO films with
different thickness were annealed to indicate that a-ZTO is a suitable material
for scalable production. While different thickness of a-ZTO films were annealed
to examine its bulk sensitive and suitability for variety of gas Sensors, I shall
address developing a high conductive a-ZTO films on Kapton substrate by this
the annealing method.

In Chapter 5: I shall outline the obtained results of a-ZTO/SiO,/a-ZTO
three-layer films, where interpretation of observed results can be discussed. I will
also give the results of a-ZTO/TiO,/a-ZTO thin films related to their electrical
properties and a short review of experiments to analyse the optical properties
of a-ZTO/TiO,/a-ZTO by ellipsometry. I shall describe work performed in the
investigation of reduction in the carrier density in a-IGZ0O/SiO,/a-IGZO three-
layers films. The investigations have been done by in-situ transfer of the samples
from the magnetron to the XPS instrument. XPS data is analysed, and several
samples were fabricated with an oxygen-rich atmosphere to eliminate charge car-
rier drop in three-layer structure films. I will describe the results of a number
of characterisation techniques used for explaining the charge carrier drops. I will
give the conclusions for the carrier decreases in the trilayer.

In Chapter 6: Finally, I will outline the conclusion of the investigations
that have been given. I will provide plans for future work that can be extended
to enhance the scientific strength of obtaining results previously, which includes

annealing studies on a-ZTO and three structure multi-layers.
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Theoretical Background of Transparent
Conducting Oxides

This chapter begins by presenting the general concepts of Transparent Conducting
Oxides (TCOs), while describing their unique advantages, including the proper-
ties that distinguish them from other materials. Also, the fundamental physics
of semiconductor materials are discussed as relevant to transparent conductive
oxides. Besides this, it introduces the defects of TCOs that help explain the opti-
cal, electrical and structural characteristics of several important types of TCOs,
namely amorphous Indium Gallium Zinc Oxide (a-IGZO) and Zinc Tin Oxide
(a-ZTO). Lastly, crucial role of thickness in the properties of TCO materials will

be discussed.

2.1 Transparent Conducting Oxides

Material science has inevitably engaged in the invention of competitive mate-
rials for optoelectronic technologies. Progress in this area is strongly dependent
on the optical and electrical properties of common solid semiconductor materials,
which are widely used in modern electronic products that incorporate a variety

of development features. The natural behaviour of these solid materials has been
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investigated by solid-state physics to understand the fundamentals of these solid
materials. These studies examine not only the main classes of metals and semi-
conductors but also establish the insulators. The three materials stated above can
be found in electronic applications in combination or individual form. So, one of
the key tasks is to create a new material which demonstrates high optical trans-
parency in the visible range of the electromagnetic spectrum and high electrical
conductivity (o). The conductivity of certain materials is an intrinsic property.
In other words, it is bulk property. The transmittance of such materials is also
an intrinsic property because a film’s base level of absorption is entirely linked to
its band structure. However, the band structure is influenced by extrinsic prop-
erties, depending on the thickness of films and transmission properties of various
substrates under the films. In addition, transmission is also influenced by the
film’s reflectivity, but that is a function of the total device as the refractive index
miss-match dictates it at each interface. High transmission and high conductivity
of films are defined by the band structure origins of materials, which could be
the origins of carrier mobility and carrier density within the bandgap. Also, a
lack of subgap state transition leads to low absorption. So, it is worth discussing
the band structures of a few widely used, essential materials in order to show the
importance of the band structure. In general, the band structure of materials is
crucial for the conduction property of materials and band structure is described
by band theory. First of all, the band structure of materials consists of two basic
types of energy band gaps. One is an overlap in valence and conduction bands
as a result of missing the forbidden energy gap between them, which belongs to
the metals. The metals are composed of a unique type of metallic bonding that
allows the free electrons to move smoothly through the lattice so that metals
show a high electrical conductivity (o), but metallic bonding provides more free
electrons, which means all of the metal atoms are surrounded by free electrons.
Free electrons in metals lead to the absorption of photons. In other words, these
free electrons do not let the photon pass through the metals, and this indicates
opaque property [40]. The other one is a bandgap with severaleV gaps that has
a large number of free carriers and possesses a large number of empty energy
states, which are called semiconductors. However, there is a large forbidden gap

between the valence and conduction band that is called insulators. One of the
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2.1 Transparent Conducting Oxides

characteristic properties of insulators is high transparency. The wide bandgap
gives optical transparency because these insulators do not conduct. Also, be-
cause of a large forbidden gap, they do not absorb photons as readily as metals.
This means that the valence band is entirely full (no more free electrons), and
the high-energy unoccupied states are at far higher energy (the band gap). Sili-
con dioxide is classified as a widely recognised insulator whose bandgap energy is
approximately 9eV [41]. That is why the best alternative approach is semicon-
ductors, which simultaneously satisfy smart devices’ electrical conductivity and
high transparency requirements. Figure 2.1 shows the band structure of differ-
ent classes of materials. This figure depicts the band structure of the common
metal [42], insulator [43], semiconductor [44], and Transparent Conducting Oxide
(TCO) [45].

Transparent conducting oxides are identified as a unique semiconductor ma-
terial group and have a long history. In the first half of the 20th century, semi-
conductor physics and technology developed and introduced a new road map to
the electronic industries [46]. In 1907, Baedeker discovered the first transparent
conducting oxide Nanofilm, which was a CdO thin film [47]. However, CdO has
not been used in optoelectronic applications due to the exposure concerns for
human health and the environment [48]. Subsequently, various TCO materials
were investigated, and in 1954, transparent conducting (approximately 10S/cm)
indium oxide (IO) produced by the post-oxidation of thin metal films was re-
ported [49]. Furthermore, the physics and properties of semiconductors-silicon
(Si) and Gallium Arsenide (GaAs) - were intensively investigated, and silicon has
been widely used in electronic devices. It is the most widely used semiconductor
in thin film transistors (TFTs), and these are being used in the bulk of electronic
applications. However, Si is an indirect band gap material; therefore, it is not
optimal for optoelectronic applications that rely on the transfer of an electron
from the valence band to the conduction band and vice versa, which requires a
change in momentum of electrons that can not be supplied from a photon as a
photon does not carry momentum. This can restrict the amount of the emitted
light energy [50]. The main drawbacks of Si can be resolved by doping the ox-
ide semiconductor materials with oxide semiconductor materials that can offer

benefits for optoelectronics and can replace and complement silicon for specific
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Figure 2.1: Comparison of band structure of metal, insulator, semiconductor and
TCO, where (a) - Gold, (b) - SiO2, (c) - Silicon, (d) - Indium Tin Oxide (TCO).
All figures edited from cited papers [42-45].
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applications. There is an urgent need to focus on alloy systems that can be used
as powerful alternatives to Si. Compound semiconductors are composed of sev-
eral elements, where the composition of alloy materials controls their optical and
electrical properties. It is known that binary and ternary compounds (TCO ma-
terials) have been obtained using various deposition techniques. These include
binary Zinc Oxide (ZnO), Indium Oxide (10), as well as impurity-doped ternary
compounds Indium Tin Oxides (ITO), Aluminum doped Zinc Oxides (AlZnO)
and Fluorine doped Tin Oxides (FTO). It is clearly seen that these oxide materi-
als do not contain Si due to as Si acts as a carrier suppressor in oxide films [51].
This means that Si reduces the current carrier concentration and, therefore, it is

an interesting dopant element for oxides that are used in TCO-based TFTs that
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2.1 Transparent Conducting Oxides

often require low current carrier concentration. In the last few decades, transpar-
ent conducting oxides (TCOs), have become one of the most significant parts of
thin, fast and flexible flat-screen displays, organic light-emitting diodes, thin-film
solar cells, and electrochromic devices [52, 53]. The remarkable domination of
TCO semiconductor materials has been attracting the attention of scientists, and
the TCO industry has developed along several different pathways. As a result,
TCO materials have been created with conductivity around 10*S/cm in order
to create low resistivity electrodes in the TFT of optoelectronic applications [9],
while exhibiting lower than 10% absorption in the visible range for transparency
[54]. Today, well-known n-type TCO semiconductors Indium Gallium Zinc Oxide
(IGZO) and Zinc Tin oxide have been extensively studied. They demonstrate a
larger bandgap that is higher than 3eV and optical transparency > 92% within
the visible range of wavelength. However, optical transparency is influenced by
the extensive properties, where an extensive property is a physical property of
matter that changes as the quantity of matter changes, such as the size of the
system, etc. So, optical transparency is defined by the amount of light absorbed
by the material. This means that optical transparency is linked to surface tex-
ture, the thickness of films and absorption of substrates, where these factors must
be considered in order to obtain desirable low absorption films, such as thicker
films with higher absorption of light. Having both high electrical conductivity and
transparency properties allows for the production of fully transparent TCO-based
logic circuits [9]. From the above discussion, it is apparent that the properties of
TCOs are different from other materials, where understanding the basic nature
of TCOs is crucial to overcoming the complexity of practical research and com-
mercialisation. Moreover, in the following several paragraphs, I will outline a few
paragraphs on qualitative performance (Figure of Merit) and the basic physics of
TCOs.

2.1.1 Figure of Merit
Although much research has been done towards finding and developing n-type

TCOs, there is still a particular concern that needs to be addressed concerning
the performance of TCOs in terms of transparency and the electrical properties

of n-type TCOs. All n-type TCOs mentioned above exhibit high performance
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in commercial industries. One way of quantifying the performance of the n-type
TCOs is by involving a Figure of Merit (FoM), which combines both their optical
and electrical properties, and allows comparison with other TCOs. The figure of
merit has units of 7!, The figure of merit (FoM) was introduced by Fraser &
Cook in 1972, where they determined the FoM of ITO grown by sputtering [55].
Here, they used F' = Rlsh as a quantifying method ( T is the transmittance and
R, is the sheet resistance). After that, new forms of the FoM were suggested by
Haacke in 1976 [56]. Half a century later, it is still showing its importance for

TCOs.
1

1
== = = — 2.1
o p=>p Ry, X t=0 R <1 (2.1)
a=——"T7 hl(]; + F) (2.2)

where R is the reflectance, and the best performing TCOs should have a com-
bination of high electrical conductivity and low absorption of visible range light.
From the equations (2.1) and (2.2), an equation of Figure of Merit (FoM) is

defined:
FOM is the ratio of o to «

1 (2.3)
Rsh ln(T + R)

where o is the conductivity of TCOs, Ry, is the sheet resistance, « is the absorp-

o
Frco = 5 Frco = —

tion coefficient, ¢ is the thickness of the materials.

Table 2.1 shows the figures of merit for a few TCOs and alternative materials
for transparent electrodes. They possess different values of FoM due to the specific
needs for different applications in transparent electrodes. In general, it is desirable
for the electrodes to have absorption below 10% and sheet resistance better than
100Q2/00 [6]. This is a powerful tool to precisely assess a promising candidate
for a variety of applications, but the FoM has to be used in comparing similar
films since a few properties of films have an impact on it. Firstly, its sheet
resistance and dependence on the film thickness must be born in mind. Also,
FoM uses a single wavelength value of transmission and reflection of films (for
example representative transmission value for films is usually selected for a 550 nm
wavelength and it is defined by the highly sensitive wavelength value of human

eyes [62]). However, those transmission and reflection values often vary across the
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2.1 Transparent Conducting Oxides

Material Growth Ry, | T(%) | Thickness | FoM (271) | Ref
technique | Q/0O (nm)
n-type Sputtering | 954 | 77.2 100 0.7x107% | [57]
a-1GZO
n-type Sputtering | 600 80 300 1.3x107% | [16]
a-Z'TO
p-type Sputtering | 20000 | 60 50 5.9x107% | [58]
a-CryO3:Mg
ITO Spin-coated | 730 | 90.5 115 4.8x107% | [59]
AgNWs | Solution- | 23 | 904 15x10% | [60]
processed
Graphene CVD 860 91.6 | bi-layers | 4.836x107* | [61]
As Sputtering | 1952 79 38 nm 4.9%107° | here
deposited
a-Z'TO
Annealed Sputtering | 796 | 79.7 38 nm 1.4x10~* | here
a-Z'TO
SWNTs N/A | N/A | N/A | N/A

Table 2.1: Comparison of figure of merit of materials for the average transmission
of films in the visible spectral range, where Ryy, is the sheet resistance and T(%) is
the optical transmittance.

entire spectrum. An additional consequence is that FoM gives no indication of
the material’s bandgap and, therefore, on the spectral range where the material
is transparent. This means that FoM can be useful, but its limitations must be
considered. As FoM is very dependent on the sheet resistance of materials, it can
put emphasis on materials which are very conductive at the expense of materials
that are more transparent (ultra-thin). This can be seen from Table 2.1, where
two a-ZTO films with the same thickness in this work but different sheet resistance
are included. Lower sheet resistance film (annealed) has a better value of FoM.
This means that it becomes very difficult to compare FoM between samples that
have different thicknesses. For example, for two a-ZTO films in this work as shown
in Table 2.2, the first film has a sheet resistance of 5865 ohm, but an a-ZTO film
that is three times thicker has a sheet resistance of approximately 1456 ohm,
and they have different FoM values as shown in Table 2.2. Note that two a-

ZTO films were deposited in a similar fashion at room temperature to a different
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Figure 2.2: Comparison of figure of merit of materials.

thickness. Also, a particular matter for concern is using only the transmission

Material R, T(%) R(%) FoM (Q_l) FoMrgr (Q_l)
T 1
Q/D Rsh Rshln(T+R)
a-ZTO (38 nm) 5865 80 18.8 1.9x107° 1.4x1072
a-ZTO (117nm) 1456 79.5 | 18 7Tx107° 3.4x1072

Table 2.2: Comparison of figure of merit of calculations of a-ZTO with different

thickness in this work, where R(%) and T(%) are the optical reflectance and trans-
mittance of films at 550 nm.

data of films, which might not precisely assess the FoM of materials. Furthermore,

Material Rg, | T(%) | R(%) | FoMr (1) | FoMrg (271)
Q/D R,J;h Rshln%T—‘rR)
a-ZTO (38 nm) 796 79 194 1.4x1074 6.2x1072

Table 2.3: Comparison of figure of merit of calculations of a-ZTO in this work,

where R(%) and T(%) are the optical reflectance and transmittance of films at
550 nm.

both the transmittance (T%) and reflectance (R%) data of thin films must be

considered because a variation in the thickness of films can cause reflectivity
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2.1 Transparent Conducting Oxides

changes. Reflectivity changes can shift the reflectivity spectra in energy while
they affect the interference of thin films. Alteration in reflectivity can make
differences in the transmission values between the films seem larger than they
actually are. This is clearly seen from the FoM values for T and T+R as shown
in Table 2.3, where the FoM of the a-ZTO film is different due to including a
consideration of reflectance (R%) data. All of this highlights that the figure of
merit can be a valuable metric for identifying promising TCOs for applications
requiring highly conductive TCO layers, but its limitations must be understood

when selecting materials for specific applications.
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2.1.2 Fundamental Properties of Transparent Conduc-
tive Oxides and Insulators
Conductivity: Semiconductor physics theories can be applied to understand
the electrical and optical properties of metals and TCOs. In general, free electrons
are only one type of current carrier in metals, and electrons and holes are charge
carriers in semiconductors. The electrical conductivity (o, units of Siemens per
centimetre) of a TCO is described by the number of electrons and holes under

the current flow. This can be written as [63, 64]:

0 =e X (Nppin + Nppp) (2.4)

where e is the electron’s charge, i, and p, are the electron and hole mobility,
respectively (units is cm?/Vs ), and n,, and n, are the free-carrier concentration
of electrons and holes (units of cm™ ), respectively. TCOs can be doped in two
ways: n-type and p-type doping. In general, transparent conducting oxides are
mostly n-type transparent oxide semiconductors, so the conductivity of n-type
oxide semiconductors is defined by the equation (2.5), and the main carrier type

is electrons.

T = eNelle (2.5)

1 1
= — = 2-6
’ p Rsht ( )

It can be seen from the equation (2.5) that the conductivity of the semiconductor
TCOs strongly depends on carrier density and electron mobility. Resistivity (p,
unit is Ohm-cm) of the transparent oxide semiconductors is determined by the
conductivity of films as shown in equation (2.6), which is defined by the sheet
resistance (Rp,) and thickness (t) of the films. Sheet resistance is determined by
a square sheet with a sheet resistance and that is why the unit of sheet resistance
is ohms per square (£2/0).

Carrier Mobility: as stated in the above equation (2.5), u. can be articu-
lated by how fast the electrons move when an electric field is applied [64-66]. This
can lead to a drift of the electrons in the oxide semiconductors, and an electron

can be subjected to a drift velocity as shown (2.7):

7~9d = _,UeE (27)
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2.1 Transparent Conducting Oxides

now we can describe the drift velocity of the electrons using Newton’s Law, which
can be written as:

ﬁd = aT (28)

where 7 is the mean free time. If the force on an electron is described by F=eE,

the acceleration of the electron is shown below:

el
= 2.9
0= (29
by combining equation (2.8) and (2.9), we can get:
E
9y = (2.10)
me

therefore, from the equations (2.7) and (2.10), the mobility of the semiconductor

can be expressed as:

eT

e = (2.11)

me
where 7 is the mean free time (also called average relaxation time, see equation
2.20) and m* is the effective mass of the electrons of the TCOs. In general,
effective mass in the conduction band of the TCOs can be defined by energy-

momentum curves (E versus k), shown by the equation:

* n?
m, = PE (212)
0k

Ionized impurity scattering: Ionized impurity scattering in doped semi-
conductors plays a key role in charge transport, as the electrons travelling in the
lattice can be scattered by each other and by an electrostatic. This phenomenon
is described by the Brooks-Herring-Dingle (BHD) approach. Based on this model,

carrier mobility in films is limited by ionized impurities (p;;). Here, the mobility
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limiting mechanism of electrons can be written in the equation (2.13) [67-69]:

_ nhPdmeor)® (N (1
M= o esm®  \ N, ) \F(¢)

F(§) =In(§+1) - % (2.13)
3 eomhg’Né

F(§) = 4n° (%) Ep——

where the concentration of ionized impurities is N;, the effective mass m*, the
screening function F(€), the elementary electron charge e, the relative permittiv-
ity k , the reduced Planck constant A, the vacuum permittivity €y, the charge of

the impurity Z, free carrier density N,, and the distribution function &.

Carrier Concentration: In n-type TCOs, the density of electrons in the

conduction band (n) is defined as follows [64-66, 70]:

n= N(E)f(E)dE (2.14)
Ecp
where N(E) is the density of states, Ecp is the bottom of the conduction band
(minimum), and f(E) the Fermi-Dirac distribution given by:
1
f(E)= ——=% (2.15)
14 exp 57

for n-type TCOs’s the density of states in the conduction band can be expressed

as:

E—E, (2.16)

where the number of energy states is equal to E., and where E.<FEcp. By

combining equations 2.15 and 2.16, we get n as shown in 2.17:

(2.17)

E.— Ep
:N B —
=]

where N, is the effective density of states in the conduction band and Ef is the
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2.1 Transparent Conducting Oxides

Fermi level. N, is given as:

3
2rmikT \ 2
N, =2 (T) (2.18)

the density of free carrier electrons in amorphous oxide semiconductor networks
is very complicated. The amount of the free carrier is defined by the defect lev-
els within random networks. They are also related to the preparation methods
(PVD and CVD methods), synthesis temperature, post-deposition treatment un-
der various gas atmospheres and composition of targets. The defect centres in
amorphous materials have been discovered by theoretical and experimental works.
In this work, these defect centres will be described as their results by the in-situ

annealing method, which will be outlined in the following sections.
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Electrical properties of semiconductor oxide ultra-thin films:

The properties of ultra-thin films play a key role in their performance in elec-
tronic applications. The mechanical, electrical and magnetic properties of thin
films have to be studied to determine their performance. Instead of investigating
the mechanical and magnetic properties of thin films, I focus on the electrical
properties of TCO films in this chapter. The properties of thin films are defined
by the dimensions of the thin film materials. The properties of thin film semicon-
ductor materials are defined by thickness. When such cases occur in thin films,
where the penetration depth of the field needs to be considered, it is called the
Debye length (known as screening length) and can be written as [71, 72]:

4mekT

L(D) - €2<n0 +p0)

(2.19)

where € is the static dielectric constant, e is the electron charge, T is the tem-
perature, k is the Boltzmann constant, and ny and pg are the concentrations of
electrons and holes in the semiconductors, respectively. Here, the Debye length
depends on the concentrations of electrons ng , holes pg, dielectric constant € and
temperature. To understand effects of thin films’ thickness on electrical proper-
ties more precisely, it is crucial to identify the scattering time (7) because the two
surfaces of the film come close to each other. It consists of both the surface and

the bulk scattering. Total relaxation time for the two of them is given as [72]:

1
—=—+—=715= (2.20)
Ty Ts 7o Ts + T0
t t
= — = — 2.21
7 Vg )\TO ( )

where A is the mean free path of the electron, (75) is the surface scattering time,
(70) is the bulk scattering time, (7¢) is resultant relaxation time, and vy is the

mean velocity By recalling the equation (2.11) from the previous section:

e
- = 92.92
o =Ty (2.22)
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2.1 Transparent Conducting Oxides

)
€ 270 € Y Ho
_ I _ 2.23
Be = (§70+To) m* O(’y—i—l) 1—1—% (2.23)
where v = % The mean free path of the electron is defined by equation with

relation to other film parameters (2.24):

h 3710
A= fo—1r — 2.24
#oe S ( )

where p is bulk mobility, and ng is the carrier concentration of thin films. From
the equation (2.21), v = £, which means increasing carrier mobility as thickness
increases. This can be explained by the surface carrier depletion layer, where the
free carriers appear superfluous near both surfaces of the film, even if it occurs in
the middle of the films due to more ionised impurity scattering near the surface
[73].

General concept of conduction mechanisms of the insulator films:

Thin oxide dielectric films have been applied in bulk electronic devices, where
they exhibit a semiconductor and insulating behaviour. In this work, a few of
them were used for investigations. Namely, Silicon dioxides (SiO2) and Titanium
dioxides (TiOz). These are well-known dielectric materials. Although they are
dielectric, they show different electrical properties. In general, these dielectric
thin films have a tiny number of free charge carriers at room temperature while
having a broad forbidden band (>several eV). As a result, there is a small exci-
tation from the valence to the conduction band at room temperature [74]. Such
solid materials are known as insulators. However, the conduction mechanism of
these insulators is complicated since it is defined by themselves and the contact
properties of electrodes. So, the conduction of dielectrics can be classified into
two major types [75]: electrode-limited conduction and bulk-limited conduction
mechanisms. The former links to contact material properties with dielectrics. The
latter is not related to contacts but to the properties of the dielectric itself. Here,
a few conduction mechanisms can be taken into account. Firstly, excited electrons
can be trapped by trapping centres due to Coulomb interaction in the conduction
band, where the applied electric field can thermally activate these electrons. This

is called Poole-Frenkel emission and is also known as a Schottky emission [76].
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In the conduction and valence bands, the mobile electrons and holes dominate
conduction because they move freely, which is known as ohmic conduction [77].
Furthermore, trapped electrons in the tunnelling barriers can hop from site to site
in dielectric films, which is called Hopping conduction [78]. Moreover, some ions
originating from the lattice defects can move freely due to the applied electric
field that facilitates ionic conduction in the dielectric materials [79]. These are
very crucial properties of dielectrics that need to be examined in-depth. This is
just a short description of the conduction mechanism of insulators.

The general concepts, the fundamental physics of transparent conducting ox-
ides, and the conduction mechanism of several insulators have been discussed.
However, the importance of the amorphous phase and the existence of defects in
these thin film networks plays a crucial role in studying the TCOs, which will be

outlined in the following few sections.
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2.2 Why Amorphous Transparent Conducting Oxides

2.2 Why Amorphous Transparent Conducting
Oxides

Numerous transparent conducting oxide (TCO) semiconductor investigations
have shown the great importance of amorphous transparent conducting oxides.
Typically, crystalline semiconductors require a very high synthesis temperature
in order to produce a high-quality crystalline structure, which results in high-
cost optoelectronic devices [80]. An essential benefit of amorphous TCOs is their
low synthesis temperature. This is a vital aspect of cost-effective manufacturing
devices and achieving flexible electronic applications. Over the past 20 years,
many amorphous TCOs have been synthesized at low temperatures (<300°C)
or room temperature (RT). Amorphous Zinc Oxides and other amorphous films
have been grown at room temperature for different purposes [81-83].

A key task is to achieve a carrier mobility for transparent conducting oxide
that is as high as possible. Crystalline and amorphous Si are widely used in so-
lar cells due to their abundance and environmentally friendly nature. Although
amorphous Si shows an excellent performance, it exhibits very low electron mobil-
ity (pe<1cm?V~1s™1) for facilitating the requirements of specific optoelectronic
applications [84, 85]. Apart from that, certain crystalline TCO materials have
low carrier mobility.

Low resistivity, controllable carrier-concentration, surface flatness and low
operation voltage properties are essential in Amorphous Oxide Semiconductor
(AOS) based TFTSs to upscale the characteristics of profitable technology [86, 87].
As a result, amorphous transparent conducting oxides have become viable candi-
dates for replacing the traditional silicon and other oxides in electronic devices.

There are many amorphous transparent conducting oxide candidates that can
be suggested by researchers, of which amorphous Indium gallium Zinc Oxide and
Zinc Tin Oxide are two of the best performing and promising materials, respec-
tively (amorphous IGZO, and ZnSnO, are simplified as “a-IGZO and a-ZTO”
for short in the following). Both amorphous materials show high conductivity
and high carrier mobility. This is because of amorphous oxides consist of heavy-
metal cations with (n —1)d'%ns®(n > 4)) electronic configurations. This presents

high electron mobility because the conduction band is operated by spherically
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symmetric heavy-metal cation with ns orbitals; these orbitals possess a large ra-
dius. As a result of this large radius, such ns orbitals result in a large degree of
overlap between adjacent orbitals, and a substantial amount of band dispersion
occurs. a-ZTO and a-1GZO consist of In, Ga, Zn, and Sn elements, which are
heavy-metal cations [8, 88, 89]. Nowadays, both a-ZTO and a-IGZO have been
studied extensively.

Amorphous materials are of potential interest for technologies. Nevertheless,
defects in these AOS materials have a significant effect on the performance of
contemporary semiconductor-based devices. Defects of AOSs are crucial and
prominent characteristics of AOS thin films. Understanding these defects, which

will be described in the next section,is essential.

2.3 The Role of Defects in Amorphous TCO
Materials

The performance of semiconductor-based devices is defined by the nature of
the defects in the semiconductor. These defects play a vital role in the opto-
electronic devices’ bias stability. The bias stability of transparent oxide TFTs
is identified by no effects of light illumination/other things on it under a real
operating conditions, where a shift in operating voltage through the trapping of
electrons due to the defect centres. That is why understanding and investigating
AOS defects is a complicated and important process. Amorphous semiconduc-
tor oxide defects have attracted far more attention as the electrical and optical
properties of AOSs are linked to defects [25]. Here, I have focused on studying
the two primary materials: amorphous-Indium Gallium Zinc oxide (a-IGZO) and
Zinc Tin oxide (a-ZTO).

[ will give a short history of ternary Zinc Tin Oxide (ZTO) and multi-
component Indium Gallium Zinc Oxide (IGZO). The first oxide semiconductor-
based thin-film transistors were invented in 2003; a large number of amorphous
transparent conducting oxides were extensively studied for a semiconductor layer
and employed in thin-films transistors as transparent electrodes. These AOS
materials were binary oxides (ZnO and SnQ,), ternary Zinc Tin Oxide (ZTO),
and multi-component Indium Gallium Zinc Oxide (IGZO). In 2004, thin-film

transistors based on amorphous-Indium Gallium Zinc Oxide were fabricated by
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2.3 The Role of Defects in Amorphous TCO Materials
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Figure 2.3: TCOs based TFTs, where (a) - a diagram of IGZO based TTFs, (b) -
a schematic of the flexible ZTO TFTs, also PET is the polyethylene terephthalate
and PEN is the polyethylene naphthalene substrate. All figures are edited from
cited works [7, 14].

Japanese scientists Nomura Kenji et al. This TFT achieved a higher hall mobility
(>10em? V! s71) and lower absorption compared to IGZO. These top-gate, flex-
ible, transparent thin-film transistors (TFTs) applied a-IGZO film as an active
channel layer, as shown in Figure 2.3 (a). In this report, the a-IGZO film was
synthesised at room temperature [7]. Beyond that, Japanese scientists H.Hosono
and co-workers developed a high mobility a-IGZO, and in 2006, Samsung Ltd
used a-IGZO based TFT LCD displays in the iPad 3 [90]. Furthermore, a dra-
matic increase in research into the a-IGZO has taken place recently, and IGZO
has become one of the best performers among the amorphous TCOs. In recent
decades, due to a-IGZO being extensively studied, the resistivity of a-IGZO has
been achieved around 10~* ohm-cm while exhibiting lower than 10% absorption
in the visible range of the light spectrum concurrently [8, 54, 91-94].

The composition of the a-IGZO plays a prominent role in the material’s elec-
trical and optical properties, so that some elements play the dominant role and
others play a secondary role in a-IGZO properties. Based on many research re-
ports, in quaternary compound a-1GZO, the resistivity of thin films is a function
of the variation of the atomic ratio of In:Ga:Zn elements. Namely, increasing
the In content enhances the carrier concentration and Hall mobility due to the
metal-oxygen bonds in the amorphous structure in the majority of the conduction
band minimum [19, 87]. Furthermore, Zn possesses a smaller s-orbital than In,

which leads to an increase in the possibility of direct overlap of s-orbital of neigh-
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bouring In, and it enhances carrier mobility. Also, the number of free carriers
can be enhanced by increasing the zinc content in the films, but it also creates
more scattering centres due to changes in oxygen defect states. This is due to Zn
and O having strong bonding arrangements. It is a fact that increasing carrier
concentration increases conductivity [30, 95]. Lower content of Ga in the films
results in increased oxygen vacancy concentration with an increase in electron
concentrations. Ga element dominates as a carrier suppressor due to a high ox-
ide bond strength compared to the other elements, where Ga effectively mediates
the oxygen vacancy density within the amorphous structure [30, 96].

As stated in the previous paragraph, amorphous Zinc Tin Oxide (a-ZTO) is
a solid amorphous state ternary compound compared with a-IGZO. a-IGZO has
one more Ga element than a-ZTO. a-ZTO is a wide bandgap, n-type semicon-
ductor without high-cost elements (In and Ga) [20, 97, 98]. It was developed
by Chiang and et al. in 2004 and applied in thin-film transistors. Research ac-
tivities have shown that a-ZTO has achieved remarkable properties in the past
two decades. Low resistivity was found to be around 1072 ohm-cm, while it ex-
hibits lower than 20% absorption in the visible range of the light spectrum for
the films grown by both sputtering and PLD methods [23, 99, 100]. a-ZTO has
been synthesised at both room and high (<350 °C) temperatures with a high car-
rier mobility (>15em?V~ts71). Even at a deposition temperature of <350°C,
a-ZTO films still present an amorphous phase [99, 101]. Like a-IGZO, the prop-
erties of a-ZTO are also highly correlated to chemical composition. There are
two main Zn:Sn elements ratio governing the electrical and optical properties
of the materials [102, 103]. To understand the exact role of the content of the
elements, I will discuss several studies. A high Sn concentration was observed
in many of the a-ZTO films that showed the highest conductivity. Here, Sn is
the main free carrier generator [103]. The carrier mobility of films is strongly
dependent on Zinc content in the samples, whose mobility can vary by Zn con-
tent. This implies that Zn is a main carrier mobility driver [11, 16, 104, 105]. It is
worth mentioning that the Sn/[Zn+Sn] ratios varied from 0.28 to 0.77 in solution-
processed Zinc Tin Oxide (ZTO) films that showed an amorphous phase between
0.28 and 0.48 Zn:Sn ratios. Furthermore, ZTO’s carrier density increases with

increasing Sn concentration [18]. The solution-processed method implies that a
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2.3 The Role of Defects in Amorphous TCO Materials

precursor solution was obtained via mixing zinc acetate (Zn(C H;COO) and tin
(IT) chloride dihydrate (SnCly)2H2O in 2-methoxy ethanol solvent and solutions
were spin-coated on a substrate. Finally, the ZTO precursor was dried at 150°C
temperature while obtaining ZTO films. Moreover, ZTO films within this ratio
region were amorphous films with good electrical properties when grown using
sputtering and spray techniques. For reactive sputtering 0.32 and nonreactive
sputtering 0.27 and for spray samples 0.38 [104, 106].

These studies have revealed that both a-IGZO and a-ZTO are suitable for
many electronic devices. It can be seen in Figure 2.3 the film is employed as
an active channel of the TFTs for optoelectronic devices [107]. While a-ZTO-
based TFTs as shown in Figure 2.3 (b), which showed high performance with a
high Field-effect mobility of 20~50cm? V~1s71, and is much better than other
crystalline oxides [8]. Again, amorphous-ZTO has performed well in a thin-film
TFT fabricated by Cristina Fernandes et al, which is depicted in Figure 2.3 (b)

[14].
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Figure 2.4: Density of states and bonding structures of oxide semiconductors,
where (a) - an illustration of the density of states of amorphous oxide semiconduc-
tors, where the valence and conduction band tails, deep states in the band gap,
and localised states near the CB edge are shown, (b) - covalent silicon, (c) - ionic
semiconductors. Figures edited from cited works [107, 108].

In the following paragraphs, I will discuss the nature of free carriers for the

various categories of elements in the films. Some defects are still being exten-
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sively studied because they are complicated and difficult to understand precisely
[109, 110]. The fundamental properties of these materials can be recalled to un-
derstand the nature of their defects, such as bandgap and density of states of
materials. Certain properties of AOS materials are strongly dependent on their
band gaps, which is the primary character of the materials, where the highest
rate of defects has existed. In general, amorphous material’s density of states
consists of delocalised (the conduction referred to as CB, and valence bands re-
ferred to as VB) and localised electron states [111]. The delocalised states of
amorphous networks are similar to the extended state of a crystalline solid. The
disorder of the amorphous network causes the latter. Both VB and CB edges are
separated by mobility edges, called the localised-delocalised transition. Further-
more, a disordered distribution of atoms creates sub-gap defect states between
the conduction and valence bands induced by under-coordinated atoms or atomic
vacancies. This can be found at near CB band edges and deeper states as shown
in Figure (2.4) (a) [108, 112, 113]. It can be seen from Figure (2.4) (a) that
sub-gap defect states originated from localised defect states near the CB edge
and the deep defect states over the valence band. This can be articulated by the
orientation of the materials’ orbitals of metals and oxygen atoms. Due to the
structural disorder, the spatially spread spherical ns metal orbitals are formed
mainly by the CB with a small band tail. A large VB tail above the VB exists,
which is governed by the sensitivity of direction-dependent oxygen 2P orbital
with a disorder of the amorphous structures [107, 108, 114-116].

There is a direct correlation between these orbitals, achieving the high con-
ductivity and mobility properties of amorphous semiconductors. This implies
that understanding the nature of the bonding between cations and anions can be
rigorously studied. The most striking future of the study is to invoke the covalent
and ionic bonding in the materials to compare them with each other. These com-
mon semiconductors employ a covalent (silicon) and ionic (oxide) composition of
the CB minimum. CBM is formed mainly of strongly directly and anisotropic sp3
orbitals (Figure 2.4 (b)) in crystalline silicon when it is converted into amorphous
phase silicon, where the structure of crystalline silicon is acquired by changing the
bond angles. This manifests inside the bandgap with dense, localized states with

energy levels. However, in oxide semiconductors, there is a completely different
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2.3 The Role of Defects in Amorphous TCO Materials

circumstance observed, where the CBM of oxide semiconductors is governed by
the large spherical isotropic ns metallic cation orbitals, and these orbitals can
overlap due to their large radius as shown in Figure 2.4 (c). These properties
cannot be the best reason for understanding fully the electrical conductivity, and
carrier mobility of materials [7, 40]. However, the particularly complex behaviours
of this bonding can form defects in a material. Bonding related to these defect
complexes was discovered in a-IGZO and a-ZTO thin films. A small, deep state
lower part of the CB minimum, associated with the under-coordinated cations
in a-IGZO and a-ZTO films, has been investigated. This is called a shallow trap
state [107]. On the other hand, anions deficiency defects over the VB maximum
in a-IGZO and a-ZTO were discovered, and these defects’ role in the materials’
transport properties was formed as deep trap states. It is generally accepted that
analysis of the origin of defect states in both amorphous semiconductors requires
an in-depth study, although a-IGZO and a-ZTO have been widely studied. a-
IGZO is a multi-component semiconductor; its electrical and optical properties
can be controlled by varying the oxygen partial pressure during the deposition
condition. These oxygen species generate the density states of the electrons in
a-1GZO that can also result in certain defects [109, 117, 118].

There is a great variety of approaches to explain the behaviour of these free
carrier sources of defects that include the undercoordinated cations, interstitial
oxygen and the trapping of electrons by oxygen vacancies and, undercoordinated
oxygen [119, 120]. The charge carrier density of a-IGZO and a-ZTO is defined by
these possible mechanisms given in the above discussion.

One should start by understanding the undercoordinated cations. One com-
putational approach (Density Functional Theory) study on the atomic structure
of a-IGZO under O-poor conditions showed that the undercoordinated cations
are classified into two groups, which are called undercoordinated single cations
(USC) as shown in Figure 2.5 (a) and undercoordinated cation pairs (UCP) as also
shown in Figure 2.5 (d) [108, 121]. In order to show the USC defects in a-IGZO
as shown in Figure (2.5) (b), the bonding distribution of compound material
must be discussed in the following paragraphs. The main carrier generator in the
Indium-based disordered oxides has a prototypical bonding distribution of metals

and oxygen vacancies, which consists of a certain configuration of distances, bond
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Figure 2.5: The atomic structures of USC and UCP defects, where (a) and (d) -
simplistic diagram for the atomic structures of USC and UCP defects, (b) and (e)
- USC and UCP defects in a-IGZO thin films, (¢) and (f) - USC and UCP defects
in a-ZTO films. Figures reproduced from cited work [108].

angles, and nearest-neighbour (NN) coordination numbers. As shown in Figure
2.5 (a), the metal atom is not bonded with other adjoining atoms, but the ionic
bonds are boned between metal and the surrounding O atoms as shown in Figure
2.5 (b). This is called a dangling cation bond, which is a source of the charge
density in these defect-induced states. The USC defects act as electron trap
centres because of their low coordination with strong, attractive potential. On
the other hand, UCP defects in a-IGZO as shown in Figure 2.5 (e), implies that
there is a void between two metal cations due to the removed oxygen atom from
the ionic bonding. This is called an oxygen deficiency in a material that causes
two metal atoms to be close to each other and form a defect pair, for instance,
In-Zn, or In-Ga [108-110, 122, 123]. Under-coordinated In atoms are a source of
carrier concentration due to electron crowding around them; even one In atom is
sufficient to cause crowded electrons [123]. On the other hand, in a-ZTO USC
and UCP defects are defined by the metal ions, which show a desirable electronic

property. Furthermore, it is clear that USC defects are formed by undercoordi-
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2.3 The Role of Defects in Amorphous TCO Materials

nated tin atoms, as shown in Figure 2.5 (¢), and two undercoordinated cations
create the UCP defects, such as Sn*-Sn* and Zn*-Sn* as shown in Figure 2.5
(f). All these defects in a-IGZO and a-ZTO have a strong relationship with the
coordination numbers of systems due to the amorphous phase being a complex
system with disorder [16, 108].

The second-most common sources of defects that have been investigated are
oxygen vacancy (Vo) defects that are related to the structure of oxygen vacancy
in these amorphous networks. These defects in a-IGZO influence the atomic and
electronic properties of amorphous phases. Data obtained from the first-principles
density functional calculation studies indicated that Vo defects strongly depend
on local environments, such as ratios of the elements in the a-IGZO. In this study,
more Ga content created more O-deficiency defects in the films due to G and
metal with high formation energies, where interestingly, Vo defects have been
found in both shallow donors and deep defect levels because of the formation
energy differences [124, 125]. Besides, this is in agreement with the experimental
data that showed increasing the In content reduced these types of defect levels
in a-IGZO material while resulting in enhancing the carrier concentration and
mobility simultaneously [126, 127]. Here, a consideration of the formation energy
of the V¢ defects indicated that they were formed by Ga-Ga, Ga-M, and M-M
bonds. There is a trend that sees the formation energy increase along with the
increasing number of bonds with Ga atoms in order to form metal and metal and
oxygen chemical bonds. The average formation energy varied from 4.06eV to
4.87¢eV for Ga- Ga to 3.88eV to 4.38 eV for M-M bonds by the results of GGA +
U and hybrid density functional calculations, respectively [124]. Another concept
of oxygen-related defects that research has pointed to is that the subgap states
have been categorised into two parts within the upper and lower half of the band
gaps. The former is generated by oxygen vacancies (under-coordinated O atoms).
The majority of the metal atoms cause the latter without bonding oxygen to each
other. The formation energies for these defects range from 3.8eV to 5eV [114]
These average formation energies are also found between 3.3eV and 4.7eV for
defects originating from oxygen vacancies [10]. In addition, these defects can be
altered by incorporating hydrogen and increasing the conductivity of the films at

the same time, where hydrogen atoms ideally bond with the under-coordinated O
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atoms that compensate for the deficit in electron density [128]. The compositional
study found that varying Sn content altered the O, states in the films [18]. Tt
is worth mentioning that the interstitial oxygen defects (O;) in a-IGZO can be
explained by the fact that interstitial oxygen captures electrons because of the
O- O dimer broken bond that accommodates O; charge trap properties [129].

On the other hand, let us consider the DFT study in the local density approx-
imation (LDA) with a self-interaction-corrected (SIC) on a-ZTO band structures
(conduction and valence) [115]. This study showed that undercoordinated oxy-
gen atoms are located over the valence band (deep subgap states) and impact
the properties of a-ZTO. Here, a-ZTO’s conduction band (CB) consists of metal
s orbitals, and the valence band (VB) mainly originated from the oxygen 2p
orbitals and they have a direction-dependent property because the structural dis-
order in amorphous phase. In these local bondings, structures can be altered by
the high electronegativity of oxygen. This implies that the average coordination
numbers in the amorphous networks have changed depending on the tendency
of tetrahedral zinc and octahedral tin coordination, where 4-5 and 5-6 neigh-
bouring oxygen atoms are required for zinc and tin, respectively. However, the
miscoordinated tin-oxygen atoms can be created at the deep part of the conduc-
tion band by differences between coordination of Oxygen and Tin. This means
that in this local area, undercoordinated oxygen atoms are present due to oxy-
gen having tetrahedral or lower cation coordination. This was also confirmed by
experimental work, including a hydrogen atom joining this oxygen atom, where
they create an O-H bond. While the lack of oxygen atoms at the deep levels
below the CB forms undercoordinated tin atoms, the tin coordination can be
increased by annealing in an oxygen-rich atmosphere [11, 128, 130]. Oxygen also
plays a key role in crystalline Zn,SnO,4 that exhibits a deep-level defect in the
bandgap [30]. To conclude, the defect-related carrier generation centres (oxygen
vacancies) have a crucial influence on the conductivity of a-ZTO and also dictate
the carrier trapping in the films. Considerable further research is required to fully
understand this.

To explore how metal and oxygen are connected to defects, XPS studying
how the strong elements bonded with each other has been performed. XPS is

a versatile characterisation technique for analysing the surface of the materials
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2.3 The Role of Defects in Amorphous TCO Materials

Elements | Electronegativity

In 1.78
Ga 1.81
Zn 1.65
Sn 1.96
O 3.44
Si 1.9

Ti 1.48

Table 2.4: Comparison of electronegativity of elements. Data taken from cited
works [135, 136].

but is limited by the penetration depth of X-Ray [131]. Here, XPS informs the
binding energy values that can be used for identifying the local chemical bond-
ing arrangements. Furthermore, XPS measurement on a-IGZO showed that the
representative XPS spectra of IGZO peaks were observed in the XPS survey spec-
tra. The main peaks are usually found In3d, Zn2p, GaZ2p, and Ols and these
peaks have different binding energies, such as the peak at 444.4¢eV for In3d5/2
, 1116.6eV for the Ga2p3/2, and 1020.8eV for the Zn2p3/2 peak indicating
these metal atoms are bonded with oxygen [132]. As I mentioned above, oxygen
1s peaks are the most fitted and analysed peaks. Through the binding energies of
O1s peak, the surrounding element can be identified. Furthermore, binding en-
ergy also presents elements charge states, such as the position of Ols peaks of the
a-IGZO at 530.5eV and 531.9eV for metal-oxygen and local oxygen-deficiency
centre respectively [133]. This means that XPS data provides information on the
quantitative and qualitative chemical properties of materials, and XPS can ex-
amine the chemical and electronic structures of the a-ZTO like an a-IGZO. More-
over, the observed binding energies for a-ZTO were 1021.49 eV and 486.22¢eV for
Zn 2p3/2 and Sn 3d5/2 individually. Compared to a-IGZO XPS peaks, in a-ZTO
only Sn related peaks are different to a-IGZO. To conclude, binding energies have
been found by XPS, and these binding energies can be used to characterise the va-
lence state, and the bonds of the elements, such as 486.22 eV for Zn?* [134]. Here,
one more thing for consideration is that all the elements in these two compound
materials have different electronegativity values, as shown in Table 2.4 [135]. For

In, this influences bonding arrangements and attracts more electrons from other
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elements that could cause certain undercoordinated atoms. In previous work, it
was found that undercoordinated In has a strong electron trap behaviour [123].
More detailed XPS data analysis can be taken into account for interpreting the

obtained results in the following chapters.
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Figure 2.6: Conduction path and bandgap of amorphous materials, where (a) - a
diagram of percolation conduction over the distributed potential barriers with vari-
ous energy heights, (1) - Electron path for high temperature with shorter travelling
distance over the barriers, (2) - Electron path for low temperature with longer dis-
tance through the lower barriers. (b) - bandgap of amorphous materials. Figures
edited from cited works [137, 138].

The above discussions have linked the carrier transport property of the amor-
phous materials, namely both a-IGZO and a-ZTO. It is a subject that has been ex-
tensively studied experimentally and theoretically for a few decades. The charge
transport properties are the most remarkable characteristic of disordered networks
compared to perfect crystalline networks; that is why they need to be studied to
be precisely understood. As a result of complicated transport properties, the
carrier transport mechanism is not well understood and is being extensively in-
vestigated. A few experimental and theoretical approaches have been suggested
few carrier transport mechanisms for amorphous networks [139]. It is also found

that in a-IGZO, above room temperature carrier transport mechanisms are based

on the Arrhenius type thermally activated behaviour o(7) = erxp(gf;). How-
ever, another type of electron transport is involved below room temperature (low
temperature) due to structural disorder [137]. Here, the free electron density must
be taken into account when the carrier transport is examined at low tempera-

tures, where the free carriers travel with variations in electron mobility. a-1GZO
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2.4 Properties of Ultra-Thin Films

with low carrier concentration (<10' cm™3) does not follow the Arrhenius law
in the low-temperature region. Surprisingly, a reduction in carrier mobility was
observed experimentally and interpreted by the percolation model. The concept
of this model is that there is a potential fluctuation above the mobility edge as
shown in Figure 2.6 (b), which is an amorphous semiconductor (as Adler and
co-workers discovered) [140], where deviation in the distribution of the height
of the potential barrier affects the conductance for electrons over these poten-
tial barriers. Figure 2.6 (a) shows electron paths (1) and highlights that at a
low temperature, they travel shorter distances. The electrons take longer dis-
tances due to the low-barrier wide paths as shown in Figure 2.6 (a) electron
path (2). The travel distances of the electron are defined by the distribution
of the potential barrier height over the mobility edge, and the potential barrier
height originates in levels of structural disorder. Here, mobility is limited by the
Boltzman transmission factor [137]. This is not the only charge transport model
for characterising the charge transport properties in AOS, but also the Variable
Range Hopping (VRH) method has been applied to describe electron transport
in AOS. The main message of this model is that at a low temperature, the Ar-
rhenius equation mentioned above follows logo versus T law, and VRH can
explain this. Here, free electrons hop within the sites.

In summary, the defects of both a-IGZO and a-ZTO are altered or passivated
by the post-deposition treatment method as can be observed with many com-
pelling techniques. However, the discussions regarding the amorphous materials’
defects are insufficient to finalise a conclusion which requires more experimental
work to conclude them, so in the following few chapters, I will provide an in-depth
discussion of annealing studies to alter these defects. I will outline the influence

of defect alteration on the electrical properties of materials.

2.4 Properties of Ultra-Thin Films

Low-dimensional material properties have attracted considerable attention
from scientists because of need to decrease the size of materials in optoelec-
tronic products. Investigations have been carried out on the physical properties of
ultra-thin film materials because characterising the properties of low-dimensional

materials is crucial for showing their behaviour in the applications [73, 141, 142].
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This paragraph considers the properties of ultra-thin films of a-IGZO, a-ZTO,
Si05 and TiO,. Starting with a-IGZO, decreasing the thickness of this material
affects both optical and electrical properties. Carrier concentration, electron mo-
bility, and transparency depend on the thickness of the a-IGZO. These results of
bulk and surface trap states are strongly dependent on the thickness of a-1GZO
[73]. In other words, changing the thickness of materials with alteration in the
distribution of the density of states per unit volume of the films results in chang-
ing the electronic structures of materials. The properties of the films are defined
via the electronic structures of the materials. Also, increasing thickness leads to
decreasing the interaction between free electrons, and such interactions also affect
the electrical properties of films because when the electrons come too close, they
can interact with each other in the form of a Coulomb interaction. Thick films
possess a low sheet resistance and high electron mobility due to a small number
of ionised impurity centres. Thickness affects the a-1IGZO film’s bandgap, and
electron concentration results in a change in the dielectric function of a-1GZO
[143]. This can be understood in terms of an increase in the concentration of free
electrons, increasing the effect of Coulomb interactions. Here, the modification
of electronic states in the films occurs, leading to a bandgap change. Varying
the film thickness also impacts the materials’ defects (trap) densities [144, 145].
Variation in defect levels has a vast effect on the surface of the materials, where
there is a strong relationship between the thickness and screening length in the
case of a-IGZO. As a result, thinner a-IGZO films are very sensitive to surface
adsorption from the gas phase [146]. All this implies that working with ultra-
thin a-IGZO films is a challenging and complicated process that requires further
dedicated investigation.

Another well-known AOS is a-ZTO. This material demonstrates a bandgap
dependence on its composition. Composition studied on a-ZTO showed that Sn
rich films have a high absorption for the visible range of the spectrum. However,
these films have good electrical properties for making transparent electrodes. This
can be explained by Sn content governing the ZTO valence band edge of a-ZTO,
creating different levels of oxygen vacancies-related defects near the valence band
maximum. Zn-rich films showed high transmittance due to their stable bonding

arrangement with oxygen [147]. In solution-processed ultra-thin a-ZTO films,
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2.4 Properties of Ultra-Thin Films

the oxygen vacancies are controlled by varying the Sn content as well [148]. In
addition, samples with a higher Sn content show a high density of charge carrier
compared to Zn rich films due to Sn donating a large number of electrons. As a
result, a-ZTO films with a high ratio of Sn:Zn showed a low optical transmission.
This depends on what experimental methods have been used for synthesising the
materials due to the different growth kinetics influencing bandgap defect states
(104, 149]. In ALD-grown a-ZTO films, the bandgap varied from 3.02eV to
2.95eV for 21% and 34% Sn in films respectively. Generally, the overall trends
in the bandgaps of a-ZTO films are located approximately between the ZnO and
SnO, bandgap values, regardless of deposition methods, with a certain number
of scatters. Furthermore, the shifts in the defect states within the bandgap can
be controlled by the deposition conditions and might be the purpose of reducing
the thickness of the films. This also impacts the properties of the materials [150].

The properties of well-established a-SiOy and a-TiOs are defined by their
thickness. Reducing the thickness changes the electronic properties, which are
linked to their physical and electrical properties. Both materials have high resis-
tivity, a large bandgap, excellent dielectric properties, and a high melting point
[151, 152]. A variation in the bonding arrangements for thin SiO, is caused by
a reduction in thickness of the a-SiO,. Thickness reduction results in formulat-
ing more suboxides near the surface of the thin films [153, 154]. Also, the film
thickness limits the phonon mean free paths, which prevent the thermal conduc-
tivity because of incoherent boundary scattering phonons, ballistically traversing
within the films [155]. The thickness of the SiOs can alter the materials’ electronic
structure, where the defects’ position varies with distance from the interface and
surface of films. In other words, the properties of materials are strongly affected
by the part of the defect level within the band gap [156]. The presence of sub-
oxides is also connected with the thickness of the SiOs, where it plays a key role
in the stoichiometry map of the material [111]. The density of electron traps
depends on the thickness of the SiOy [154]. Studies have discovered that the
thickness of the SiO, also determines how the current passes through the films.
In general, Fowler-Nordheim (FN) tunnelling means the energy of the incident
electrons is higher than the potential barrier in the films; the electron wave func-

tion can travel via this potential barrier when the film’s thickness is lower than
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10nm [157]. In other words, Fowler-Nordheim (FN) tunnelling dominates in these
films with thicknesses between 5nm and 3.5 nm. Furthermore, direct tunnelling
can be involved in films with thicknesses below 3nm [79]. A massive amount
of work has been done to understand the fundamentals of thin silicon dioxide.
However, in this thesis, I have just referenced a few reports due to there being
many things that can be discussed regarding silicon dioxide.

A well-known insulator I used in this study is TiO, films with remarkable
properties. This material has various structures: rutile, anatase, brookite and
srilankite [158]. It is a comprehensive bandgap material that consists of valence
and conduction band tail states [159]. Moreover, a higher oxygen content affects
films with fewer oxygen defects due to the energy bandgap. A number of studies
on TiOy have found that the increased oxygen ratio results in an increase in the
energy bandgap values from 3.62¢eV to 3.77¢eV [160, 161]. Another approach to
modifying the bandgap is doping with metallic and non-metallic elements found
in this publication [162]. In this material, optical and electrical properties can
be altered by defects densities that are related to Tit? and oxygen vacancies
[160]. The reflection and absorption increased with the increasing thickness of
the films due to homogeneity changes in the film structure caused by various
types of structural faults [163].

In general, thin-film synthesis and characterisation techniques are important
to developing TCO materials, and these techniques define the properties of oxide
films, so I will outline the importance and functions of those techniques in the

next chapter.

42



Thin-Film Synthesis and
Characterisation Techniques

3.1 Thin Film Fabrication

The current investigations involved growing and characterising amorphous
materials, using many versatile techniques. There are many synthesis techniques
that can be used to fabricate amorphous materials. The properties of the pro-
duced materials depend on the methods of preparation. In general, we classify
thin film deposition techniques into the following methods: physical vapour depo-
sition, evaporation, magnetron sputtering, and spray pyrolysis. Compared to the
other thin-film growth techniques mentioned above, magnetron sputtering is a
versatile technique producing superior films and the scalability to offer large area
coating advantages [164, 165]. In the following discussion, the basic principles of

magnetron sputtering will have to be considered.

3.1.1 Magnetron Sputtering
Magnetron sputtering is a process in which the nanoparticles of the materials
are emitted from a target within the magnetic field through bombardment by

energy particles produced by plasma, mostly inert gas ions. Then, these atoms
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from the target are deposited on a substrate. In most magnetron sputtering pro-
cesses, argon is employed as an energetic bombardment gas due to its low-cost
advantage, and chemical inertness [164, 166]. Magnetron sputtering as a depo-
sition technique has seen a significant increase in industrial and laboratory use
in recent years. This is due to its ability to produce high-quality films with high
throughput, making it competitive with other industrial techniques. As a result,
magnetron sputtering now sees significant use in the deposition of large-area sur-
face coatings for various functional applications, such as electronic displays and
anti-corrosive or physically protective coatings.

In the sputtering targets, one pole of the magnetic field is in the centre, and
the second pole is near the edge of the targets. This is designed to enhance
the circular trajectory of emitted secondary electrons from the target surface and
improve the chamber’s plasma density under the ultimate pressure. The employed
magnetic array can be divided into two categories depending on the application.

These forms can be called balanced and unbalanced. If the same strength of field
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Figure 3.1: A schematic side-view of the Magnetron sputtering system with dif-
ferent magnetic array arrangements. This figure is edited from this work [164].

lines of a magnet are used, and all magnet lines are delivered to the centre of the
magnet, this traps the plasma electrons and prevents the plasma electrons from
escaping easily from the magnetic trap. This means that the plasma is confined
in front of the target by a magnetic arrangement that is known as balanced
magnetron sputtering as shown in Figure 3.1. On the other hand, when only
weak centre magnets are applied, all the magnetic field lines do not arrive in the

centre of the magnet, and some are forwarded to the surface of the substrate.
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3.1 Thin Film Fabrication

As a result, some of the electrons from plasma electrons arrive at the substrate,
which generates a plasma condition for the whole space between the target and
substrate. This can be called an unbalanced magnetron sputtering, and is shown
in Figure 3.1. Magnetron sputtering is a highly complex process due to the
design and control of the deposition conditions during the fabrication of thin
films. Here, a few key parameters define properties of sputtered materials: the
sputtering vacuum chamber, base pressure, substrate temperature, target powers,
bombardment, and other reactive gas flows. The pumping speed, the conductance
of the pumps, and the volume of the chamber play a crucial role in achieving
the required pressure for a sputtering chamber [167]. The base pressure is an
essential parameter for depositing thin films as it maintains the collision process
between the bombarding particles and the targets to form thin films. Another
critical parameter for magnetron sputtering is the substrate temperature, which
is extremely important for controlling film formation and its final stoichiometry.
The substrate temperature is also an essential factor in defining the properties
of thin films. Moreover, it is not only the above-mentioned parameters that
affect the film properties. The deposition rate of sputtering is also defined by
the target power, where deposition rate increases with target power. Also, the
electrical properties of materials are affected by the sputtering target power allied
to the target [168]. Sputtering gas composition influences some properties of the
films; an example of that is a reactive gas (oxygen) controlling the film structures
and deposition rate [169]. This will be discussed in the results chapter with more
details that I have obtained. All this implies that deposition parameters have a
strong influence on the properties of the films of the materials. All the above
aspects discussed require careful investigation. These are complicated things, all
affecting the film properties, and I am going to talk about some of them in this
work.

Magnetron sputtering can be powered with a DC or RF power source. RF
sputtering is employed with insulator targets as the rapid switching of the bias
direction allows for the easy removal of built-up charges on the target. If DC
sputtering is attempted with an insulating target, then an accumulation of pos-
itive ions on the surface of the target prevents the sputtering process. Using an

in-situ reactive gas allows for the alteration of the state of the material sputtered
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from the target during the deposition, which is called reactive sputtering. In the

next section, the magnetron sputtering used in this work will be addressed.

3.1.2 Magnetron Sputtering is Equipped with a Static
Sample Stage

The thin-film synthesis in this work was achieved by magnetron sputtering.

The films were deposited via DC or RF magnetron co-sputtering from two differ-

ent targets. One target is vertically placed on the top of the chamber, which is

A320-XP
Magnetron

Loadlock
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A static sample
stage with Thermocouple
heater

Pump

Figure 3.2: Internal schematic diagram of magnetron sputtering system with a
static sample stage in this work. This schematic reproduced from the cited work
[170].

far from the substrate (13cm), while the second target is attached to one of the
adjacent flanges at a 50° angle to the horizontal substrate, as shown in Figure
3.2. The distance between the second target and the horizontal substrate centre

is 11cm. Each sputtering target is equipped with separate shutters to isolate the
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3.1 Thin Film Fabrication

target from the magnetron chamber as a protector. Likewise, another shutter is
applied between the sample stage and the sputtering chamber. These shutters
facilitate the growth of multilayer thin films and keep the substrate clean before
starting the deposition process (during the plasma stabilisation). The sample
stage is horizontally attached to the chamber, which is made up of a Tectra
Borolectric heater (boron nitride ceramic and pyrolytic graphite conductor) for
the growth of thin films at up to around 700°C. A thermocouple is attached to
the surface of the Tectra Borolectric heater to control the temperature. Both,
the top surfaces of the heater and thermocouple are housed in a thin tantalum
foil to reduce harm. A schematic illustration of Magnetron sputtering is given in
Figure 3.2.

To maintain the magnetron chamber in the appropriate clean sputtering con-
dition, the pressure in the chamber was kept at 5 x 10~®mbar using the rotary
roughing pump and turbopump. RF sputtering power was obtained using an
Alternating Current (AC) with 13.52 MHz radio-frequency.

3.1.3 Magnetron Sputtering is Equipped with a Rotating
Sample Stage
The main goal of switching from a static sample stage to a rotating stage is
to eliminate the resistivity gradient across the sample because one of the targets
is not located vertically. An XRR comparison between the two stages shows
that the intensity of the oscillations drops faster in a static sample stage due
to the thickness gradient as shown in Figure 3.3. This also affects the electrical
properties of the films, which is seen in the distribution of resistivity across the
films. Figure 3.4 (a) shows Magnetron sputtering with a rotational sample stage,
which upgraded a previous magnetron sputtering (see 3.2); the only thing hanged
was the pump’s position. It was repositioned from the bottom of the chamber to
one of the adjacent flanges (used to attach an old sample stage) to angle a line
in the sputtering chamber.
A rotational manipulator as shown in Figure 3.4 (b) is fixed in a vertical
position at the bottom of the sputtering chamber. Other sources, including tar-
gets, gas lines, and a load-lock chamber, are kept the same as the sputtering

chamber with a static sample stage. I will discuss the rotational sample stage
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Figure 3.3: A comparison of XRR data a-ZTO films grown by two different
sample stages, where (a) - XRR data of a-ZTO by a static sample stage, (b) - XRR
data of a-ZTO by a rotating sample stage.
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Figure 3.4: A diagram of Magnetron sputtering with a rotating sample stage
and rotating sample stage used in this work, where (a) - a diagram of Magnetron

sputtering, (b) - sample stage equipped with a rotation function. All figures are
edited from cited works [170, 171].

in detail. This stage consists of two main parts: a part for heating substrates
and a part for providing the rotation, as shown in Figure 3.4 (b). The former is
constructed with a heating element, and the Inconel cradle is generally called a

sample cradle assembly. The Inconel cradle is designed for mounting the Moly-
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3.1 Thin Film Fabrication

block sample holders, and a Heating element is made from a solid Silicon Carbide.
A thermocouple is located 1.8 mm away from the heater. The heater’s maximum
temperature is up to 900°C. The latter is a Magilift part with a magnetically
coupled rotary tube to transmit rotation and assists an axial motion under vac-
uum to the sample cradle assembly. The drive thimble supplied the rotation that
connected a pitch HTD timing belt with a twenty-tooth pulley gearbox. The
gearbox is equipped with a brushless DC motor. The motor speed is governed by
a handheld box with a direction control function operated by a toggle switch and
a power supply knob on a handheld box. The maximum speed of the rotation is
60 RPM.

Reactive sputtering-target poisoning issues:

Magnetron sputtering is a highly complex thin film synthesis process, so I have
investigated the physical vapour deposition of thin films and coatings. When
discussing reactive sputtering, the target poisoning issue has to be addressed,
where there appears a hysteresis style behaviour in the deposition rate as shown
in Figure 3.5. In reactive sputtering, the sputtering rate is an essential factor due
to the influence of the oxygen partial pressure (ubar) on the properties of films.
Here, oxygen partial pressure can be varied to obtain appropriate properties of
samples.

Furthermore, reactive sputtering impacts material properties due to the in-
teraction between metal targets and reactive gas. This will be discussed in the
following paragraphs. At region A (along the horizontal line), the deposition from
the metal target in reactive sputtering is shown in Figure 3.5. The amount of
oxygen is insufficient to promote the formation of a full oxide surface on the metal
target, thereby increasing the oxygen partial pressure to the maximum point B,
at which time the oxygen partial pressure in the chamber is too high. Under high
oxygen conditions, the formation rate of oxide layers on the target is higher than
the rate at which metal atoms are removed by ordinary sputtering. At region
B—C the sputtering rate is lower than the rate of formation of the oxide layer,
which causes a complete oxide layer on the target. This limits the sputter rate
due to the increased hardness of most oxide materials. Region C is referred to as
compound mode. In order to prevent the poisoning of the targets, it is possible

to reduce the oxygen partial pressure and remove the oxide layer on the target
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Figure 3.5: An experimental behaviour of a reactive sputtering deposition rate,
where A - is the oxygen partial pressure during the deposition of the metal target, B
- is the maximum oxygen partial pressure point for the formation of oxide layer on a
surface of a metal target, C - is the oxygen partial pressure for the compound mode
(oxide layer) of metal target and the oxygen partial pressure hits the maximum
value (B), sputtering rate of target decreases sharply due to sputtering rate of
oxide layer on the surface of the target is lower than a metal target, then decreasing
the oxygen partial pressure with removing the oxide layer (C), at a point oxygen
partial pressure, target switches from compound mode to metallic mode while the
sputtering rate is recovered. Figure edited from cited work [172].

surface. Also, the removal of the oxide layers is accomplished by applying higher
sputtering power on the target than optimised power for sputtering conditions
[173]. Furthermore, the inert gas pressure in a reactive sputtering chamber can
prevent the sputtering yield of oxide and metals due to a reduced discharge volt-
age [174]. As the deposition area is compacted by gas pressure due to the effects
of desirable distance between target and substrate, the material redeposits on the
target surface [175]. Apart from that, target power controls thin film thickness
and the electrical properties of the materials to be synthesised. This means that
increased power increases the sputtering capacity of the ions of the materials in
the plasma [169]. In addition, the pre-sputtering process is the stabilisation time
of bombarding the target with high-energy ions. It uses the stabilisation of the
sputtering plasma and removes the oxide layers on the surface of targets created

by the tiny amount of oxygen gas in the deposition chamber.
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3.1 Thin Film Fabrication

Although magnetron sputtering is a challenging synthesis technique, all films
in this work were deposited using this method. I needed to measure the thickness
of films to know the density of electrons and resistivity accurately. XRD and XRR
systems are the most common methods used to examine films’ morphological
characteristics and thickness. These techniques will be discussed in detail in the

next section.
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3.2 Morphological and Crystallographic Char-
acterisation

3.2.1 X-Ray Diffraction

X-ray Diffraction (XRD) is a versatile technique for investigating crystalline
orientation. The XRD involved is an un-monochromated Bruker D8 Discover
with a Cu source. However, the XRD system in this work has only been used for
projects identifying whether samples are amorphous or crystalline. I will therefore
discuss XRD briefly and show an example of XRD data for a-ZTO film. X-ray
diffraction is now a widely used technique for understanding the structure of solid

materials.

Figure 3.6: The XRD systems applied in this work: (a) - high-resolution Bragg
monochromated Bruker D8 Advance consisting of (1) - Cu Ka tube, (2) - entrance
slit manually changeable (0.1 — 6 mm), (3) - sample stage (vacuum chuck), (4) -
fixed anti-scatter slit, (5) - place for Cu absorber, (6) - exit soller slit, (7) - LynxEye
detector (horizontal), and (b) - unmonochromated Bruker D8 Discover that consists
of (1) - Cu Ka tube, (2) - motorised sample stage, (3) - beam knife, (4) - LynxEye
detector.

nix = dhklsiné (31)

where d is the interplanar distance, 6 is the incident angle, n is the positive
integer (n=1,2,3,..), A is the wavelength, and hkl are Miller indices.

The basic principle of XRD based on the Braggs Law of Diffraction is that
diffraction peaks can be generated by the interference of the scattered x-ray, so X-
Ray Diffraction (XRD) is a technique for determining the crystalline orientation

and composition of a material. It is clear the diffraction in Equation 3.1 that the
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3.2 Morphological and Crystallographic Characterisation
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Figure 3.7: XRD pattern of amorphous Zinc Tin Oxide deposited on SiOy glass
substrate by Magnetron sputtering.

ideal crystalline material is characterized by well-defined sharp Bragg peaks in
X-ray diffraction profiles due to the crystalline material possessing a long-range
order. However, amorphous materials lack this long range order, which results in
their diffraction not exhibiting sharp Bragg peaks. Nevertheless, the XRD system
can observe some broad halo peaks in the XRD diffraction data. These broad
halo peaks might be associated with background signals due to X-ray scattering
by air, and sample holder [176].

Fig 3.7 shows a typical XRD pattern of a-Zinc Tin Oxide films. Three halo
peaks were observed at around 13°, 28°, and 42° due to a large variation in the
length of amorphous bonds. This is usually called a halo peak and is an indicator
of an amorphous nature. The first two peaks originate from the thin film or part
of the glass. If one of them is the XRD peak of the film, the other is the peak of
the glass substrate at the angle of 20-30°. The 40~45° is from the XRD sample
holder. These XRD patterns were observed in a previous report [177]. It can be
seen from Figure 3.7 that the XRD peaks of the film were not sharp. All a-ZTO
samples in this work showed an amorphous state. The main goal of my studies

was to focus on the amorphous phase, and XRD is not widely used for amorphous
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materials.

3.2.2 X-Ray Reflectivity

Determining the layer thickness in a single-layer oxide semiconduc-
tor:

Thickness is crucial for most properties of materials. X-ray-reflectometry
(XRR) involves a non-contact, non-destructive technique to determine the thick-
ness of the thin films of metals and semiconductors in the range of a few nm to
150 nm. The Bruker D8 Advance is also employed to identify materials’ density

and interface roughness.

Figure 3.8: the XRR system involved in this work, where (1) - standard tube
configuration, (2) - beam knife (for XRR measurements), (3) - variable anti-scatter
slit, (4) - detector slit (use 0.1 mm), (5) - LynxEye in vertical mode (0D mode
only).

In this work, the Bruker D8 Advance system was utilised for carrying out
all XRR measurements. The apparatus is composed of an x-ray tube, a sample
stage with a beam knife, and a position-sensitive detector (PSD or Lynx-Eye
detector), as shown in Figure 3.8. Fundamentally, XRR probes the interference
between the reflected x-ray from the material’s surface and the interfaces between
the material and substrate. XRR works on a thin film interference principle (X-
rays). X-ray is reflected from each interface in a film and interferes, producing an

interference pattern as shown in Figure 3.10. This can be used to determine the
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3.2 Morphological and Crystallographic Characterisation

N\
N

Figure 3.9: The relation between the incidence angle and critical angle of the total
reflection of X-rays at different material surfaces. Figure has been reproduced from
cited work [178].

thickness of the individual layers so long as they are not above 150 nm. At this
point, the oscillations become too close together to be accurately distinguished
by the XRD. Depending on phase difference, waves interfere constructively or
destructively to produce an interference pattern. The interference fringes are
referred to as Kiessing fringes after their discoverer as shown in Figure 3.10 [178].
In the case of scanning the thin films using X-rays techniques, where the XRR
curve can be produced by obtaining the scattered X-ray intensity against the
angle of incidence. This implies that scattered X-ray intensity is a function of the
incident angle. The physics of this subject matter can be explained by the optics
law of the incident and reflection beams. So wen can start with basic optics law
relating to the complex refractive index n of material for X-rays, which can be
written with the following equation [179]:
A2 A

n=1—-0—if=1——r.p.—1

— 2
21 47TM (3 )

where (3 is the absorption coefficient of the material (called an imaginary deviation
of the refractive index), § is the real deviation of the refractive index, A is x-
ray wavelength, r is the radius of the electron, and p is the electron density of

materials, while recalling the Snell’s law to get the equation below:
Ngir Os 0; = N.cos O, (3.3)

where ng;, is the air’s refractive index, and 6, and 6; (see the Figure (3.9)) are the
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angles of transmitted and incident beam. We can combine equations (3.2) and
(3.3), and in (3.2) equation consider as n = 1 — ¢ due to absorption being very
small (8=0). The critical angle 6. is defined:

0? =26 (3.4)

C

when X-rays incident meet at a flat surface of materials at the grazing angles of
incidence, the total reflection can occur at or below a certain angle, which angle
is called the critical angle. If absorption is taken into account, #; can be written

using equation 3.3 (the Snell-Descartes law):

nby = ny/0? — 26 — 2i3 (3.5)
6, = /62 — 26 — 2if (3.6)

by replacing 0% = 26, 6; is defined:

When ng;, is 1:

0, = /02 — 02 — 2ip (3.7)

it is clear that the reflectivity curve is a function of the 26, which can be derived
from the Fresnel coefficients. Fresnel coefficients can be described by the ratio of
reflected and incident intensity of the beam as shown by the equation:

I

T 2’ = |rprs] (3.8)

|r

The Fresnel coefficients r, are calculated for reflected and transmitted x-rays of
the beam perpendicular (for s- polarization, equation 3.11 and 3.12) and parallel
(for p-polarization, equation 3.9 and 3.10) to the scattering plane, using these

equations the Fresnel reflectivity can be described as the equation (3.13):

nycosl; — nqcosb,

(3.9)

T, =
P nycoshy + nycosb;

2n,cosb,
t = 3.10
P nycosh; + nycosh; ( )

= nyco0s8; — nycosb, (3.11)
nicost; + nycosb;
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3.2 Morphological and Crystallographic Characterisation

2n1c0s0;
t, = 3.12
nyicost; + nycost, ( )

2
0, — \/0 — 02 — 2if
2

— 02— 28

(3.13)
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Figure 3.10: Information on thin films extracted by X-ray reflectivity curve ver-
sus theta (incident angle of X-ray), where meaning of (a) - the amplitude of the
oscillations (density contrast), (b) - the thickness of films (the oscillation period),
(c) - surface or interface roughness (the oscillation decay), (d) - surface roughness
(intensity decay), (f) - density values (sharp decrease), (e) - plateau (6. >6;). Fig-
ure edited from cited work [180].

where it is pointed out that the transmitted intensity of X-ray is a complex
mechanism, so it is not taken into account here. Also, the Fresnel coefficients
require extensive study of the reflectivity of X-ray and reflection angle. The
reflectivity of a single interface thin film is a function of the incidence angle 6;,
and x-ray momentum transfer vector along the surface, which is given by the
equation (3.14):
A7

q= Tsme (3.14)

where 6; is the incidence angle of the X-ray, now Fresnel reflectivity can be written
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in terms of the wave-vector transfer ¢ (3.15):

, q— \/q g 32171'6
R(q) =1r]" = 321#5 (3.15)
q— \/ ¢ —q; —

where using formula (3.14), 6. in formula (3.13) is replaced with ¢. in (3.15), the
critical momentum transfer wave vector of q corresponds to f.. In other words,
R(q) and R() reflection (x-rays intensity) are functions of the incident angle 6,
which, the way this is written, theta is the Fresnel reflectivity, whereas R is the
reflectivity.

We consider the three possibilities of the relationship between 6; and 6. or ¢
and q.. First of all, if 6. is greater than 6;, in other words, the incident angle is
below the critical angle, then the intensity of the full x-ray goes into the detector,
and the Fresnel coefficient is equal to 1 as shown in Figure 3.10. This can be seen
from Figure 3.10 as a plateau marked by the letter e. When the 6; and 6. are
equal, the incident x-rays propagate along the sample surface, and the reactivity
curve decreases rapidly as shown in Figure 3.10 (f). However, once the 6; is two
or three times greater than 6., the intensity curve is a function of the #;. The
thickness of the film is defined by the intensity of the x-ray against incident angle
oscillations. Thin films have a long oscillation period. Thick films show a short
oscillation period as shown in Figure 3.10 (b). The thickness of films is calculated
by the equation (3.16):

A A
= S =0 200 (3.16)

where the incident angle is higher than the critical angle, the x-ray penetrates
the samples while the incident x-ray is reflected from the top and interface be-
tween the substrate and thin films. Furthermore, when constructive or destruc-
tive interference occurs, the thin-film density is defined by differences between
the amplitude of the oscillations of the thin films and substrate. In other words,
the high amplitude of the oscillations indicates the large difference in the density
of film and substrate as shown in Figure 3.10 (a). Furthermore, the amplitude

of the oscillations increases with the decreasing the interface roughness of the
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3.2 Morphological and Crystallographic Characterisation

materials. This implies that the x-ray intensity of the beam diffracted from a
rough surface is less than that form a flat surface [181]. This can be observed at
higher angles of the XRR curve as shown in Figure 3.10 (c¢) and (d), presenting
an interpretation of the oscillation decay at a high angle due to the rough surface
and interface while in these regions. The high degree of roughness of the surface
causes intensity to decay as well. This can be described by the Debye-Waller
factor as given below:

—4m sin 02 )

R, = Rpel™ > (3.17)

where o is the surface roughness, A\ is the wavelength, and R, is the specular
Fresnel reflectivity. XRR scans for the multilayer structures will be discussed in
the following paragraphs.

Multilayer structures by x-ray reflectometry:

It is clear that multilayer structures have more than two interfaces compared
to the single-layer oxides semiconductors deposited on a finite substrate thickness.
As a result, the X-ray scattering from all interfaces in a multilayer film should be
considered along with the X-ray reflectivity of a multilayer film as a function of
f, which can be theoretically calculated via Parratt’s recursion formalism based
on the s- and p-component of reflected and transmitted amplitude R; and 7j,
respectively. Here recalling the equations (3.9), (3.11), (3.12) and (3.10) from

previous paragraphs, that can be written as [182]:

_ i Bi + rjperp(—2id;4)

n 1+ 7’;+1Ej+1rj+1exp(—2i5j+1)

] (318)
t;tjexp(—iéj)

t, = ; ; 3.19
T 14 Ejrjexp(—2id;) (3:19)

where §; is a phase factor of the j™ layer, and E’ is a roughness factor of the

4 interface. The roughness factor can be described by Debye-Waller factor

2 2
exp(qj; 1), where, q is the momentum transfer vector by the equation above (3.14),

and o is the root-mean-square roughness of the surface. This implies that the
atomic scale of materials, surfaces and interfaces are always rough, where obtained
x-ray reflectivity is significantly lower than the Fresnel reflectivity. The Debye-
Waller factor can articulate this as shown in equation 3.17 [181]. The last thing
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to discuss is the penetration depth of x-rays, which is defined by the depth of a
homogenous medium to which a beam can penetrate while its intensity is reduced
to % This depth Z,, which is normal to the boundary of the medium, follows the

equation (3.20) [183]: -
Z, =" (3.20)
i

where 1 is the linear absorption coefficient, which has a strong relationship with

an incident angle of #. In general, as discussed above, for multilayer structures,
the ratio of specularly reflected X-rays decreases proportionally to 1/¢* due to its
intensity being a function of the critical angle from the equation (3.15). Further-
more, measured X-ray data must be analysed to show the thin film’s properties.
This is discussed in the next paragraph.

Methods for determining the thickness of thin films using the X-ray
reflectivity data:

There are various XRR data analysis methods for obtaining the thickness of
the thin films using measured X-ray reflectivity data. These methods are calcu-
lation using the peak separations between consecutive interference fringes, such
as Fourier analysis of in reference data, determination from interference peaks
using the modified Bragg equation, and the curve fitting method (also known as
least-squares method). I have used a curve fitting method for studying thickness
determination because of its high degree of accuracy [184]. This method identi-
fies a thin film’s thickness, density, and roughness simultaneously. In this work,
Bruker Leptos software was involved in fitting the XRR spectra and determining
the materials’ layer thickness, interface roughness, and density. This can be done
by comparing a theoretically calculated reflectivity curve with the experimentally
measured curve. Here, measured data was obtained by the x-ray reflectometry
technique. The fitting process includes applying the estimated values on sim-
ulated data’s the density as shown in Figure 3.10 (f), oscillation period length
(an estimated thickness) as shown in Figure 3.10 (b)), and surface and interface
roughness (d)) as shown in Figure 3.10 (c) (d) up to overlap with the measured
data. In other words, measurement and simulation data can fit and match each

other perfectly.
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3.2 Morphological and Crystallographic Characterisation

After obtaining the film’s thickness, density, and roughness, other crucial
properties of thin films should be considered, such as optical properties. The
transmission and reflectance spectra are measured to demonstrate the optical
properties of films, which are used to show how films are transparent, as well as
other qualities of films. UV-Vis Spectrophotometry can do these tasks and will

be outlined in the following section.
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3.3 Optical Properties of Amorphous TCOs

The investigation of the thin film’s optical properties involves many experi-
mental devices. The most common one is UV-Vis Spectrophotometry to probe a

few optical properties, which will be described in the following section.

3.3.1 Ultraviolet-Visible Spectroscopy
Some properties of TCO materials are defined by optical properties, which
can be identified via specific characterisation techniques. UV-Vis Spectroscopy
is a widely used technique to determine the transmission, reflectance and absorp-
tion of spectra of TCO materials in the visible range. The schematic of UV-Vis
is shown in Figure 3.11. The system employed in this work is a Perkin Elmer

Lambda 650 UV-Vis Spectrophotometer. In general, a UV-Vis Spectrophotome-

Sources

(Tungsten and [EAVAVA
Mirror fu

Deuterium)

Sample Detector

Reference Detector

Beamsplitt

Figure 3.11: A simple schematic diagram of UV-Vis spectroscopy. Figure repro-
duced from cited work [185].

ter consists of a 150 mm integrating sphere, and its operating spectral range is
from 1.5eV to 5.8eV. This spectral range can be achieved by independent Tung-
sten (TL) and Deuterium lamp (DL) sources. It also has a spherical container
detector with reflective walls to provide minimum light absorption. In general,
integrating the sphere ensures all light is captured, allowing for the measurement
of directly (specularly) transmitted and response scattered light. In addition, the
signal-to-noise ratio can prevent the process of measurements. An integrating
sphere has two ports: a transmittance port and a sample reflectance port, and
the beam enters through them. To control the sample beam into the sphere, we

use a three-position small spot kit with a lens that includes transmission, centre
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3.3 Optical Properties of Amorphous TCOs

mount, and reflection. Also, there is an iris assembly that mounts the beam size,
and a sample holder set with a 10x10 mm spot sample stage that supports various
forms of samples.

Generally, all measurements record the intensity of the reference beam and
the intensity of the beam passed through the sample to give us the transmission
and reflectance spectra of the film. These are defined following equation (3.21)
[186]:

TQ%:JEL (3.21)
Lsample

now we can get a simple expression to calculate the absorption of the samples,

the formula given by (3.22):

A=1—(T+R) (3.22)
a:—m€+3) (3.23)

where ¢ is the thickness of the films, 7' is the transmission, and R is the reflectance
spectra. Furthermore, the absorption and absorption coefficient can be calculated
using the transmittance and reflectance spectra of thin films as shown in equations
(3.22) and (3.23), respectively. Besides, the Tauc plot can be determined by

3x10%2

2.4x10%?

2

1.8x10%?

1.2x10%24

(ahv)?(eV)? cm

6x10% -
E, = 4.08 eV

0

2 3 4 5
Photon energy (eV)

Figure 3.12: A Tauc plot of a-ZTO film on glass substrate, where bandgap of
a-ZTO film (eV).

applying these spectra data, where the bandgap energy of Zinc Tin Oxide can be
extracted as shown in Figure 3.12. A Tauc plot [187] of Zinc tin oxides can be

obtained using the equation (ahv)™ versus hv, where « is an absorption coefficient
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Transition n
Direct Allowed 1/2
Direct Forbidden | 3/2

Indirect Allowed 2

Indirect Forbidden 3

Table 3.1: Tauc plot coefficients. Data from cited works [188, 189].

of the sample and n is the nature of the optical transition, which is % for ZTO.

The absorption coefficients for the particular circumstance are given in Table 3.1.

As discussed above, most optical properties of films prove to be importance for
research, such as determining the bandgap and other optical properties of mate-
rials. However, a UV-Vis Spectrophotometer is not the last step in characterising
the films because the electrical properties of thin films are also essential for op-
toelectronic applications [3]. Since the electrical measurement techniques can
perform more research on the electrical properties of TCOs, methods of electrical

characterisation will be addressed in the next section.
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3.4 Electrical Measurements

3.4 Electrical Measurements

3.4.1 Four Point Probe Measurements

What follows is a more in-depth investigation of semiconductor materials,
which is linked to the electrical properties of semiconductors. Many versatile
electrical characterisation techniques can be used to obtain the electrical proper-
ties of materials. In this work, two main electrical measurement techniques were
employed, that is to say, the Hall measurement system and Four-Point Probe
Technique. The former is described in the next section. The latter has a resis-
tive heater which calculates the thin films™ activation energy using measurement
data of resistivity and temperature. As shown in Figure 3.13, this system con-
sists of four equally spaced, gold spring-loaded probe configured in a linear array
to achieve the precise resistances levels of the samples and low resistance con-

tacts. In an attempt to determine sheet resistance, four evenly spaced probes are

U

—W
I~ D~ D4I~D

Sample

Resistive Heater

Figure 3.13: Schematic diagram of a linear four point probe method. Linear
four-point probe configuration, where t is the sample thickness, D is the space of
probes each other (same), I is current applied and V' is voltage measured.

placed in contact with the film. A current source supplies the outer two probes
to produce voltage crosswise to the sample. This voltage is then obtained by
two inner probes. This is illustrated in Figure 3.13. Also, these spring-loaded
probes reduce the force on the flat surface of the samples, which can eliminate

the damage and penetration of films in the measurement process. Such damage
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and penetration have not been observed in our films. Technically, the voltage
between two inner probes can be produced when the current is applied to the two
outer probes. An ohmic contact on the material defines an accurate resistivity
regarding of the samples. If gold spring-loaded probes do not achieve the accu-
racy in resistivity measurement, they can be replaced with another metal under
the circumstances to avoid the Schottky barrier. When the distance between two
probes is considerably higher than the thickness of the film (D> t), the sheet

resistance of the film can be calculated using the equation below [190]:

A A
T AV sga362Y (3.24)

R =@ T I

where Ry, - sheet resistance, AV - the potential difference between the two inner
probes, I - the current is applied between two outer probes. If the thickness of

the film is known, expression of the resistivity and conductivity are given:
P = Rsh X t (325)

the resistivity is specified as the inverse of the conductivity so that above equation

(3.25) can be rearranged:

o= p (3.26)

The Four-point probe system is equipped with a separate Bell-Jar chamber
in order to achieve a rough vacuum and a variety of gas atmospheres. In the
results section, the priorities of this system are outlined and it is explained how
to perform the Four-point probe system in regards the annealing studies of a-ZTO
thin films, which are used to control the electrical properties of a-ZTO thin films.
The following section will present the second important technique for obtaining

film resistivity, carrier concentration and mobility.

3.4.2 The Hall Effect System

The second instrument utilised was the hall measurement system based on
the van der Pauw method, which is commonly used for determining resistivity,
carrier type and mobility of specimen. All of the contacts in van der Pauw were
made with silver wire applying silver adhesive, which was placed on the corners of

the sample. This is as shown in Figure 3.14. We ensure that the size of contacts
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3.4 Electrical Measurements

Figure 3.14: Schematic diagram of Van der Pauw contact arrangements. Figure
edited from cited work [191].

must be made as small as possible. In other words, these contacts are much
smaller than the sample surface area to mitigate measurement errors. Before the
current-voltage measurement was carried out, all contacts on the four corners of
the films were checked by applying a current to validate the contact quality on
the samples. Hall measurements are performed by applying a current between
two contacts and measuring the voltage between the other two contacts on the
sample. In Hall mobility measurements, the field is applied perpendicular to the
sample surface, and a current is applied diagonally across the film. The induced
Hall field is then measured across the other diagonal contacts. A total of eight
measurements are characterised by two vertical and horizontal resistance, and

R, can be calculated:

(Ri2,43 + Ro1,31 + R3a21 + Raz12)

RHorizontal = A (327)

where Ris43 is the resistance when a current is applied in the direction from
contact 1 to 2 while measuring the voltage drop across contacts 4 and 3 on the

opposite side of the sample, as shown in Figure 3.14 or vice versa. R34 and
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R34 12 resistances were obtained in a similar way to the previous method for the
horizontal direction of the samples. Likewise, by using equation 3.27 the same

can be done for Ry 4icar, Which is given as 3.28:

(R32,41 + Roz1a + Ria23 + Rai 32)
4

(3.28)

RVertical =

using van der Pauw formula the sheet resistance equation is derived, which is
given below:

_WRHor _ﬂ-RVCT
e —) =1 3.29
P+ cap 0 (320

using equation (3.29), the sheet resistance (Rg;) can be calculated, which is

exp(

applied to determine the bulk electrical resistivity (p) of the samples as shown in
the equation (3.25). if p is known, Ry (Hall coefficient) can be calculated by the
following expressions:

Ry =+ = +rppu (3.30)
ne

where the Hall coefficient (Rg) is induced voltage to the product of the current
density and magnetic field, its value depends on the types of free charge carriers,
such as Ry>0 for holes, Rg<0 for electrons. r is the scattering factor that
corresponds to the energy dependence of the scattering rate, and usually for
highly doped semiconductors is equal to 1 so that Hall coefficient (Ry) can be
gained by using the Hall effect (3.31), which is described by Lorentz force (3.31) as
shown in Figure 3.15 and a transverse electric field Ey [192] defined respectively
as:

Fror =q(v x B) and Ey = RyB x J (3.31)

where q is the charge of the particle, B is the magnetic field, J is an electric
current density, v is the velocity of charged particle q. Now the expression of

Hall voltage can be written:

R
Vi = THB x I (3.32)

where t is the thickness of the film, Vy is the Hall voltage, which is a measurable
transverse voltage produced along the diagonal, it is a function of the current and

the magnetic field. Carrier concentration and Hall mobility can be expressed by
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3.4 Electrical Measurements

Figure 3.15: Sketch of Hall effect, where the direction of the Magnetic Field B,
applied current I and the Hall induced electric field E.

Hall voltage [192]:

Vi
Vet 0 T M= BIR

This work uses a Hall measurement system based on a van der Pauw con-

T

(3.33)

figuration combined with an 800mT magnetic field. Additionally, this system
also provides a vacuum pump and metal shield in order to operate a closed-loop
helium cooling system, which it utilises to monitor the temperature dependence
of the electrical properties of the thin films at temperature up to down 5K.

To conclude this chapter, thin-film synthesis and characterisation techniques
can provide all the experimental data relating to the films. The quality of these
data can be examined by analyzing and evaluating them in order to produce high-

impact publication. These obtained results will be outlined in the next chapters.
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Optimisation Studies and Annealing

with In-Situ Observation of Resistivity of
a-/'TO

4.1 Optimisation Studies on a-ZTO Films

4.2 Introduction for Optimisation Studies on a-
ZTO

Transparent Conducting Oxide (TCO) thin films have become essential parts
of solar cells, OLEDs, flat panel displays [7, 8, 10]. TCO semiconductors exhibit
high conductivity and visible-range transparency (a wide bandgap of >3 eV) at
the same time. Furthermore, TCO materials can be achieved at low synthesis
temperatures and substantial-high mechanical flexibility with excellent electrical
properties [7, 193]. During the last two decades, resistivity ~ 1073 ohm-cm of
a-IGZO has been achieved while demonstrating less than 10% absorption in the
visible range of the light spectrum simultaneously [54, 92]. However, the high cost
of Indium material and other concerns over health and environmental impacts

have led to the search for a sustainable alternative material [194, 195]. As a
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result of these concerns, amorphous Zinc Tin oxide (a-ZnSnO) has become one
of the best candidates and is a low-cost, abundant material [8, 196], which has
already been seen in solar cells and OLEDs, TFT and displays [37]. However, a
key to the fabrication of a-ZnSnO is to control the properties of the films. This
sets the case for the optimization of a-ZTO.

Understanding the importance of optimising the electrical properties of amor-
phous transparent conducting oxides is crucial for the material growth process.
Also, the electrical and optical properties of amorphous semiconductors are de-
fined by the defect chemistry of amorphous networks because they are being in-
trinsic oxide semiconductors, where the number of excited electrons is determined
by the free electrons, not holes.

The material’s properties are controlled by intrinsically occurring defects, such
as metallic ion bond overlap, oxygen vacancies or hydrogen interstitials, and in-
terlinks. All these defects can affect the electrical properties, and they are defined
by the growth conditions. Therefore the situation is much more complex than in
conventional semiconductors, such as the properties of Si are defined just by a
single type of defect. Indeed, an examination of the literature for ZnSnO, reveals
there can be variations in obtaining compositions for excellent properties of films
even if they have nominally similar overall quality [16-18, 197]. Keeping this in
mind, this work aims to optimise a-ZTO growth via reactive and non-reactive
sputtering to demonstrate the effect of these deposition conditions and changes
in composition on the electrical properties of a-ZTO. Primarily examining a com-
mon synthesis technique (magnetron sputtering) with various growth conditions
in order to obtain a high quality of amorphous thin films. The study of both
sputtering methods needs to be investigated to show the benefits of further de-
velopments in oxide material fabrication. Specifically, the optimisation process
is crucial to designing the experimental approach. Also, finding the optimal syn-
thesis parameters is a key to present impacts on the defect-based amorphous

materials.

4.3 Methods for optimisation of a-ZTO

Amorphous-Zinc Tin Oxide (a-ZTO) films were grown via Radio Frequency

(RF) magnetron co-sputtering from separate zinc and tin sources. A ZnO target
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4.3 Methods for optimisation of a-ZTO
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Figure 4.1: An illustration of the reactive magnetron sputtering method (referred
as a-ZTO4,40,) used in this work.

was used as the zinc source for all depositions, and two separate tin sources were
used. One film set was grown by reactive sputtering of a metal Sn target (99.99%
purity) in Ar+O,. Hereinafter these will be referred to as a-ZTO 4,40, as shown
in Figure 4.1.

The second set of growth methods was performed using a SnO, target (99.99%
purity) in an inert Ar atmosphere. These will be referred to as a-ZTOy,, as
presented in Figure 4.2. The former is called the reactive magnetron sputtering
method, and the latter is called the non-reactive magnetron sputtering method.
During the deposition, the total gas pressure was kept constant at 5 x 1073 mbar,
with oxygen partial pressure being varied from 0 to 4 x 10~!mbar during the
reactive sputtering. All films were deposited on standard microscopy glass slides
(Thermo Scientific 1x1 cm, 0.8-Imm thick). Glass substrates were sonicated in
isopropanol and acetone for 5 minutes individually. The substrate temperature
was 300 °C for all samples. This temperature was to produce our best performing
films while still being at a low enough temperature to be comparable with the
temperature acceptable for a number of common plastic substrates. However, it

should be noted that this temperature (300°C) is too high for some substrates,
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Figure 4.2: A sketch of a typical nonreactive sputtering method in this work,
referred as a-ZTO 4.

including polyethylene terephthalate (PET).
4.4 Results for optimisation of a-ZTO

Figure 4.3 (a) shows the dependence of the conductivity of the films on the Oy
partial pressure (ubar) during reactive sputtering growth, where oxygen partial
pressure can be varied in order to obtain the samples with attainable properties.
One of the ideal oxygen partial pressure for the metal target case is highlighted
(0.32 pbar) in Figure 4.3 (a), in which the combination of the ZnO-Sna, ;02
sputtering method, where applied powers for ZnO and Sn targets were 100 and
60 W, respectively. Here, the reactive sputtering was with a constant argon gas
flow, but the conductivity of films increases with oxygen partial pressure (PP) up
to a maximum value as shown in Figure 4.4 (a); beyond this, it decreases rapidly.
In other words, in the reactive magnetron sputtering process, the electrical and
optical properties of the films show up as functions of the Ar/O, flow ratios, which
control the conductivity of the grown samples. At the same time maintaining

other deposition chamber conditions constant, such as sputtering target powers
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Figure 4.3: Optimisation study on a-ZTO, where (a) - reactive sputtering method
(a-ZTO4r+0,), (b) - nonreactive sputtering method (a-ZTO 4,).

and chamber pressure, etc. This change in conductivity could be due to the
effect of the target poisoning, where the growth rate varies with oxygen partial
pressure as depicted in Figure 4.4. Regions A (the target surface is still metal due
to the oxygen partial pressure is not enough to form an oxide layer on the target
surface during the deposition of the metal target), B (the maximum oxygen partial
pressure point for the formation of oxide layer on the surface of metal target)
and C (the oxygen partial pressure for the compound mode (oxide layer on the
surface) of the metal target, where the decrease in oxygen partial pressure with
removing the oxide layer from target surface) in Figure 4.4 (b) could correspond
to 1, 3 and 2 in Figure 4.4 (a). A variation in the target surface would result
in a change in Zn/ Sn ratio, but this change is not observed as shown in Figure
4.4. In regions 1 and 2, Zn/Sn ratio of films is almost the same. In region 3
would be expected a change in Zn/Sn ratio due to the reduction in Sn sputter
rate, where the surface of Sn metal target is in the oxide condition as shown in
Figure 4.4 (a). However, changes in the elemental ratio were not observed. The
conductivity change’s origin is likely more subtle and related to defect formation
in the ZnSn0O,. Here, oxygen content in the sputtering chamber plays a key role
in creating the free carrier in amorphous networks. Previous work confirmed that
oxygen vacancies related to the shallow donors were controlled by oxygen partial

pressure during deposition [99].
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Figure 4.4: A reactive sputtering deposition rate, where (a) - reactive sputtering
method (a-ZTO4,+0,), (b) - reactive sputtering deposition rate. Figure (b) edited
from cited work [172].

Reactive Gas pressure (Nominal)

In nonreactive sputtering, as shown in Figure 4.3 (b), constant power is ap-
plied to the ZnO target, and the sputtering chamber pressure is maintained with
a constant argon gas flow. Figure 4.3 (b) shows the conductivity of films as a
function of the SnO, target power. The conductivity is seen to increase with ap-
plying until ~ 50 W SnO, target power. Conductivity decreases with increasing
power above ~ 50 W. The decrease in conductivity can be explained by depositing
a-Z'TO films to have more tin in the composition approaching the SnO, structure.
A previous report said that a-ZTO films with a high Sn concentration are charac-
terised by a substantial variation in the microstructure of the films [105]. Another
report highlighted that increasing the Zn content introduces a high microcrystal
of ZnO [16]. Tt is conceivable that similar effects are observed for SnO, phase
on a-ZTO film properties. In nonreactive sputtering, argon partial pressure dur-
ing the growth is also an important parameter to govern the electrical properties
of samples, where the energetic argon ions contribute to oxide material’s atoms

between the sputtering target and substrate surface [198].

4.5 Conclusion and Further Benefits of Optimi-
sation of a-ZTO

To conclude, the defect formation in the films is defined by the sputtering

conditions used with the two sputtering methods. This can be seen from al-
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4.5 Conclusion and Further Benefits of Optimisation of a-ZTO

terations in Zn:Sn ratios and observed two different local bond arrangements in
a-ZTO films, which is confirmed by Raman spectroscopy. This is due to the role
of oxygen in the films that originated from the content of poor and rich oxygen
gas during the synthesis process by the two different sputtering methods, where
the oxygen structure in the film’s content is a function of the oxygen content.
These findings were published, and more information is in this report [104].

Furthermore, working with oxide targets (non-reactive sputtering) allows for
better control of the sputtering process compared to targets with metallic surface
(metal target and reactive gas). Non-reactive sputtering with an absence of oxy-
gen gas would be advantageous to research for industrial uses because reactive
gas can react with the target surface, which can prevent the sputtering process.
Apart from that absence of oxygen gas in the sputtering process would benefit
by reducing the cost of TCOs-based profitable product fabrication [199]. These
advantages give more opportunities for further research. Therefore, we have ex-
tensively worked with non-reactive sputtering to grow a-ZTO films. Different
types of defects in a-ZTO films have to be altered, and one of the common meth-
ods of increasing the desirable effects of materials is post-annealing treatment
[200, 201]. In the following sections, annealing studies on a-ZTO films to alter
the defects will be discussed.
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4.6 Annealing with In-Situ Monitoring of Re-
sistivity of a-ZTQO

4.7 Introduction of Annealing with In-Situ Mon-
itoring of Resistivity of a-ZTO

There is a considerable interest in Transparent Conducting Oxide (TCO) thin
films for optoelectronic devices, including thin film solar cells, OLEDs, flat panel
displays, and anti-frost window coatings [7, 8, 10, 36, 37, 202]. TCOs are semi-
conductors which possess a wide bandgap, exhibiting a high conductivity and
visible-range transparency (E, >3 eV) simultaneously. Recently increased atten-
tion has been given to amorphous oxide TCO materials, which carry the benefit of
low synthesis temperatures and higher mechanical flexibility while maintaining a
high electrical quality [7, 8, 193]. In recent decades, Indium Tin Oxide (ITO) and
Indium Gallium Zinc Oxide (IGZO) have been extensively studied. As a result,
a-IGZO has been achieved with resistivity around 10™2 ohm-cm, while exhibiting
less than 10% absorption in the visible range of the light spectrum concurrently
8, 54, 91, 92]. However, scarcity of Indium material and concerns over health
and environmental exposure has spurred a search for more sustainable alterna-
tives [194, 195]. In this regard, one of the best alternatives is amorphous Zinc
Tin oxide (a-ZnSnO), which is a low-cost and abundant compound material [196],
which is already being used in solar cells and OLEDs, TFT and displays [37, 202].
However, the key to the performance of ZnSnO has been the development of an-
nealing processes to control the defect profile of the films. This is particularly
the case for low temperature, or room temperature deposited films [9, 14, 26].
The exact defect chemistry of a-ZTO is still under extensive investigation [25].
However, most studies have been focused on measurements of the properties of
a-ZTO films before and after annealing [11, 28-31]. Here, we present an in-situ
study of ZTO, which aims to determine ideal annealing procedures for the films
by examining the resistivity of the films during the annealing process. To ensure
compatibility with cost effective synthesis procedures, annealing temperatures are
kept below 300 °C.

This work presents an in-situ observed annealing study on a-ZTO to highlight
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4.8 Experimental Methods

the importance of the duration of annealing time. To investigate the annealing

temperature significance of the activation energy of reaction that was derived from

—Pa (%), where using In(R.;) versus ()

graph slope. The highest region of activation energy of the reaction was found

rearranged Arrhenius equation In(Rg,) =

within a rapid decrease in the slope. This activation energy is used to determine
the area of the greatest rate of change with time. These studies allow us to
select the lowest temperatures where the most significant changes in resistivity
of samples occur by finding a lower annealing temperature. In doing so, we
have found a range of values where small improvement is gained for increases in
annealing temperature. In this range, it was observed that an increase in total
annealing time served as a substitute for increasing the temperature. This could
have importance for device manufacture, where temperatures must be kept below
certain values <300 °C, for example, in the case of substrates that are not suitable
for high temperatures.

In the next section, the process of annealing with in-situ monitoring of the

resistivity of a-ZTO films will be outlined.

4.8 Experimental Methods

Trinit“y
Colle ge

The University of Dublin

Figure 4.5: An image of 38 nm thick a-ZTO film deposited at 300°C on Glass
substrate.

All films were deposited on standard microscopy glass slides as shown in Figure
4.5 (Thermo Scientific 1x1 cm, 0.8-1mm thick).
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Figure 4.6: a-ZTO film deposited at 300 °C and composition study by XPS, where
(a) - O XPS data, (b) - Sn XPS data, (c) - Zn XPS data.

Amorphous - Zinc Tin Oxide (a-ZTO) films were synthesized via non-reactive
Radio Frequency (RF) magnetron co-sputtering (the used system is given 3.1.2).
Films were sputtered from 99.99% purity ZnO and SnO, targets in an inert argon
atmosphere. Simultaneously, the total gas pressure of the sputtering chamber
was maintained constant at 1 x 1073 mbar, with constant Argon partial pressure.
The substrate temperature used was 300 °C for all thin film depositions. This
temperature was found to produce our best-performing films. As deposited, and
after annealing, the film’s carrier concentration, electron mobility and resistivity
of all films in this work were measured at room temperature by using the Hall

system in the Van der Pauw method, where four contacts were contacted with
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4.9 Results and Discussion

silver wire using silver adhesive. These four contacts are placed on the four corners
of the sample. Transmittance and reflection spectra of the films were measured
using a Perkin Elmer Lambda 650 UV-Vis Spectrometer. The thickness values of
the films were measured using X-Ray Reflection (XRR) on a Bruker D8 discover
with a monochromated Cu source. Meanwhile, the amorphous nature of the
films was confirmed via X-ray diffraction (XRD) using a Bruker D8 Advance
with an unmonochromated Cu source (XRD). These a-ZTO films were grown
with a precise Zn/Sn ratio in order to indicate the consistency of the annealing

studies. The elemental ratio of one of the a-ZTO films is as shown in Figure 4.6.

4.9 Results and Discussion
4.9.1 Optical Properties of a-ZTO Films

Figure 4.7 shows the transmission and reflectance spectra, absorption and ab-
sorption coefficient (linear) and absorption coefficient (log) of as-deposited and
annealed a-ZTO films. It is clear that the transmission is around 80% (=~ 18%
of reflection) for films within the visible spectra region of light. No variation in
transmission and reflectance spectra of films. However, 1-2% range noise level
in our system results in a small alteration in absorption coefficients as shown
in Figure 4.7 (d). All imply that a-ZTO films in this work show high optical
transparency within the visible light spectrum range. Transparency is an essen-
tial factor in fulfilling the high transparency requirement of some optoelectronic
devices, such as TFTs [28].
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Figure 4.7: Optical properties of as deposited and annealed a-ZTO films, where
(a) - transmission (black line) and reflection spectra (red line), (b) - absorption, (c)
- absorption coefficient (linear), (d) - absorption coefficient (log) of a-ZTO films.

4.9.2 SEM image of a-ZTO Film

a-Z'TO film deposited at 300 °C and the surface morphology of it was examined
by Scanning Electron Microscopy (SEM) as shown in Figure 4.8. SEM image
confirms that there are no discontinuities and deterioration on the surface of
a-Z'TO film. This means that smooth surface of a-ZTO film was obtained by

magnetron sputtering.
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200 nm

e

Figure 4.8: SEM image of 38 nm thick a-ZTO film deposited at 300°C on Glass
substrate.

4.9.3 XRD and XRR data of a-ZTO Films

The thickness of the films was measured by the high-resolution X-ray Diffrac-
tometer. X-ray Diffraction (XRD) confirmed the amorphous nature of a-ZTO
films.

Figure 4.9 (a) shows XRR data of 38 nm thick a-ZTO film. Fittings were done
via the Bruker Leptos software program, where fitting matches very well between
simulation and measured data of the sample. This also highlights that XRR data
give thickness, roughness and density of the materials in this work. The average
density of the 6.76 g/cm?® and roughness of ~ 0.42nm for a-ZTO was obtained.

Fig 4.9 (b) shows a typical XRD pattern of the a-ZTO films. It is clear that
three halo peaks were observed at around 13°, 28°, and 42° due to the presence of
amorphous bonds, which vary in length within the material. It is usually called a
halo peak and is an indicator of an amorphous structure. The former two peaks
originate from the thin film and part of the glass. The peak at 13° is from an
amorphous structure. The glass peak is around 20-30°, and this halo peak is
consistent with the previous report [177]. The peak at 40-45° is from the XRD
sample holder. It can be seen from Figure 4.9 that sharp peaks were not observed

by XRD. All a-ZTO samples in this work showed an amorphous structure.
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Figure 4.9: XRR and XRD pattern of a-ZTO deposited on SiO9 glass substrate
by Magnetron sputtering, where (a) - XRR pattern of 38 nm thick a-ZTO, (b) -
XRD pattern of glass, a-ZTO as deposited and annealed in nitrogen atmosphere.

4.9.4 Annealing Studies on a-ZTO with In-Situ Monitor-
ing of the Resistivity in Nitrogen Atmosphere
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Figure 4.10: Schematic diagram of an in-situ annealing method with a linear
four-point probe, where (a)- heating up from 50 °C to a target temperature, (b)-
maintain at the target temperature that saturates the lowest sheet resistance, (c)-
cooling down from the target temperature to 50 °C. Measurement progresses from
a) to c) continuously. Below the graphs are an illustration of the temperature at
each step.
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4.9 Results and Discussion

The sheet resistance change of films was monitored in-situ during the anneal-
ing to achieve the best properties of films (a detailed description of the instrument
can be found in this section 3.4.1). Annealing setup has also been utilised in our
previous work [203, 204]. a-ZTO thin films were heated from 50°C to an anneal-
ing temperature as shown in Figure 4.10 (a), step 1, and then maintained at the
target annealing temperature until the lowest resistivity was reached (case for
this samples at around 50 seconds) as shown in Figure 4.10 (b), step 2. Finally,
samples were allowed to cool down from the target temperature down to up to
50°C at the same rate as the heating up process as shown in Figure 4.10 (c), step
3. Figure 4.10 (a) shows a change in slope of the resistivity improvement curve,
step 1 (shaded with red), which was observed, and temperature points have been
selected within this region for more detailed investigations and also to find a low
annealing temperature. Using these curves, the activation energy of the reaction
was obtained for a red shaded region in heating up slope by plotting (n(Rs,)
versus 1/T as shown in Figure 4.11 (b).
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Figure 4.11: A method of calculation activation energy of reaction of a-ZTO
annealed in nitrogen environment, where (a) - Ry, versus annealing temperature,
(b) - calculation of activation energy.

For all samples, the resistivity improvement curve versus temperature and
annealing time was recorded as shown in Figure 4.10. All as-deposited and an-
nealed a-ZTO films in this work show an amorphous state, even after annealing
films up to 300°C. The amorphous phase is consistent with other reports, where
a-ZTO films annealed up to 600 °C do not show a crystalline structure [205]. To
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ensure the consistency of the annealing study, all samples were deposited with
the same Zn/Sn ratio, as shown in Figure 4.6. These samples were annealed in
99.99% purity of nitrogen gas atmosphere.

Through the studies of Ry, versus temperature slope in Figure 4.11 (a), it
was found that the resistivity is not changed much until temperatures at 150°C
by thermal post-growth treatment in a nitrogen atmosphere. All samples in
this temperature range show a reduction of resistivity consistent with standard
semiconductor thermal activation of carriers. In all cases, the activation energy
of the deposited samples is around 0.5 meV, a value consistent with heavily doped
a-ZTO [206]. These positive values of the activation energy showed that no films
are found to be degenerately doped behaviour prior to annealing, and a discussion
of this will be outlined later.

Above 150 °C there is a rapid change in the slope in Figure 4.11 (b). This area
is indicated with a shaded region in Figure 4.10 (a), and the largest activation
energy value was found in this region; it also can be seen in Figure 4.11 (b)
as well. This indicates the onset of a secondary reaction in the film that has
energy significantly above that of thermal carrier excitation, while it could be the
effect of increasing the temperature on the conductivity of semiconductors. This
reaction is observed to be inelastic with changes in resistance being permanent
upon cooling to room temperature, indicating a more fundamental alteration of
the sample. In other words, this is an irreversible change in the films.

Six temperatures were selected within a high activation region in Figure 4.11
(a) (red shaded region) in order to find the lowest temperature at which effec-
tive annealing leading to changes in the carrier concentration and mobility took
place. All samples were annealed until the lowest sheet resistance achieved in
the nitrogen atmosphere, as described above in Figure 4.10. This is also shown
in Figure 4.12 (a) and (b) for chosen temperatures with an in-situ monitoring.
Figure 4.12 shows that these two anneal times were 10 hours 30 minutes for an-
nealing temperature 220°C, and 1 hour 30 minutes for annealing temperature
300°C respectively. This implies increasing the annealing time with decreasing
the annealing temperature or vice versa. These cases have shown that anneal-

ing temperature 220 °C can be substituted for annealing temperature 300 °C one
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Figure 4.12: a-ZTO films annealed in nitrogen atmosphere at six different tem-
peratures, (a) - is the sheet resistance versus annealing temperature, (b) - is the
sheet resistance versus annealing time, where (-) - 200 °C, (-) - 220°C, (-) - 240°C,
(-) - 260°C, (-) - 280°C, (-) -

can compensate for lower annealing temperatures with increasing annealing time
without sacrificing the final resistivity values as shown in Figure 4.12.

For the annealed six a-ZTO films, we set a baseline of properties for as-
deposited a-ZTO films in order to show consistency. For setting these baseline
properties we select the 38 nm-thick a-ZTO films with average conductivity, car-
rier concentration and mobility 120 S/cm (see black line (-) in Figure 4.13 (a)),
6x10" cm™3((-) for Figure 4.13 (b))), and 12 cm?/Vs individually. Figure 4.13
(a) shows the conductivity and carrier concentration of these a-ZTO films as
a function of the annealing temperature and time. For each sample, the tem-
perature was maintained until the resistivity reaches a low value and saturates,
and then the temperature was reduced. For annealing temperatures in a ni-
trogen atmosphere (referred to from now on as an oxygen-poor environment),
carrier mobility is independent of the annealing temperatures and atmosphere
as shown in Figure 4.13 (c¢) and only carrier concentration increased following
the anneal. This behaviour of mobility is consistent with previous results which
showed that the oxygen deficiencies and metal clusters do not only act as carrier
donors, but also as scattering sites, hence limiting the carrier mobility in the films.
The results in the previous works indicated that electron mobility is enhanced

by high-temperature annealing (>400°C) in a high oxygen content environment
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Figure 4.13: a-ZTO films annealed in a nitrogen atmosphere, (a) - conductivity,
(b) - carrier concentration, (c) - improvements in carrier concentration (@) and
mobility (A). Here, () line shows the initial conductivity (a) and carrier concen-
tration (b) of a-ZTO, and (@) and (A) for samples after annealing in a nitrogen
atmosphere.

9, 11, 16]. It is worth mentioning that our annealing temperatures are lower than
those in other studies, where the aim was to enhance the carrier mobility of the
films [11, 31, 205].

Interestingly, it is clearly seen from Figure 4.10 (c) the resistivity of the films
gradually declines with decreasing temperature. So that the activation energies
of six films were investigated for between 50°C and 100 °C annealing tempera-
tures, which is prior to achieving the lowest resistivity as shown in Figure 4.14.
The positive values of activation energies were observed as shown in Table 4.1.

All positive values of activation energies imply that prior to achieving the high-
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Figure 4.14: An illustration of Ry, versus annealing temperature for a-ZTO films
prior to achieving the lowest resistivity between 50 °C and 100 °C, where (a) - sheet
resistance versus annealing temperature between 50 °C and 100 °C, (b) - calculation
of activation energy.

Films annealed | 200°C | 220°C | 240°C | 260°C | 280°C | 300°C
at
Prior to (meV) 5.1 48 | 4.62 5.51 545 | 545
After (meV) -3.12 -3.58 | -3.44 -1.67 -1.25 | -3.24

Table 4.1: Activation energy of films prior to and after achieving the lowest
resistivity of a~-ZTO.

est conductivity, a-ZTO films showed a semiconducting behaviour. This means
that in semiconductors, resistance decreases with increasing temperature. The
temperature range (between 50°C and 100°C) is a low temperature relatively.
However, the temperature of the sample activates a small number of electrons.
This is called a thermally activated process. The activation energies of six films
after achieving the lowest resistivity were obtained as shown in Table 4.1. Ry,
versus annealing temperature slope is also shown in Figure 4.15 (a), where the in-
crease in the anneal temperature leads to a decrease in conductivity. This means
that samples in this work present a degenerately doped behaviour that is similar
to metallic conductive behaviour with a small number of energy states within
the conduction band of the materials after achieving the highest conductivity.
This can be understood by raising the temperature with increasing the number
of free carriers to ionize, which is seen in the resistivity decreasing rapidly. As the

annealing temperature is sufficiently high, a large number of the dopants are com-
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Figure 4.15: An annealing slope for a-ZTO films after achieving the lowest re-
sistivity between 50°C and 100°C, where (a) - sheet resistance versus annealing
temperature between 50 °C and 100 °C, (b) - calculation of activation energy.

pletely ionized. As a result of that, conductivity starts to decrease (the resistivity
is increased) as is the case in metals. It is known that in metals, conductivity
decreases by increasing temperature because of a high frequency of collisions of
free electrons. All imply that changes in the slope of the Ry, versus annealing
temperature indicated that the conduction mechanism of films has changed as
shown in Figure 4.15 (a). As shown in Table 4.1, it also can be taken into ac-
count that the activation energies of films with different values after achieving
the lowest resistivity due to samples were degenerated with different levels by
six chosen temperatures. Sample annealed at 220°C is more degenerated than
sample annealed at 280°C, and that is why the sample annealed at 280 °C shows
less improvements in the final resistivity. This can be seen from the final car-
rier concentration of the films as shown in Figure 4.13. To understand this, an
extensive investigation of anneal temperature 280 °C needs to be studied due to
its close temperature to the synthesis temperature. In this report, the aim is to
find a lower annealing temperature; therefore, this region was not focused on.
However, a lower annealing temperature should be suitable for specific substrates
and device structures. An example would be in the case of polyimides, which
can exhibit degradation at temperatures above 260 °C. For flexible polyethylene
terephthalate (PET) and polyethylene furanoate (PEF) substrates need to keep
the process temperature below the 250°C and therefore anneal at >220°C is
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4.9 Results and Discussion

desirable to enhance the electrical properties of films [207, 208].

To sum up, this study developed a method for observation of resistance change
in situ and in real-time during the anneal. Thus, annealing studies on a-ZTO
with in-situ monitoring of resistivity were performed. This aims to achieve better
properties with low sample process temperatures. The largest rate of changes
in the sheet resistance curve was investigated, while the activation energies were
extracted and the activation energy changed most prominently by anneal in the
temperature range 200 °C to 300 °C. The best properties of samples are utilised in
the annealing process. The conductivity of ~ 320 S/cm in 38 nm thick a-ZTO was
achieved successfully by annealing at temperature 220 °C, which was replicated
by annealing at temperature 300°C. This means that the annealing at a lower
temperature can be compensated by performing anneal over a longer period of
time and results in a comparable improvement in electric properties. For all
films, once the minimum in resistance was achieved resulting from the anneal,
the behaviour of the material switched from a semiconducting to a metallic one.
This means that annealing has changed the conduction mechanism of the films.

Furthermore, this annealing method was done in a nitrogen atmosphere, and
it was achieved at a low temperature. Although the conductivity of samples was
enhanced in the nitrogen atmosphere, the carrier mobility remained constant (=~
12c¢m?/Vs). In certain cases, a-ZTO films must present high conductivity and
high electron mobility simultaneously, which is crucial for some optoelectronic de-
vices [209]. The post-deposition treatment method in an oxygen-rich atmosphere
was performed to enhance the carrier mobility of a-ZTO. However, most studies
have shown that the carrier mobility has improved at high annealing temperature
(>350°C) [11, 31, 205]. Several reports have shown that annealing temperatures
<300°C in the oxygen-rich environment do not show the improvements in elec-
trical properties [31, 205]. Taking into account all of these, the annealing process
with in-situ monitoring of resistivity was done in an oxygen-rich atmosphere. The

results and findings will be discussed in the next section.
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4.9.5 Annealing with In-Situ Observation of Resistivity
of a-ZTO in Oxygen-Rich Atmosphere
Annealing samples in oxygen-rich atmosphere method:
The investigations on resistivity changes in the process of annealing a-ZTO

films in an oxygen-rich atmosphere have been carried out. In this work, the

main aim of the investigation is to improve the carrier mobility of a-ZTO films
in order to fulfil a high electron mobility requirement of certain optoelectronic
devices [210]. Secondly, annealing temperatures were limited to be below <300 °C
to enhance the electrical properties of a-ZTO films in the previous reports [31,
205], where the enhancement of a-ZTO carrier mobility was at high temperatures
>300°C. This can be explained by an excess of oxygen within an amorphous
network, which means that the incorporation of more oxygen during the annealing
(fixed time annealing) decreased the conductivity of the samples observed in
these previous reports. Oxygen-rich environment affects intrinsic oxygen vacancy
defects in the films as observed in this report, where oxygen vacancy defects act as

charge carrier sources [31]. Another concern for this is that one can miss the best
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Figure 4.16: Annealing studies on a-ZTO in oxygen-rich atmosphere, where (a) -
film heated up from 50°C (A) up to 250 °C, but the lowest resistivity achieved at
230°C (B), then a-ZTO film allowed to cool down up to 50 °C in oxygen-rich atmo-
sphere, (b) - films heated up from 50 °C up to at a point of annealing temperature
after achieving the lowest resistivity in oxygen-rich atmospheres, then allowed to
cool down to 50°C without oxygen atmosphere (oxygen removed). A red dashed
line presents a direction of decrease in the resistivity of samples.

point of saturation of resistivity of samples because of the lack of an annealing
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4.9 Results and Discussion

setup with in-situ resistivity monitoring. All imply that aimed to understand

a-ZTO Thickness | p (ohm.cm) | n. (cm™3) | pe (cm?/Vs)
as deposited | 38+1nm | 8.19x1073 | 6.7+1x10Y | 12+1
cooling with 38+1nm 1.05x1072 | 5.88+1x10% | 9+1
oxXygen gas

Table 4.2: Electrical properties of a-ZTO film (4.16 (a)) heated up from 50°C
up to 250°C, then cooled down to 50°C in an oxygen atmosphere, where p is the
resistivity, n. in the carrier concentration, . is the carrier mobility.

the limitations of the annealing temperature <300 °C on the electrical properties
of a-ZTO films. These limitations can be sorted out by in-situ observation of
the resistivity method. Also, the limitations may require tight control of the
annealing conditions to solve the issues. All of these can be discussed in the next
few paragraphs. As shown in Figure 4.16 (a), a film of a-ZTO (the electrical
properties as deposited given in Table 4.2) was heated from 50°C (point A) to
250°C. At the same time, resistivity improvement of it was monitored, but this
film has achieved the lowest resistivity at approximately annealing temperature
230°C (point B). When the annealing temperature hits at 250 °C, the film was
allowed to cool down to 50°C. However, during the cooling down from 250°C
to 50°C, the resistivity begins to increase as clearly seen from Figure 4.16 (a)
(B — C sheet resistance slope). Note that whole annealing process was done
in the oxygen-rich atmosphere (50% oxygen). The electrical properties of as-
deposited and annealed films (50% oxygen-rich atmosphere) were measured, and
a comparison is given in Table 4.2. A decrease in electrical properties of film
annealed in an oxygen-rich atmosphere was found. Another step to preventing
the impact of high-oxygen content in the annealing atmosphere on a-ZTO film is
that a film of a-ZTO was heated from 50°C to annealing temperature ~265°C
in the 50% oxygen content atmosphere, but when it starts to cooling down from
~265°C, 50% oxygen content in annealing atmosphere was removed. The removal
of oxygen from the annealing atmosphere results in decreasing in the resistivity
of the film is presented in Figure 4.16 (b) (red line slope). Using this method,
three a-ZTO films were annealed in the same way and 20%, 80% and 100% of the

oxygen-rich annealing atmospheres were examined. Three films were successfully
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annealed without sacrificing the conductivity in selecting oxygen-rich annealing
atmospheres. Figure 4.16 (b) shows thin films with the greatest improvement in
resistivity in an oxygen-rich atmosphere. This means that this in-situ monitoring
of resistivity method also assists in improving the resistivity versus temperature

curve. Indeed, the films came out with excellent electrical properties as shown in
Figure 4.17.
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Figure 4.17: a-ZTO films annealed with in-situ monitoring in an oxygen-rich
atmosphere, where (l) symbol for as-deposited film’s conductivity (a), carrier con-
centration (b), and mobility (c); (@), (A), and (A) conductivity, carrier concen-
tration and carrier mobility of a-ZTO films after annealed. Note that 0% oxygen
content means a nitrogen atmosphere.

Figure 4.17 shows the conductivity (o), carrier concentration (N.) and mo-
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4.9 Results and Discussion

bility (u) of a-ZTO films annealed in an oxygen-rich atmosphere. The previous
reports showed that free carriers were generated by changing the oxygen vacan-
cies during the annealing in a nitrogen atmosphere (oxygen-poor environment)
[27, 134]. However, both carrier concentration and mobility were enhanced simul-
taneously in an oxygen-rich atmosphere in this work. Improvements in carrier
mobility of a-ZTO annealed in an oxygen-rich atmosphere can be understood
by introducing the oxygen into the films during the annealing that can reduce
the scattering centres as it passivates the defects originating from the underco-
ordinated Sn and Zn [11]. Comparing to the highest conductivity and carrier
mobility obtained in this work with previous work showed that they obtained
150 nm thick a-ZTO with conductivity 445S/cm and carrier mobility 35cm?/Vs
after annealing at 500 °C in oxygen-rich atmosphere [11, 27]. In this work, a-ZTO
films (38nm ) are four-times thinner than previous work that achieved average
conductivity 320S/cm and 19 ¢cm?/Vs carrier mobility after annealing at around
240°C in an oxygen-rich atmosphere. This would be a great opportunity to ob-
tain the best electrical properties without a high 500 °C post-growth annealing
temperature. This implies annealing study with in-situ monitoring of the resistiv-
ity can reduce the annealing temperatures. Meanwhile, more details are needed
before concluding the previous investigation on decreasing in conductivity of the
sample during the cooling down as shown in Figure 4.16 (a), anneal performed
at a lower temperature on a-ZTO film as shown in Figure 4.18. a-ZTO film
heated up from 50°C to 190°C as shown in Figure 4.18 (a), then stabilised at
that temperature for 2 hours as presented in Figure 4.18 (b). Even a film was
annealed in an oxygen-rich atmosphere, the conductivity of a-ZTO is still getting
better with increasing the annealing time. The electrical properties of the sample

as-deposited and after annealing at 190 °C are given in table 4.3.

a-ZTO Thickness | p (ohm.cm) | n. (cm™) | p (cm?/Vs)
as deposited | 38%+1nm 7.9x107% | 6.224+1x10% | 13+1
annealed at 38+1nm 4.5x1073 1.24+1x10%° | 18.8+1

190°C

Table 4.3: Electrical properties a-ZTO annealed at 190°C with an oxygen-rich
atmosphere, where p is the resistivity, n. is the carrier concentration, p. is the
carrier mobility.
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Figure 4.18: Sheet resistance improvements of a-ZTO annealed at 190 °C oxygen-
rich atmosphere, where (a) - a-ZTO film heated from 50°C to 190°C, (b) - then
maintained at 190°C for two hours.

A lower temperature means that a higher temperature degrades the electrical
properties of the samples. As a result of that, more oxygen from the annealing
atmosphere interacted with oxygen vacancies in the films, which caused a decrease
in carrier concentration. This can be explained as high temperature can provide
more reactions in the thin films within a shorter period of time, where oxygen
plays a key role as a catalyst [211]. That is why previous works confirmed that
annealed a-ZTO films at up to 300 °C showed an increase in resistivity [31, 205],
where there was a lack of the in-situ annealing set up or not appropriate annealing
temperature for a-ZTO (>200°C).

Interestingly, all as-deposited thin films do not show a degenerately doped
semiconductor behaviour prior to achieving the highest conductivity. However,
films after annealing in an oxygen-rich atmosphere, these films also showed a de-
generated conductivity behaviour, where sheet resistance and annealing temper-
ature slope between 50 °C and 100 °C was investigated after achieving the highest
conductivity as shown in Figure 4.19 that is similar to the samples annealed in
the nitrogen case. Studies on activation energies of films showed a negative value
of the activation energies as seen in Table 4.4 for samples after annealing in an
oxygen-rich-environment.  This means that decreasing the resistivity of films
with developing the degenerately doped semiconductor films, where more defect

states are created within the conduction band and implying that the conduction
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Figure 4.19: An annealing slope for a-ZTO film after achieving the lowest resis-
tivity between 50°C and 100 °C in an oxygen-rich atmosphere, where (a) - sheet
resistance versus temperature between 50°C and 100°C, (b) - activation energy
calculation.

Oxygen content 20 (%) 50 (%) 80 (%) | 100 (%)
Activation energy -3.23 -3.28 -1.81 -1.90
(meV+0.1)

Table 4.4: Activation energies of a-ZTO films between 50°C and 100°C after
achieving the lowest resistivity in an oxygen-rich atmosphere.

mechanism of the films was altered [212, 213|. Furthermore, the low oxygen con-
centration in an annealing atmosphere generates more defect levels, which can be
seen from the comparison of the activation energies of the films after achieving
the lowest resistivity, as shown in Table 4.4. This can be explained by the pas-
sivisation of oxygen vacancies in the films that act as the source of the current
carriers. Oxygen-rich and poor annealing atmospheres can generate free carriers
by altering the concentration of the oxygen vacancy defect centres during the an-
nealing process. However, an oxygen-rich atmosphere caused to create not only
free electrons but also improved film carrier mobility. This is due to passivating
the undercoordinated metal clusters by introducing oxygen into materials [11].
In general, as shown in Figure 4.16 (b), higher oxygen content in the anneal-
ing atmosphere reduced the annealing temperature for a-ZTO. For example, the
annealing temperature for 100% oxygen atmosphere is lower than 20% oxygen
atmosphere. Also, samples annealed in a 100% oxygen atmosphere saturated the

highest conductivity earlier than those in an oxygen-poor atmosphere (nitrogen
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atmosphere). All imply that oxygen accelerates or facilitates whatever reaction
appears to improve the electrical properties. Lower annealing temperature leads
to reducing certain costs for post-deposition treatment methods and device fab-
rications.

In the end, a-ZTO films annealed in an oxygen-rich atmosphere revealed that
samples achieved good electrical properties when the oxygen gas was removed
from the annealing chamber during cooling down. Following that method, films
were annealed without the degradation of the electrical properties of the samples
around at = 240°C successfully. The best electrical properties were obtained
with annealing temperature between <200°C and <300°C, although the whole
annealing process was done in an oxygen-rich atmosphere. Conductivity and
carrier mobility of samples increased by annealing in an oxygen-rich atmosphere
simultaneously.

Annealing in an oxygen-rich atmosphere indicates that oxygen was introduced
into thin films; following this idea, the subject of much speculation in exchanging
the oxygen interface of substrate and film was taken into account. This can be
understood recalling that glass substrates consist of oxide, where these oxides
might impact on properties of films due to the annealing temperatures. A few
samples were fabricated on oxygen-free Boron Nitride substrates to examine this.

I will give the results and analysis of that study in the following section.

4.9.6 a-ZTO Deposited on Boron Nitride Substrates

In the previous section, a-ZTO films were annealed in nitrogen and oxygen-
rich atmospheres, where oxygen passivated certain metal cluster defects due to
interaction with samples. The passivisation in the films indicates that substrates
might have impacted the electrical properties of samples during the annealing
process, especially oxygen-composed glass substrates. It is worth investigating
oxygen exchange between the film and the substrate during the annealing process
that has been pointed out previously [214]. A number of samples were grown on
the oxygen-free Boron Nitride (BN) substrate at 300°C as shown in Figure 4.20

3 carrier density, but

(d), and these thin films showed approximately 1x10' cm™
carrier mobility of samples is approximately 0.8cm?/Vs. Comparison with a

sample on a glass substrate with 6x 10 cm™ of carrier density and 12 cm?/Vs of
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—
(c) (d)

Figure 4.20: SEM images of a-ZnSnO,, films, where (a) and (b) - a-ZTO grown on
Boron Nitride substrate, (¢) - a-ZTO deposited on glass substrate for comparison
with (a) and (b), (d) - a-ZTO synthesised on Boron Nitride substrate.

carrier mobility, the electrical properties of the sample on BN are substantially
poor. An investigation carried out on these films using SEM system, clearly
revealed that boron nitride as substrate leads to structural deterioration on a-
ZnSnO,, samples, such as buckling or cracking as shown in Figure 4.20 (a) and
(b). This is due to the thermal stress caused by the differences in the thermal
expansion coefficient of boron nitride substrate (7.2x107%K~! for boron nitride
215]) and glass (5.5x1077K™! for glass [216]) under the a-ZnSnO,, thin films. It
is hard to determine the impact of oxygen-free boron nitride substrate on film
properties.

While the origin of oxygen from the substrates was complicated to study due to
considerable differences in the thermal expansion coefficient between glass (with

oxygen) and Boron Nitride (no oxygen), we observed a deterioration of sample

99



structure in the case of the oxide-free substrate. In addition, Boron Nitride is a
high-cost substrate. This results in increasing the cost of a large number of ex-
periments to finalise the Boron Nitride substrate study [217]. However, annealing
studies were pursued, especially for different thicknesses and plastic substrates.
All imply that most modern optoelectronic devices are based on low-cost mate-
rials, so a task is being performed with reducing the fabrication costs, requiring
a low cost of annealing, and others [218], such as low-temperature synthesis and
post-deposition annealing method can support all these efforts. An investigation
was done aiming to synthesise a-ZTO films at lower temperatures (room temper-
ature). This means a-ZTO films will be deposited at room temperature, and we
can subject them to anneal at a low temperature. Also, a-ZTO is a scalable range
of materials for production. This means that a-ZTO can fulfil the downscale re-
quirements of optoelectronic devices, such as changing the size of the samples
for amorphous oxide materials based on integrated circuits [219]. However, en-
hancing the electrical properties of the different thicknesses of films is crucial in
industrial practice in designing a high-performance small-scale apparatus [220].
In this work, applying this annealing method to different thicknesses of samples
can facilitate to obtain attainable properties of films. Finally, another advantage
of low-temperature annealing is that one can apply films on flexible substrates.

The discussion on these issues will be outlined in the following section.

4.9.7 Annealing Studies on Room Temperature Grown
a-ZTO with Different Thickness

In the previous section, low-temperature annealing was proposed. Using this
method, we aim to reduce the commercial production costs of a-ZTO films.
Firstly, applying the low annealing temperatures on a-ZTO films found in the
previous section in order to make a chance of annealing studies on a-ZTO films
on flexible substrates that are not compatible with high temperature, such as
the high temperature incompatible flexible PET and PEF substrates (>220°C)
[221, 222]. In amorphous network solids, the defect levels in concentration need
to be altered to enhance materials’ efficiency. Certain defects still exist, even
a-Z'TO films synthesised at RT, where they worsen the electrical performance of

the materials, reducing electron mobility by metal cluster scattering centres [25].
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In addition, different thicknesses of the samples without undesirable effects can
be achieved by annealing [144, 223]. For example, solar cells and OLEDs require
very thick films as transparent contact, and TFTs require ultra-thin films [146].
In TFT applications, we need to control and vary the film thickness for a de-
crease in on/off ratio and a negative shift in threshold voltage. This shows that
the electrical characteristics of AOS TFTs are governed by the semiconductor
layer thickness (d) [144, 146, 224]. Even though the thickness is a crucial factor
in these TF'Ts, they need to be treated in different atmospheres to enhance the
electrical characteristics and gate bias instabilities. Being an essential element
for these TFT structures [225, 226], a-ZTO is a promising multi-functional ma-
terial system for other applications as well [224]. Most applications require very
specific properties that can be developed by the post-annealing method. Thus,
it is essential to know how these post-deposition treatments for thin films with
different thicknesses can perform and control.

Synthesis of a-ZTO films at room temperature:

a-ZTO were deposited at room temperature in the non-reactive RF Magnetron
(described here 3.1.3) chamber, which used the 99.99% purity of a Zinc Tin Oxide
custom composition target (where a mixture is composed of 75% of SnO, and
25% of ZnO). At the same time, the total gas pressure of the sputtering chamber
was maintained constant at 1.6 x 1073 mbar with constant the 99.99% purity of
argon partial pressure. The power applied on a ZTO custom target was 75 W.
This is different from the previous sections’ synthesis method due to using a
custom target for these a-ZTO films. Firstly, ZTO custom target needs only
one power source that is easy to use and control. Secondly, previously optimised
a-ZTO films using two ZnO and SnO, targets separately in current noreactive
sputtering chamber, obtained the best performing films with a range of Zn:Sn
ratio [104].

a-ZTO synthesis Zn (%) | Sn (%) | O (%) | Zn:Snratio
RT 4.4 26.4 69.3 0.17
300°C 5.0 26.1 68.9 0.19

Table 4.5: Elemental ratios of a-ZTO grown at RT and 300°C.
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Figure 4.21: a-ZTO film grown at RT and composition study by XPS, where (a)
- O XPS data, (b) - Sn XPS data, (c) - Zn XPS data.
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Figure 4.22: Images of a-ZTO films with different thicknesses, where (1) - 38 nm,
(2) - 77nm and (3) - 117nm thick a-ZTO.

For the ZTO custom target, the previous range of Zn:Sn ratio used as a

reference for developing a ZTO custom target in order to deposit films is in line

with the best films of previous work. The composition of the films was measured
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4.9 Results and Discussion

by the XPS system as shown in Figure 4.21, which is consistent with films that
were synthesised at 300°C (previously optimised in this work [104]) as shown in
a comparison Table 4.5. Figure 4.22 shows images of a-ZTO films with different
thicknesses.

Optical properties of different thickness of a-ZTO films
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Figure 4.23: Optical properties of different thickness of a-ZTO films, where (a) -
transmission (black line) and reflectance spectra (red line), (b) - absorption, (c) -

absorption coefficient (linear), (d) - absorption coefficient (log) of different thickness
of a-ZTO films.

Figure 4.23 shows the transmission and reflectance spectra, absorption and
absorption coefficient (linear) and absorption coefficient (log) of different thick-
nesses of a-ZTO films. It is clear that the transmission is around 80% (=~ 18% of

reflection) for films within the visible spectra region of light. However, a varia-
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tion in transmission and reflectance spectra was observed because of the thickness
difference in the films. Here, with increasing thickness, more oscillations are ob-
served in the transmittance and reflectance spectrum of a-ZTO films because of
the light interference in the films. The interference is due to an alteration in the
amplitude of the transmitted wave of light, where scattering and absorbing the
light occur. As a result, absorption of thick a-ZTO films is higher than that in
thinner due to a variation in thickness results in changes in the density of these
films. This results in some photon energy being absorbed by films when the light
goes through the films. All imply that transmittance is inversely proportional to
the absorbance of films. In addition, the thicker film showed more transparent
in the long wavelength of the visible region of light, such as 117 nm thick a-ZTO
showing transmittance of 84% around 470nm (2.6¢V), but this is not true for
30nm thick a-ZTO with a transmittance of 75% due to reflections at interfaces
between a-ZTO and substrate.
SEM images of a-ZTO films with different thickness:

—

(a)

Figure 4.24: SEM images of 38 nm, 77nm and 117 nm thick a-ZTO films, where
(a) - 38nm thick a-ZTO, (a) - 77 nm thick a-ZTO, (a) - 117 nm thick a-ZTO.

()

Figure 4.24 shows SEM images of the three a-ZTO films with the thickness
of 38nm, 77nm and 117nm. SEM scans confirmed that all films had a smooth
surface, where no surface damages were captured. A small number of unclear
particles on the surface of the films could be contaminated by air during the
characterisation process.

Room temperature grown a-ZTO films with different thickness an-
nealing in nitrogen atmosphere:

a-Z'TO films of various film thicknesses were deposited using the synthesis

method mentioned above, then three samples with different thicknesses were an-

104



4.9 Results and Discussion
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Figure 4.25: Sheet resistance improvements in 38 nm, 77nm and 117nm of a-
Z'TO films with different thickness annealed in nitrogen atmosphere.

nealed from 50 °C up to at 190 °C, then maintained at 190 °C until the resistivity
decreased the most. Here, 38 nm thick a-ZTO film achieved resistivity with a
short annealing time as shown in Figure 4.25. However, the other two 77 nm and
117 nm thick samples have not been saturated with the highest conductivity by
the same time of 38 nm thick a-ZTO, and they need much more time to obtain
the final lowest resistivity. This implies that alterations in a-ZTO films during
the annealing take place in the bulk of the materials, not the surface as these
films, due to these films possessing the same surface area (the consistency of sub-
strates 1ecmx1cm for all films). Conductivity variations have proved in Figure
4.25 and 4.26 because of sheet resistance obtained with a linear four-point probe
method (More description here 3.4.1) and van der Pauw method (More descrip-
tion here 3.4.2). The former obtains sheet resistance using contacts placed along
the diagonal of a square film surface with certain contact resistance. The lat-
ter calculates the sheet resistance using four corners of the samples with average
periphery resistance.

Figure 4.26 shows conductivity, carrier concentration and carrier mobility of
the a-ZTO as deposited at RT and annealed in a nitrogen atmosphere. Here, a
substantial increase in carrier concentration of all three different thicknesses of
the films was obtained, as shown in Figure 4.26 (b). This can be explained by
generating a free carrier with altering the defect states of the samples, which orig-

inated from the band gap of the films [223]. However, there is no huge variation
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Figure 4.26: 38nm, 77nm and 117nm thick a-ZTO films annealed in nitrogen
atmosphere, where (M) symbol for as deposited film’s conductivity (a), carrier
concentration (b) and mobility (c); (@), (A), and (A) conductivity, carrier concen-
tration and carrier mobility of a-ZTO films after annealed.

in carrier concentration in the films with different thicknesses. It might be the ef-
fect of the annealing time, where thick samples required a much longer time than
thinner film. Here, due to the oxygen-poor atmosphere, annealing time played a
key role in creating the free carriers, as shown in Figure 4.25 (a). However, the
carrier mobility of different thicknesses of films was enhanced by around 20% due
to annealing in the nitrogen atmosphere (oxygen-poor), which did not alter the
carrier scattering centres. Prior work suggests that annealing in an oxygen-rich
environment is the most effective way to alter these scattering centres [29]. In
these films, a small number of scattering centres might be altered by receiving

some weakly bonded oxygen atoms within the films when temperature removed
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4.9 Results and Discussion

them [115].

To end, the anneal time increased with the increasing thickness of the films
and improving the conductivity of films simultaneously. However, no significant
change in electron mobility was expected. The difference in annealing time re-
quired to optimise films of different thicknesses indicated that changes in films
occur in bulk, not on the surface of the films.

Carrier mobility of films with different thicknesses can be enhanced using
annealing in an oxygen-rich atmosphere, which is discussed in the next section.

Room temperature grown a-ZTO films with different thickness an-
nealing in an oxygen-rich atmosphere:

a-ZTO films of different thicknesses were annealed from 50 °C to 190 °C, then
stabilised at the temperature of 190 °C up to the highest conductivity achieved in
an oxygen-rich atmosphere. As shown in Figure 4.27 (b) 38 nm thick a-ZTO film

was saturated to the best conductivity within a short annealing time. However,
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Figure 4.27: Sheet resistance improvements in 38 nm, 77nm and 117nm of a-
Z'TO films with different thickness annealed in oxygen-rich atmosphere.

77nm and 117nm thick samples did not attain the highest conductivity with
the same annealing time as for 38 nm thick a-ZTO film, where annealing time
is much longer than for 38 nm thick a-ZTO film. As shown in Figure 4.27 and
4.28 we obtained different sheet resistance values from measurements via a linear
four-point probe method (More description here 3.4.1) and van der Pauw method
(More description here 3.4.2). Sheet resistance is calculated by applying the con-

tacts on along the diagonal of the sample surface using a linear four-point probe
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method. The sheet resistance of films can be measured using the four corners of

the samples with average periphery resistance via the van der Pauw method. As
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Figure 4.28: a-ZTO films with variety thickness annealed with in-situ monitoring
in an oxygen-rich atmosphere, where (M) symbol as-deposited sample’s conductiv-
ity (a), carrier concentration (b) and mobility (c); (@), (A), and (A) conductivity,
carrier concentration and carrier mobility of a-ZTO films after annealed.

it was shown in the previous section, the change in carrier concentration along-
side the insufficient change in mobility in an oxygen-poor atmosphere (nitrogen
atmosphere) might be due to the absence of oxygen (oxygen deficiency) in the
film, which reduces carrier mobility.

Figure 4.28 shows a-ZTO films with different thicknesses annealed in an
oxygen-rich atmosphere. Conductivity, carrier concentration and mobility of
films were enhanced concurrently. Improvement in carrier concentration origi-

nates from the sub-gap states and shallow donor-like states within the bandgap
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4.9 Results and Discussion

of materials [115, 206]. The oxygen deficiencies in these films (nonreactive sput-
tering) create the number of under-coordinated Sn-Sn, Sn-Zn and Zn-Zn bonds,
and these bonds can be altered by incorporating oxygen into the materials. Al-
tering these undercoordinated metal atoms reduces the scattering centres. These
scattering centres moderate carrier mobility increase [11, 120]. It is worth out-
lining that, as shown in Figure 4.28 electrical properties of the samples annealed
in an oxygen-rich atmosphere were improved better than samples annealed in a
nitrogen atmosphere, such as they improved their carrier concentration and mo-
bility. For carrier concentration, which is due to the oxygen gas. It provides the
alterations in the defect states with more charge carrier generation [227]. In this
case, oxygen might be responsible for promoting the electron transfer in the films
[228].

To end, conductivity and carrier mobility of different thickness a-ZTO films
were enhanced due to an oxygen-rich atmosphere, but these values are higher
than those for the films annealed in an oxygen-poor atmosphere. This is due
to reactive oxygen gas. Also, two synthesis temperatures for a-ZTO films were
investigated. The results of the room and high deposition temperature will be

outlined in the next section.

4.9.8 Role of In-Situ Annealing

The optimisations of a-ZTO films at different growth temperatures must be
taken into account to reveal the effects of these temperatures on the performance
of a-ZTO. The optical and electrical properties can be controlled by one of the
synthesis conditions, such as deposition environments and growth temperatures.
A comparison of the electrical properties of a-ZTO synthesised at room temper-
ature (RT) with a-ZTO grown at 300°C will be outlined.

a-ZTO Total p (ohm.cm) | n. (em™) | pe (cm?/Vs)
thickness
RT 38+1nm 2.2x1072 4.04:0.3x10' | 9£1
300°C 38+t1nm 7.6x1073 6.540.3x10% | 1241

Table 4.6: Comparison of electrical properties of the a-ZTO deposited at RT and
300°C, where p is the resistivity, n. is the carrier concentration, u. is the carrier
mobility.
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The electrical properties of films grown at RT and 300 °C, where films substan-
tially differ in electrical properties from each other as shown in Table 4.6. X-ray
Photoelectron Spectroscopy (XPS) composition studies indicated that there is
not a huge variation in elemental compositions of samples that were synthesised
at room and 300 °C temperature as shown in Table 4.5. A variation in electrical
properties of the room and high temperature (300 °C) is due to the films deposited
at high temperatures were subjected to in-situ annealing. Both methods used a
nonreactive oxygen-deficient sputtering chamber (oxygen-poor environment). An
oxygen-deficient atmosphere plays a key role in generating free charge carriers in
this type of amorphous material. The vacancies can be created by the synthesis
temperature while altering the scattering centres related to the metal clusters.
These scattering centres mitigate the carrier mobility increase. At high depo-
sition temperatures, these scattering centres can be reduced by incorporating a
tiny amount of oxygen from the sputtering chamber. In other words, samples
fabricated at high temperatures possess higher carrier mobility than room tem-
perature synthesised films, as shown in Table 4.6. This can be understood by
room temperature synthesis with a low energy of creating M- O- M network for-
mation within the material during the fabrication process, where metal trapping
centres or scattering centres might be generated, hence reducing both carrier
concentration and carrier mobility concurrently. Synthesis temperature is also
impacting on oxidation of states of the Sn and Zn elements, which influences the
presence of defects in different ways and levels in a-ZTO material [229]. All this
implies that an in-depth study of film synthesis at different temperatures requires
that the current magnetron chamber would have to be redesigned to measure the
conductivity in-situ.

To conclude, the changes in the electrical properties of samples deposited at
room and 300°C were compared. The synthesis temperature is dominated by
in-situ annealing, altering the films’ properties. The studies on a-ZTO are being
carried out on fabricating a-ZTO thin films on the bendable substrate.

Moreover, oxide materials are being adapted to bend and roll for applications
with different geometry. Depositing a-ZTO films on bendable substrates is an
essential fabrication process [230]. In the meantime, enhancing the electrical

properties of a-ZTO films on a flexible substrate by annealing is challenging.
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4.9 Results and Discussion

These challenges are taken into account and considered for investigations with
the current in-situ annealing method. A few a-ZTO films were grown on Kapton
substrates and then annealed in different atmospheres; details of annealing will

be discussed in the next section.

4.9.9 Annealing Studies on a-ZTO Deposited on Bend-
able Substrate

The current electronic technologies aim to fabricate TCOs on transparent and
light flexible plastic substrates [231]. However, a great amount of concern is raised
about annealing aimed at enhancing the performance of films on flexible plastic
substrates. It is also known that certain defects in amorphous a-ZTO films have
a negative impact on the functionality of devices [232]. Annealing with in-situ
resistivity monitoring is a promising method to anneal samples grown on flexible

substrates and using the low-annealing temperature found above (<200°C).

*=¥ Dublin

The University of Dublin

Figure 4.29: An image of 38 nm thick a-ZTO film deposited on Kapton substrate.

Using the same method of deposition at room temperature we previously
described, 38 nm thick a-ZTO films were deposited at room temperature on plastic
substrates and an image of a-ZTO on Kapton as shown in Figure 4.31.

Optical properties of a-ZTO films on Kapton

Figure 4.30 shows optical properties of a-ZTO films on Kapton® DuPont

HN Polyimide film (thickness 0.08 mm), where the transmission and reflection

111



S - 801
s Transmission (%)
o
B —— Reflection (% —
2 60 lon (%) < 601
£ >
2 5
@ =]
= 40 2 404
= g
c Q
o
3 204 < 20
@
o
a4 04 0
15 2 25 3 35 4 45 5 15 2 25 3 35 4 45 5
Photon energy (eV) Photon energy (eV)

(a) (b)

5x10°

4x10°
1054
3x10°

2x10°1
104_
1x10°

Absorption coefficient (cm'l)
Absorption coefficient (cm'l)

T T T T

15 2 25 3 35 4 45 5 2 25 3 35 4 45 5
Photon energy (eV) Photon energy (eV)

(c) (d)

Figure 4.30: Optical properties of a-ZTO on Kapton, where (a) - transmission
and reflection spectra, (b) - absorption, (c) - absorption coefficient (linear), (d) -
absorption coefficient (log).
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spectra were obtained by UV-Vis Spectrophotometer and data of absorption and
absorption coefficient are given for a-ZTO films on Kapton substrates. In this
work, the optical transmission of a-ZTO films deposited on Polyimide film is
lower than films on glass substrates due to Kapton is not a highly transparent
substrate. A strong absorption observed above the photon energy of 2.4V is due
to the bare polyimide film’s high absorption property.

SEM image of a-ZTO films on Kapton

Films on Kapton are prone to cracking and deterioration. SEM image of
the film is shown in Figure 4.31. No cracks are seen on the film surface. The

film’s surface without any deterioration is a good sign for bendable substrate-
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4.9 Results and Discussion

200 nm

e

Figure 4.31: SEM image of 38 nm thick a-ZTO film deposited on Kapton sub-
strate.

based electronic applications. One of reliable methods to examine the durability
of films on flexible substrates is to perform a bending test by a bending set-up
with resistance measurements. This experiment was not done due to a lack of
the bending set-up, but further collaboration is desirable.

Electrical properties of a-ZTO films on Kapton

a-ZTO p (ohm.cm) ne (em™) | pe (cm?/Vs)
a-ZTO on Glass 2.2x1072 4.040.3x10% | 9£1
a-ZTO on Kapton 2.23x1072 3.840.3x10" | 10+1

Table 4.7: Comparison of electrical properties of 38 nm thick a-ZTO deposited on
Glass and Kapton at room temperature, where p is the resistivity, n. is the carrier
concentration, p. is the carrier mobility.

Two a-ZTO films were deposited on Kapton substrates at room temperature
in order to avoid damage to substrates by temperature, where the film’s electrical
properties are in line with 38 nm thick a-ZTO films deposited on a glass substrate
as shown in Table 4.6, then annealed in two different nitrogen and oxygen-rich
atmospheres. This means that consistent samples were obtained on two different
substrates, as shown in Table 4.7. These film’s electrical properties are in line

with 38 nm thick a-ZTO films deposited on a glass substrate as shown in Table
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Figure 4.32: 38 nm thick a-ZTO films deposited on Kapton substrates at room
temperature and annealed in different atmospheres, where as deposited film’s con-
ductivity (a), carrier concentration (b) and mobility (¢) show as (H) symbol; (@),
(A), and (A) conductivity, carrier concentration and carrier mobility of a-ZTO films
after annealed.

4.6.

Figure 4.32 shows conductivity, carrier concentration, and carrier mobility as
a function of the annealing environment. Specifically, carrier mobility depends
on the annealing atmospheres, meaning that an oxygen-rich atmosphere has im-
proved the carrier mobility from 10cm?/Vs to 14cm?/Vs that is approximately
40% increase. Carrier mobility of sample annealed in nitrogen atmosphere only
increased by 10%. All enhancements in electrical properties are associated with
altering the defect centres and creating free electrons by annealing atmospheres

(233, 234]. There is only one way to improve electron mobility, which is an oxygen-
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rich atmosphere due to oxygen atoms incorporated into the films to reduce the

scattering centres [11].

4.10 Conclusions

In this chapter, the annealing temperature of a-ZTO films was reduced by
annealing with in-situ monitoring of resistivity in the nitrogen atmosphere. Also,
the highest conductivity of a-ZTO film was obtained at 220 °C instead of 300°C
by using this method. All electrical properties of a-ZTO films were enhanced in
an oxygen-rich atmosphere at around 240 °C annealing temperature, although it
was not successful in the previous reports. Annealing studies on a-ZTO films with
different thicknesses showed that changes did not occur on the surface of films
but rather in the bulk of films. a-ZTO films were deposited on Kapton and then
annealed successfully. SEM image verified the appearance and condition of the
surface without any damage. In other words, this annealing method successfully

achieved highly conductive ZTO films on the plastic substrates.
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Tuning the Electrical Properties of
Amorphous TCOs Including Ultra-Thin

Alternative Semiconductor Layers

5.1 Controlling the Electrical Properties of the
a-ZTO by Applying Ultra-Thin SiO, Layers

5.2 Introduction of a-ZTO/SiO,/a-ZTO Films

Considerable attention needs to be paid to improving the efficiencies of ultra-
thin (<10nm) TCO films. Ultra-thin TCO films are promising candidates for
novel energy applications; however, the conversion efficiency of sunlight into elec-
tricity with the films needs to be improved to be suitable for real-world appli-
cations. To be more exact, for high-performance TCOs-based TFT devices, one
would need to produce thin films (<10nm) with low concentration of defects. In
particular cases, a low carrier concentration TCOs and reduced thickness of TCO
films for TFTs need to be achieved [33-35]. Controlling the electrical properties
of ultra-thin a-TCOs can be done by doping elements. However, doping can

reduce the material quality, even if creating free carriers with ionised impurity
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scattering centres [37, 38]. In the case of a-ZTO films, achieving ultra-thin a-ZTO
films with a low carrier concentration is desirable for specific TF'T applications
in order to achieve low off-current, and large on-to-off current ratios [32]. One
of the standard methods to reduce free carriers is doping, Ga is often used as
a wide carrier suppressor element for oxide semiconductors that reduce the oxy-
gen vacancy-related defect density through a strong bonding between Ga and O
235, 236]. However, there is a concern raised by cost and health and environ-
mental issues with Ga [237]. Furthermore, theoretical and experimental works
showed Si is the best carrier suppressor [51, 238]. In the previous work, current
carrier reduction in Si-doped ZTO (SZTO) TFTs was obtained, where Si con-
tent can modify oxygen vacancies, which is the origin of carrier generation in this
type of material [239]. However, bulk doping can introduce unwanted side effects
into the films, which include dephasing or increased neutral impurity scattering.
These can have significant effects on carrier properties. In this work, we explored
an alternative method for suppressing the carrier density of a-ZTO films based
on the insertion of ultra-thin layers of SiO,. The goal was to investigate whether
previously observed carrier drops seen in multilayers containing SiO, [39] can be
replicated with alternative materials. In other words, a-ZTO was employed in
this work. A second goal is to explore the origin of carrier concentration drop
in the multilayers, which are composed of a-IGZO and SiO, [39]. In doing so,
the original supposition of the paper, that carrier density differences were due
to variations in the oxygen structure of the TCO layer caused by the ultra-thin
SiO,, would be tested.

Following section, ultra-thin a-ZTO films will be layered with ultra-thin SiO,
insulators to reduce the charge carrier of a-ZTO. The main goal of investigations
is to tune the properties of a-ZTO with unwanted side effects as mentioned above.
Moreover, a-ZTO and SiO, are composed of low-cost, environmentally friendly,
and more abundant elements [2, 196]. Secondly, they show impressive electrical
properties to fulfil the requirements of particular energy conversion and TFT-
based applications [35]. The results and analysis of layered films will be outlined

in the following section.
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5.3 Fabrication and Experimental Details of a-ZTO/SiO,/a-ZTO
Films

5.3 Fabrication and Experimental Details of a-
ZTO/Si0,/a-ZTO Films

Figure 5.1 (a) shows the structure of a three-layer film consisting of a-ZTO
and SiO,. All three multi-layered structures of (amorphous—Zinc Tin Oxide,
referred to as a-ZTO) a-ZT0O/Si0, /a-ZTO thin films were grown in situ by non-
reactive RF Magnetron chamber (magnetron with a rotating sample stage, more
info 3.1.3), which used the 99.99% purity of an a-ZTO custom composition target
(the mixture of 75% of SnOy and 25% of ZnO) and SiO, target individually. At
the same time, the total gas pressure of the sputtering chamber was maintained
constant at 1 x 1072 mbar for a - ZTO layers and 6 x 10~% mbar for SiO, layer,
with constant 99.99% purity of argon partial pressure for both a-ZTO and SiO,
growth. The power applied on a-ZTO custom composition target was 75 W, and
for SiO, target, it was 100 W. In this work, all films were synthesised on standard

a-ZTO (10 nm)
SiOx (1,2,3,4,5,6,7 nm)

a-ZTO (10 nm)

Glass substrate

The University of Dublin

(a) (b)

Figure 5.1: Trilayer structures of a-ZT0O/SiO;/a-ZTO films on glass substrates,
where (a) - thickness of SiO, films varied from 1nm 7nm between constant 10 nm
thick a-ZTO films, (b) - an image of a-ZTO (105m)/S10x2nm)/2-ZTO (10pm) film.

microscopy glass slides (Thermo Scientific 1x1cm, 0.8-1mm thick) as shown in
Figure 5.1 (b). Glass Substrates were ultrasonically cleaned in Isopropanol and
acetone for 5 minutes sequentially. After that, they were preserved in a load lock
chamber with a high vacuum in a magnetron sputtering chamber (1 x 10~ mbar )
for an hour to avoid contamination by the environment. All trilayer film’s carrier
concentration, electron mobility and resistivity of all films in this work were mea-

sured at room temperature by using the Hall system in the Van der Pauw method.
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The optical properties of the films were measured using a Perkin Elmer Lambda
650 UV-Vis Spectrometer. The surface morphology of all films was studied via
Scanning Electron Microscopy (SEM). The thickness of the films was measured
using X-Ray Reflection (XRR) on a Bruker D8 discover with a monochromated
Cu source. Meanwhile, the amorphous nature of the films was confirmed via X-
ray diffraction (XRD) using a Bruker D8 Advance with an unmonochromated Cu
source (XRD). Each layer of trilayer films was grown with a constant sputtering

power in order to provide the consistency of composition of each layer.

5.4 Results and Discussion

5.4.1 Optical Properties of a-ZTO/SiO,/a-ZTO Films

Observed optical properties of trilayer films in this work as shown in Figure

Figure 5.3.

1.2x10%{ —— 20nma-zTO
13 — 1nm SiOy in trilayer
1x1071 2 nm SiOy in trilayer
~ I
IE 8X1012 4 — 3nm SiOy in trilayer
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DN 12
S 6x10™°7 —— 51m SiOy in trilayer
N: 6 nm SiOy in trilayer
Z 4x10% x e
8 — 7nm SiOy in trilayer
2x10%24
0

15 2 25 3 35 4 45 5
Photon energy (eV)

Figure 5.2: Bandgaps of a-ZT0O/SiO,/a-ZTO multi-layers, where thickness of
SiO, between 10 nm thick a-ZTO films varied from 1nm to 7nm, where lines are
() - 20 thick bulk a-ZTO, (-) - 1 nm thick SiOg, (-) - 2nm thick SiO,, (-) - 3nm
thick SiOg, (-) - 4nm thick SiO, (-) - 5nm thick SiO,, () - 6nm thick SiOy, (-)
- 7nm thick SiO; in a-ZTO/SiO,/a-ZTO trilayer films.

Here, the aim is to observe any electron confinement due to the bandgap
difference between a-ZTO and SiO,. Figure 5.3 indicates transmission and re-

flectance spectra, absorption and absorption coefficient of a-ZT0/SiO,/a-ZTO
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5.4 Results and Discussion
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Figure 5.3: Optical properties of a-ZT0O/SiO,/a-ZTO multi-layers, where thick-
ness of SiO, between 10 nm thick a-ZTO films varied from 1nm to 7nm, where (a)
- transmission and reflection spectra, (b) - absorption, (c) - absorption coefficient
(linear), (d) - absorption coefficient (log) of a-ZTO/Si0,/a-ZTO trilayer, and lines
are (-) - 20 thick bulk a-ZTO, (-) - 1nm thick SiO, () - 2nm thick SiOg, (-) -
3nm thick SiO,, (-) - 4nm thick SiO,, (-) - 5nm thick SiO,, () - 6 nm thick SiO,,
(<) - 7nm thick SiO, in a-ZT0O/Si0,/a-ZTO trilayer films.

films, Where the lack of variation in the visible range of the optical properties in-
dicates that the optical behaviour of the a-ZTO/SiO, /a-ZTO trilayer films with-
out shifts average transparencies and reflections of 80% and 14%, respectively, as
shown in Figure 5.3 (a) and (b).

Here, a few noticeable things can be discussed. The first is that the SiO, does
not have a negative impact on the absorption spectra of the material despite
probably being quite defective, as shown in Figure 5.3 (b) and (c), and nor does
there seem to be any significant bandgap shift in indicating a lack of confinement

effects as shown in Figure 5.2. Only observed data with a 1~2% shifts showed that
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variations are ubiquitous and unavoidable by the measurement system. There is
little sign of any changes in refractive index due to effective medium behaviour
as reported previously [39]. This may be due to the lower volume fraction of
the layers in these films compared to the previous nanolaminates. Thus, these
data do not bear any value from a physics point of view. However, the increase
in thickness of the films could have exciting things to discuss. The impact of
varying the thickness on charge carriers seems a beneficial and necessary topic
for further investigation.

There significant difference in optical properties of a-ZTOs in a-ZT0O/Si0O,,/a-
ZTO three-layer structure films is not observed as shown in the previous para-
graph. However, to understand carrier drop behaviour in the multi-layers, where
multi-layers further investigations need to be done, which can be discussed in the

following sections.

5.4.2 SEM Studies of a-ZTO and SiO, Layers

SEM images of top layer a-ZTO1gnm) in trilayer structure and 2 nm thick SiO,
on a-ZTO are shown in Figure 5.4 (a) and (b) individually. Meantime, both a-
ZTO and SiO, film’s surface with smooth and continuous properties are shown in
Figure 5.4 (a) and (b), respectively. There is no surface deterioration and cracks
during the sputtering and characterisation process. No electron trap behaviour

has not been observed on the surface of films.

—

(b)

Figure 5.4: SEM images of a-ZTO and SiO,, where (a) - a-ZTO top layer in
a-ZTO010nm/SiOg(2 nm)/a-ZTO20nm, (b) - 2nm thick SiO, on a-ZTO.
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5.4 Results and Discussion

5.4.3 XRD and XRR data of a-ZTO, and a-ZTO/SiO,/a-
ZTO Films

Figure 5.5 (a) and (b) show XRR data of as-deposited a-ZTO and three layers

of a-ZTO(10nm)/SiO0s(2nm)/a-ZTO(10nm) film. Data curve fittings were done with

the Bruker Leptos software. Strong agreement between the fitted curve (simula-

tion) and measured data was observed for all samples. This indicates that the
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Figure 5.5: XRR and XRD data, (a) - XRR pattern of 20 nm thick a-ZTO, (b) -
XRR pattern of a-ZTO (107 nm)/Si04(2.08nm)/a-ZTO(10.6nm) three layer structure,
(c) - XRD patterns of glass substrate, 20 nm thick a-ZTO and a-ZTO/SiO,/a-ZTO

multilayer structure.

fitting parameters used were correct and that the samples are a simple three-

layer structure, as expected. For example, no formation of interstitial regions or
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significant gradients between layers was observed. This XRR data provided the
thickness, roughness and density of the materials in this work. The density is
6.74g/cm? for a-ZTO and 2.46 g/cm? for SiO,, respectively. Note that XRR is
considered an accurate measurement technique for density determination, which
provides proper XRR data fitting; it gives average density across the sample. In
a-ZTO/Si0,/a-ZTO film average interface roughness of a-ZTO and SiO, is ~
0.55 nm.

Figure 5.5 (¢) shows a XRD data of a-ZTO, a-ZT0/Si0O,/a-ZTO, and Glass
with no sharp crystalline peaks. Halo peaks (a wide XRD peak) were obtained at
around 12°; 24°, and 32° due to variation in the length of bonding in amorphous
networks. Halo peak at 12° is the sign of the amorphous nature of films that was
discovered in previous work, and this work suggests that the halo peak at 24°
might be originated from the glass substrates [177]. Halo peaks found at 41-44°
and 32° could be originated from the XRD sample holder (See Figure 3.6 (b), 2).
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5.4 Results and Discussion

5.4.4 Results and Analysis of a-ZTO/SiO,/a-ZTO Three-
Layer Films

Figure 5.6 presents the electrical properties of the a-ZT0/Si0, /a-ZTO trilay-
ers as a function of SiO, thickness. It was found that upon increasing the SiO,
to 2nm, the resistivity of three layers of a-ZTO/SiO,/a-ZTO films increased.

However, for SiO, thicker than 2nm, the resistivity decreased.
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Figure 5.6: a-ZT0/Si0,/a-ZTO layered structure of the multilayers, where (a) -
resistivity, (b) - carrier concentration, (c) - carrier mobility versus thickness of the

Si0, layers maps. (A) symbol shows resistivity, (@) indicates carrier concentration
and (M) symbol for carrier mobility of the a-ZT0O/SiO,/a-ZTO films.

Carrier concentration of the a-ZTO/SiO, /a-ZTO films dropped from = 2.2x
10" cm ™3 to 7.1x 108 cm 3, which is observed by SiO, film with thickness of 2 nm.

Furthermore, it was back to close bulk a-ZTO’s carrier concentration values after
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4nm thick SiO, in a-ZT0O/Si0,/a-ZTO films. Meanwhile, the carrier mobility
of a-ZT0/Si0,/a-ZTO films decreased from 10.7cm?/Vs to 6.5cm?/Vs as the
film thickness increased to 2nm, beyond that it increased up to 4 nm thick SiO,
and maintained at constant levels in up to 7nm thick SiO,. All these changes
in electrical properties of a-ZTO/Si0O,/a-ZTO films indicated that, as shown in
Figure 5.6 the most carrier drop in a-ZTO/SiO,/a-ZTO films was achieved by
the 2nm thick SiO,. This means that free carrier trap centres in ultra-thin SiO,
played a key role in charge carrier drop. Moreover, all ultra-thin SiO, films
were deposited in an oxygen-poor sputtering atmosphere that could utilise the
growth of more defective SiO, films. It has previously been presented that a
variation in charge carrier concentration and mobility occurs due to the trap in
the oxide semiconductor materials [240]. Here, increasing the thickness of SiO,
decreases the defect centres with fewer carrier drops from 4nm to 7nm thick
Si0, with fewer suboxide species. As a result, the primary defects are related to
the oxygen-deficient grown ultra-thin SiO, films with more silicon dangling bond
states within the lower thickness of the material, and they act as an origin of
electron trap in this material in the previous works [241, 242]. A considerable
amount of awareness seems to point out that there is also a trap site by the
neutral oxygen vacancy caused by strong Si-Si bonds [243, 244|. Furthermore, it
is also well known that presence of the ambient oxygen in the sputtering chamber
could result in the formation of defective ultra-thin oxides that act as charge
carrier traps [243]. The undercoordinated silicon atoms result in electron capture
in SiO, films that are created during the growth of ultra-thin SiO, films. This
should be considered as either trapping an electron or a hole centre in the films
245, 246]. In this work, the charge carrier decrease in trilayer films could be
attributed to these charge carrier trap centres.

Another interpretation of the carrier drop in a-ZTO/SiO, /a-ZTO films is that
the Sn atoms’ electronegativity is higher than that of Si [135] so that there is
less possibility to create the under-coordinated Sn atoms with weakly bonded
oxygen atoms. A previous work discovered that undercoordinated cations act
as an electron trap [34]. However, Si atoms likely interact with oxygen that is
weakly bonded with Zn atoms because it has a lower electronegativity than Si.

As a result, there is a greater carrier mobility drop in a-ZTO/Si0,/a-ZTO films
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5.4 Results and Discussion

upon increasing under-coordinated Zn atoms. All imply that under-coordinated
metal clusters also prevent carrier mobility as they act as scattering sites [16].
Previous works have confirmed that Zn is the main electron mobility driver in
a-ZTO films [16, 104]. Carrier concentration and mobility have decreased by a
small proportion compared to the overall electrical properties of the a-IGZO thin
films layered with SiO, in the previous report [39]. This can be explained by both
amorphous IGZO (a-IGZ0O), and amorphous ZTO (a-ZTO) materials having high
complexity and a substantial amount of defects. Therefore, a few noticeable defect
properties can be considered for comparison with both materials. In the case
of a-IGZO, oxygen vacancies have been extensively studied that are associated
with deep subgap states. a-IGZO’s properties strongly depend on the amount
and types of these subgap states, such as how these are present in materials by
oxygen levels during the growth and annealing process. The free carrier source of
oxygen vacancy is also controlled by Ga content because it has a strong chemical
bond with oxygen that controls the concentration of oxygen vacancy in the a-
IGZO films [247, 248]. However, studies of a-ZTO films by DFT point to a link
of oxygen coordination to deep subgap states. However, these studies are not
conclusive. Furthermore, a-ZTO films are more connected with metallic-based
defect centres, and a previous study on a-ZTO films says that oxygen deficiency
results in metal atom clusters. The subgap states are formed by these metal
atom clusters and providing the donor electrons; at the same time, they act as
the scattering centres [7, 8, 114, 120] so that both materials possess a crucial point
of generating the free carriers. They show different levels of electrical properties.
These trilayer structures’ optical properties may also indicate a decrease in charge
carriers. The results of measurements of optical properties are given in the next
section.

The ionisation energies of elements in this work are compared to each other
as shown in Table 5.1, which may also be the reason for a drop in carrier con-
centration. However, more research must be conducted to draw a comprehensive
picture of the effects of ionisation energy [249]. All imply that examining the
binding energies is also essential, and their impact on each other plays a vital
role in a-ZTO/Si0,/a-ZTO films. However, this must be carried out with more
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Elements | Ionization energy (eV)
In 5.78
Ga 5.99
Zn 9.39
Sn 7.34
) 13.61
Si 8.15
Ti 6.82

Table 5.1: Comparison of 1st Ionization energy of elements. Data taken from
cited work [249].

research to reveal changes in electrical properties. Also, the electronegativity of

elements needs to be investigated to show the alteration in multilayers [135, 136].

5.5 Conclusions and Further Investigations

To conclude, we have investigated the effect of ultra-thin SiO, interplayed
with a-ZTO. I proposed a tentative reason for carrier concentration drop in these
three-layers films; the oxygen and silicon atoms related to electron trap states
played a role in ultra-thin SiO,. Furthermore, measurement data of the optical
properties of these multilayer films showed that defective ultra-thin SiO, films
did not cause alterations in optical properties.

The ultra-thin SiO, films in layered structures showed that the layering method
can reduce the carrier concentration, but this comes with the undesired reduction
in mobility. This means it is unlikely to be a promising alternative to bulk dop-
ing materials. This could lead to searching for other materials and possibilities
of working better, where several insulators are needed to see the effect on the
electrical properties of a-ZTO. Here, titanium dioxide (TiOg) is a well-studied
and powerful candidate for this. This material’s list of priorities will be discussed

in the following sections.
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5.6 Altering the Electrical Properties of a-ZTO
Including Ultra-Thin TiO, Layers

5.7 Introduction of a-ZTO/TiO,/a-ZTO Struc-
tures

TiO, is an interesting and versatile material with nontoxic nature, chemical
stability, a relatively low cost, and semiconducting behaviour, making it an at-
tractive candidate for commercial uses due to this oxide semiconductor composed
of transition metal. As a result of that, it has been widely studied [250]. It is
used in photocatalytic applications and has potential as a TCO material (nio-
bium doped) [251]. Apart from that, it is used as an insulating material when it
is not doped with a bandgap of >3ev [252]. The electrical properties of TCOs
must be altered by the insulating material with more reliable and other proper-
ties. In certain cases, TCOs are used as a channel layer in Thin-Films Transistors
(TFTs), where they are an active material for switching, but the electron concen-
tration of TCOs must be reduced substantially to enable this application. This
facilitates excellent switching. As I above stated it is difficult to reduce the con-
centration in ZTO ( <1x10"%em™3) [235]. We will use TiO, for this purpose.
TiO, presents several advantages over SiO, for this investigation. The primary
one is that its bandgap is significantly lower than that of SiO,, presenting the
possibility of a lower tunnel barrier between the materials [253]. Other benefits
include a tendency towards intrinsic n-type conductivity, a lower resistivity, and
higher mobility of the films [74, 254]. TiO, is investigated to explore whether
this reduced barrier might lead to a lower carrier mobility reduction. The results

observed will be outlined in the next few sections.

5.8 Experimental Methods of a-ZTO/TiO,/a-
ZTO0O Films

Figure 5.7 shows multilayer structure by a-ZTO and TiO, materials. All three
layers of a-ZTO/TiO,/a-ZTO (a-ZTO -amorphous Zinc Tin Oxide) thin films
were grown in-situ by a non-reactive RF Magnetron chamber (with a rotating

sample stage, details in section 3.1.3), which used a custom composition target of
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ZTO with 99.99% purity (where a mixture of 75% of SnO, and 25% of ZnO) and
TiO, target separately. At the same time, the total gas pressure of the deposition
chamber is constantly maintained at 1 x 1072 mbar for a-ZTO layers growth and
5.8 x 10~*mbar for TiO, ultra-thin layer, where the 99.99% purity of Argon flow
was remained a constant for both materials synthesis process. The power applied

to a ZTO custom composition target was 75 W, and the SiOs target was 100 W.

a-ZTO (10 nm)
TiOx (1,2,3,4,5,6,7 nm)

a-ZTO (10 nm)

Glass substrate The University of Dublin

(a) (b)

Figure 5.7: Trilayer structures of a-ZTO/TiO, /a-ZTO film on a glass substrate,
where the thickness of TiO, films varied from 1nm to 7nm between constant two
10nm thick a-ZTO films, (b) - an image of a-ZTO (10nm)/ TiOx2nm)/a-ZTO (10nm)
film.

All films in this work were grown on standard microscopy glass slides (Thermo
Scientific 1x1 cm, 0.8-1mm thick). Glass substrates were cleaned with a sonicator
in isopropanol and acetone for 5 minutes separately, then kept in magnetron load
lock chamber (1 x 107°mbar) for an hour in order to facilitate a clean surface
of substrates. The substrate temperature was maintained at room temperature
for all films in this work. All films’ carrier concentration, electron mobility, and
resistivity were measured at room temperature using the Hall system in the Van
der Pauw method. Four contacts were made of silver wire using silver adhesive.
These four contacts are located on the four corners of the sample. XRR system

(more details are in 3.2.2) is involved in controlling the thickness of each layer in
a-ZTO/TiO,/a-ZTO films.
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5.9 Results and Discussion
5.9.1 Optical Properties of a-ZTO/TiO,/a-ZTO Films

Figure 5.8 shows transmission and reflectance spectra, absorption and absorp-
tion coefficient of a-ZTO/TiO,/a-ZTO films.
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Figure 5.8: Optical properties of a-ZTO/TiO,/a-ZTO films, where (a) - trans-
mission and reflection spectra, (b) - absorption, (c) - absorption coefficient (linear),
(d) - absorption coefficient (log) of a-ZTO/TiO,/a~-ZTO multi-layers. Also (-) - 20
thich bulk a-ZTO, (-) - 1nm thick TiO, (-) - 2nm thick TiO,, (-) - 3nm thick
TiOg, (-) - 4nm thick TiOg4, (-) - 5nm thick TiO4, (-) - 6 nm thick TiO,, (-) -
7nm thick TiO, in a-ZTO/TiO,/a-ZTO structure films.

Figure 5.8 shows no substantial changes in transmission and reflectance of
multilayers. However, all samples are with high transmission of ~ 80% within
the visible light spectrum. However, transmission spectra strongly relate to the
thickness of the films and refractive index variations between the films and sub-

strate. Thicker films have a high absorption value than thinner films. The refrac-
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Figure 5.9: Bandgaps of a-ZTO/TiO,/a-ZTO multi-layers, where thickness of
SiO, between 10nm thick a-ZTO films varied from 1nm to 7nm, where lines are
(-) - 20 thick bulk a-ZTO, (-) - 1nm thick SiO, (-) - 2nm thick SiOg, (-) - 3nm
thick SiOg, (-) - 4nm thick SiO,, () - 5nm thick SiO,, (-) - 6 nm thick SiOg, (-)
- 7nm thick SiO, in a-ZTO/TiO,/a-ZTO trilayer films.

tive indexes of the substrate and TCO materials can also consider in analysing
materials’ optical properties. In this work, Figure 5.8 shows all optical properties
of a-ZTO/Ti0,/a-ZTO films and all my films do not have changes. Shifts in
optical data with the 1~2% range are inconsistent. Shifts are originated from
the noise level in our UV-Vis system. In addition, there are no bandgap shifts
between a-ZTO/Ti0O, /a-ZTO multi-layers and 20 nm thick a-ZTO film as shown

in Figure 5.9, which means that there is no electron confinement in trilayer films.

5.9.2 SEM Studies of a-ZTO and TiO, Layers

Figure 5.10 shows SEM images of top layer in a-ZTO(onm)/TiOg(2nm)/a-
ZTO@onm) film and 2nm thick TiO, on 10nm thick a-ZTO. It is clearly seen
from Figure 5.10 (a) and (b) that there is a smooth surface for all the films of
a-ZTO10pm) and TiO,. This means that the smooth surface morphology of films
has been obtained by magnetron at RT, and there is no noticeable degradation
of the surface of films. Also, there is no confirmation of an electron trap on the

surface of the films.
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5.9 Results and Discussion

Figure 5.10: SEM images of a-ZTO and TiO,, where (a) - top layer of a-
ZTOgnm in a-ZTOqg nm/TiOx(Q nm)/a—ZTOgo nm (D) - 2nm thick TiO, on a-ZTO.

5.9.3 XRD and XRR of a-ZTO, and a-ZTO/TiO,/a-ZTO
Films

XRR data of a-ZTO and trilayer structure of a-ZTO10nm)/ TiOz2nm)/a-ZTO
(10nm) film as shown in Figure 5.11 (a) and (b). Measured and simulation data
fitted snugly, showing a uniform thickness range for each layer. The materials’
thickness, roughness and density were obtained using this data. Density of a-
ZTOs is 6.8g/cm® and TiO, of 4.6g/cm®. An average interface roughness is
between a-ZTO and TiO, ~ 0.48nm. Density of a-ZTOs is 6.8 g/cm?® and for
TiO,, it is 4.6 g/cm®. An average interface roughness between a-ZTO and TiO,

is ~ 0.48 nm.

XRD data of a-ZTO, a-ZTO/Ti0O, /a-ZTO, and Glass in Figure 5.11 (c) re-
vealed that they do not show a crystalline phase. While several halo peaks were
detected at around 14°, 23°; and 33° due to the bonding length alterations in
amorphous materials. The halo peak at 14° is associated with an amorphous
property, and the halo peak at 23° is from the glass substrates. The previous
work confirmed these XRD peaks [177]. More XRD sample holder halo peaks at

33° and 40-44° were observed in this work (See sample holder picture in Figure

3.6 (b), 2).
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Figure 5.11: XRR and XRD curves of a-ZTO and TiO,, where (a) - XRR pat-
tern of 20nm thick a-ZTO, (b) - XRR pattern of a-ZTO(10.07 nm)/ TiOz(2.05 nm)/a-

ZTO(10.08nm) three layer structure, (c) - XRD pattern of the glass substrate, 20 nm
thick a-ZTO and a-ZTO/TiO,/a-ZTO.

5.9.4 Results and Discussion of a-ZTO/TiO,/a-ZTO Tri-
layers

Figure 5.12 shows the electrical properties of the a-ZTO/TiO, /a-ZTO based
films altered by including ultra-thin TiO, films, where the thickness of TiO, films
varied from 1nm to 7nm. Changes in the electrical properties were substantially
lower in TiO, based three-layer structure thin films than in SiO, based films.
This means that ultra-thin TiO, films worked the least efficiently, decreasing
80% of carrier concentration drop in three a-ZTO/TiO, /a-ZTO films. This was
observed only in a-ZTO/TiO, /a-ZTO film containing 2 nm thick TiO, layer, and
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Figure 5.12: Electrical properties of a-ZTO/TiO;/a-ZTO films, where (a) - re-
sistivity, (b) - carrier concentration, (c) - carrier concentration versus electron
mobility. (A) symbol shows resistivity, (@) indicates carrier concentration and (H)
symbol for carrier mobility of a-ZTO/TiO,/a-ZTO films.

it increased for thicker layers. a-ZTO/TiO,/a-ZTO films with 4 nm-7nm thick
TiO, films showed ~ 55% carrier drop at the same time. However, carrier mo-
bility was maintained in line with a-ZTO film at around 6.5 cm?/Vs. The role of
defect species in TiO, films can be taken into account for this. Also, elements’
binding energy and electronegativity might be considered for understanding a
constant carrier mobility behaviour. The changes in the thickness of the TiO,
films affect the surface’s electronic properties. Film thickness also influences on
the density of trap states’ positions. These appear below the conduction band of

TiO, films because of a lack of bonding arrangements and bulk defects. This was
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observed even if TiOs is a crystalline phase [255] as well as extended Ti-O bonding
responsible for as trap states in amorphous TiOy [256]. These trap defect centres
in TiO, films originate from the oxygen vacancies [257]. A variation between both
Tijnterstitiar and oxygen vacancies results in a substantial structural alteration in
the network, hence the presence of shallow donor trap states below the conduction
band minimum [258]. This means that in this work, all a-ZTO/TiO, /a-ZTO films
were deposited under a poor oxygen atmosphere that is crucial for particularly
the synthesis of TiOy with more defects. 2.2nm thick titanium oxides have been
deposited with more trap states in this report [259, 260], which means it might
be in line with my TiO, layers. Therefore, previously confirmed Ti*" and Ti%*
act as electron traps in bulk TiOy due to the oxygen vacancy [261]. Here, one of
the possible reasons is that these trapping states are responsible for carrier drops,
where charge carriers might be captured by oxygen vacancies [260]. However, it
is not a huge drop compared to a-ZTO/SiO, /a-ZTO films. This may be a sign
that the electronegativity of Tiis much lower than Zn and Sn and these oxygen
atoms may be pulled towards to Zn and Sn, where unlikely to create more under-
coordinated Zn and Sn atoms that act as the source of free carrier trap centres.
Here, just TiOy’s bulk trap centres dominate as carrier drop, and it decreases
with the thickness of the TiOs. Electron mobility of a-ZTO/TiO,/a-ZTO films
remained constant at &~ 6.5 cm?/Vs that can be explained by having the extraor-
dinary characteristics TiOs itself. Certain amorphous phase TiO, films show that
the mobility of free electrons strongly depends on the charge trap states, which
they control. This means that electron mobility is governed by the trapping and
de-trapping phenomenon, where electrons are travelled between shallow trap and
conduction band [259, 262]. Another thing that might happen in my films is that
amorphous titanium oxide films with a nonstoichiometric phase showed in the
previous report excellent properties, such as metallic behaviour. These samples
are in lower oxidation states of TiO; 5 [263].

The XPS spectrum is often measured to study the composition of amorphous
oxide films. The most observed XPS peak is Ols with different binding energy
(BE) by in-situ XPS methods that depend on the charge states of the oxygen
gained in materials. Usually, the binding energy of oxygen is ~ 530eV. The

meaning of binding energy is the strength of such a chemical bond between atoms
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5.10 Conclusions and Further Investigations

and the maximum energy required to break or remove an electron. This highly
depends on the types of bonding, including ionic and covalent bonding. Also, the
electronegativity of elements identifies the strength of the bond [264]. In general,
alterations in electrical properties of a-ZTO/TiO,/a-ZTO films, where elements’
binding energies need to be taken into account because they have different bind-
ing energy values. a-ZTO is composed of three main elements that are Zn, Sn
and O. As a result that they form with different levels of bond strength. From
the experimental data for the a-ZTO films Zn2p3/2 is 1021.49eV and Sn3d5/2
is 486.22eV binding energy values. This implies that different levels of charge
states of Ti, Zn and Sn are defined amounts of binding energies with oxygen
atoms. Meanwhile, charge states generate the free carriers by creating defect
centres related to the variable charge states of each element. Hence, where un-
dercoordinated metal atoms create the electron trap states [34]. That is why here,
TiO, films do not bring a dramatic change in the electrical properties of a-ZTO.
A deeper understanding of these requires the in-situ transfer of the Magnetron
samples to XPS, which needs further work. Also, several defect-sensitive exper-
imental devices have to be applied to this work, such as electron paramagnetic
resonance (EPR) and Photoluminescence (PL) Spectroscopy. Examining the op-
tical properties of these multilayers may assist in finding out the charge carrier
drop in the trilayer, even if the carrier concentration drop is negligible. Based on
this, the optical measurements have been done on layered structures, which will

be discussed in the next section.

5.10 Conclusions and Further Investigations

To sum up, two main insulators of SiO, and TiO, were used to alter the
electrical properties of a-ZTO films. The least effective one is TiO,., and compared
to TiO,, SiO, worked with a greater degree. However, TiO, films maintained
carrier mobility in trilayers. The most likely explanation for carrier drop in these
multilayers is that electrons get trapped by oxygen, Ti interstitial, and other
trap states due to the effect of thickness reduction on the optical and electrical
properties of SiO, and TiO, films. Also, the elements in SiO, and TiO, films
have different electronegative values, which may change the electrical properties

in these multilayers.
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The electrical properties of TCOs were altered by replicating a previous report,
which theorised carrier drop in a-IGZO/SiO, superlattices due to the gettering,
where charge carrier drop confirmed as a side effect of tuning the refractive index
of materials. After a-ZTO films layered with SiO, and TiO,, a-IGZO layered
with SiO, in the same way as a-ZTO films and these three-layer films were also
investigated. Before going into a-1GZO/Si0,/a-IGZO films, the main priority
is that a-ZTO and a-IGZO are intrinsic semiconductors. In other words, both
a-Z'TO and a-1GZO are primarily defect-based semiconductors. Oxygen plays a
crucial role in two materials’ electrical and optical properties. All of this implies
that redoing previous a-IGZO/SiO, superlattices by decreasing the thickness of
the whole layer will be investigated, and several characterisation techniques will
be used to reveal the carrier drop in a-IGZ0O/SiO,/a-IGZO films. The origin of
the carrier drop might be more complex and requires more research to find out
the reasons. All studies on a-IGZ0O/Si0O,/a-IGZO films will be discussed in the

upcoming sections.
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5.11 Altering the Electrical Properties of the a-IGZO with Including
Ultra-Thin SiO, Layers

5.11 Altering the Electrical Properties of the
a-IGZ0O with Including Ultra-Thin SiO,
Layers

5.12 Introduction of a-IGZ0O/SiO,/a-1GZO
Films

In the case of layering materials, establishing and understanding the physics
of materials is there. Also, a layering method could preserve lateral carrier mo-
bility in ultra-thin films. A layering method can be performed by introducing the
ultra-thin insulator layers with a few nm thickness, which would have the benefit
of a low density of intrinsic defects. Most of the prior research was focused on
thick a-IGZO/Si0O,, superlattices for tuning the refractive index. A side carrier
drop in a-IGZO/Si0O,, superlattices was found, and this happened in all the films,
including the ones deposited at elevated temperature [39]. This report allows us
to identify an origin of a drop in charge carrier concentration in these multilayer
structures. Also, a-IGZO possesses a complex oxygen vacancy structure, so there
is an expectation of a significant carrier concentration drop in these three-layer
films [265]. Carrier drop behaviour may be more complicated in these multilayers
and needs more versatile experimental devices or theoretical approaches. I will
focus on studies on a-IGZ0/Si0, /a-IGZO three-layered structures in the follow-
ing few sections using tools, such as XPS and other characterisation techniques.
In the lists of tools, the primary priority is to equip the XPS system with an
in-situ transfer. The films’ oxygen structure will be investigated, and the role of

oxygen in these multilayers will be outlined.

5.13 Experimental Methods of a-IGZ0O/SiO, /a-
IGZO Films

Figure 5.13 presents a three-layer network composed of a-IGZO and SiO, on
a glass substrate. Three laminates of amorphous ~InGaZnO (a-1GZ0)/Si0O, /a-
IGZO ultra-thin films were synthesised in-situ via non-reactive Radio Frequency
(RF) magnetron sputtering (used equipped with a rotating sample stage, see in
section 3.1.3). An IGZO (1:1:1:1 ratio) target with a 99.99 % purity composition
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and SiO target with a 99.99 % purity were used separately. Working pressure for
a-IGZO growth was 1.6 x 1072 mbar and 6.2 x 10~*mbar for SiO, layer, under
the constant argon flow. The power applied on the IGZO custom composition
target was 140 W and the power on SiO, target was 100 W. While sputtering, the
chamber was kept for 5 minutes in the pre-sputtering process to stabilise plasma
density and remove the oxide layer from the target surface built by a tiny amount

of background gas.

a-1GZ0 (10 nm)
SiOx (1,2,3,4,5,6,7 nm) Trinity
College
Dublin

The University of Dublin

a-IGZO (20 nm)

Glass substrate

(a) (b)

Figure 5.13: Trilayer structures of a-IGZO/SiO,/a-IGZO film on a glass
substrate, where (a) - thickness of SiO, films varied from l1nm to 7nm be-

tween 20nm and 10nmthick a-IGZO films, respectively. (b) - an image of a-
IGZO(20 nm)/SlOz(Q nm)/a'IGZO(IO nm) film.

The entire films in this work were deposited on standard microscopy glass
slides (Thermo Scientific 1x1cm, 0.8-Imm thick). The glass substrates were
ultrasonically cleaned in isopropanol and acetone for 5 minutes individually. Then
kept under a high vacuum load lock chamber in a magnetron sputtering system
(1.6 x 1075 mbar) for a minimum of an hour before deposition. The substrate
temperature was room temperature without heating for all thin films in this

work.
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5.14 Results and Discussion
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Figure 5.14: Optical properties of a-IGZ0O/Si0O,/a-IGZO multi-layers, where (a)
- transmission and reflectance spectra, (b) - absorption, (c) - absorption coefficient
(linear), (d) - absorption coefficient (log) of a-IGZO/SiO,/a-IGZO multi-layers.
Also (-) - 30 thich bulk a-IGZO, (-) - 1nm thick SiO, (-) - 2nm thick SiO,, (-) -
3nm thick SiOg, (-) - 4nm thick SiO,, (-) - 5nm thick SiO, () - 6 nm thick SiOq,
(<) - 7nm thick SiO, in a-IGZO/Si0, /a-IGZO structure films, individually.

5.14 Results and Discussion

5.14.1 Optical Properties of a-IGZ0O/SiO,/a-IGZ0O Mul-
tilayers
Figure 5.14 shows optical properties of a-IGZ0O/SiO,/a-IGZO films, where
UV-Vis Spectrophotometer measured the transmission and reflection spectra (see
more detail 3.3), the data obtained was absorption and absorption coefficient for
multilayers.
As you see from Figure 5.14 a total of eight samples were involved. It is clear

that the transmission is around 80% within the visible spectra region for all a-
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IGZO/Si0, /a-IGZO multilayers. However, transmission spectra depend on the
thickness of the films and refractive index changes between the film and substrate.
The former is defined by the absorption (A) proportionality to thickness. The
thickness variation from the average thickness of the films can affect this. The
latter is the difference between the average refractive index of the substrate and
materials. The reflectivity curves of the films strongly depend on the uniformity of
the thickness due to the thin-film interference from the top and bottom interface
of the sample. It shows that the thickness is not uniform, which causes different
oscillations. As a result, the discussion of the absorption coefficient can be helpful

in the cases of very thin films such as those discussed here. This is plotted in

12 |
X101 —— 30 nm a-1GZ0

—— 1 nm SiOx in trilayer

~  3x1012 2nm SiO, in trilayer
£ — 3 nm SiOx in trilayer
o " 4 nm SiOx in trilayer
3 2X1071 —— 5nm SiOx in trilayer
S 6 nm SiOx in trilayer
s 1x1012{ — 7 nm SiOx in trilayer

0

15 2 25 3 35 4 45 5
Photon energy (eV)

Figure 5.15: Bandgaps of a-IGZ0O/Si0, /a-IGZO multi-layers and a-IGZO, where
thickness of SiO, between 20 and 10nm thick a-IGZO films varied from 1nm to
7nm, where lines are (-) - 20 thick bulk a-ZTO, (-) - 1 nm thick SiO,, (-) - 2nm
thick SiOy, (-) - 3nm thick SiO,, (-) - 4nm thick SiO,, (-) - 5nm thick SiO,, ()
- 6nm thick SiOg, (-) - 7nm thick SiO, in a-ZTO/TiO,/a-ZTO trilayer films.

Figure 5.14. Also, bandgaps of a-IGZO/SiO, /a-IGZO multilayers and a-IGZO
showed no bandgap energy difference between films as shown in Figure 5.15, which
means it is hard to consider electron confinement in the trilayer structures. It can
be seen that a slight shift in absorption was observed in the films. However, this
shift is inconsistent and is in the 1~2% range, which coincides with the noise level
in our system, leading to much un-physical behaviour in the absorption coefficient
due to T+R approaching 100%. As a result, it is difficult to identify whether a

consistent shift in absorption is occurring for the thin films here. This could
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5.14 Results and Discussion

be better investigated in the future by growing substantially thicker multilayer
films, increasing the absorption level («) outside that 1-2% noise level. Thick films
would allow for a more accurate calculation of the absorption coefficient. This
is also found in the absorption and absorption coefficient of all a-IGZO/SiO,/a-
IGZO films as shown in Figure 5.14 (d).

5.14.2 AFM and SEM Studies of a-1GZO and SiO, Layers
Through oxygen structure study in the trilayer, these charge carrier drops in
trilayer subjects require more approaches, so AFM and SEM instruments were
used to perform studies of a-IGZO and SiO, layers. Images of AFM and SEM
for a-IGZO and SiO, are shown in Figure 5.16 and 5.17 respectively.

Figure 5.16: AFM images of a-IGZO and SiO,,, where (a) - 10 nm thick top layer
of a-IGZO in a-IGZ0O/Si0,/a-IGZO film, (b) - 2nm thick SiO, on a-IGZO.

Figure 5.16 shows AFM images of both a-IGZO and SiO, with a continuous
surface, where any discontinuous surface and island growth of SiO, films did not
find. This means that in some instances, island-like film deposition takes place
at a lower thickness of SiO,, which acts as electron trap centres and could be
the main reason for carrier drop in multi-layers. However, one report confirmed
island-like film deposition, but it could be found for oxide thinner than 0.8 nm
thick films used here [266].

SEM images of a-IGZO in a-IGZO (20 nm)/SiOz(2nm)/a-1GZO (20 nmy film, which

in air and in-situ transferred and 2 nm thick SiO, on a-IGZO films have compared
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each other. As shown in Figure 5.17 (a) and (b), there more surface pits were
observed on the surface of in-situ transferred samples after the XPS scan. The
origin of these pits is unknown. Meantime, the other film’s surface shows smooth

and continuous properties, as shown in Figure 5.17 (a) and (c).

Figure 5.17: SEM images of a-IGZO and SiO,, where (a) - a-IGZO in air trans-
ferred, (b) - SEM image of top layer of a-IGZOx20nm/SiOz(2 pm)/a-1GZO20 nm that
after XPS scan, (c) - 2nm thick SiO, on a-IGZO.

At the same time, the XRR system obtained the roughness values of each
layer in a-IGZ0/Si0,,/a-IGZO multi-layers (more detail here 3.2.2). Through this
roughness of layers shown in Table 5.2, There are not many differences between
Si0, and a-IGZO layers in terms of their roughness. This is consistent for all films
of SiO, and a-IGZO. A lower roughness is due to films with a smooth surface by
a magnetron sputtering system. The roughness of a-IGZO films in the previous
report is around 0.5nm and is smaller than the roughness of films in this work,
which is given in Table 5.2, where the average roughness is 0.7 nm for a-IGZO. A
variation in roughness between the previous and this work is due to differences
in the kinetic energy of sputtering target atoms with different formation energies
by sputtering conditions, such as sputtering temperature and gas pressure. Even
if the applied RF power in this work is twice as high as in previous work, there
is no substantial change in roughness, and it is independent of this power [267].

Si0, also showed low surface roughness values as given in Table 5.2. This is
in line with the average surface roughness of SiO, in this report [268]. Generally
speaking, the effects of roughness are not considered for a considerable carrier
drop in this work. The previous work found that a lower roughness value reduces
trap density, where the observed roughness of a-IGZO is 0.53nm [269]. Also, one

study on interfacial roughness between a-IGZO and SiO, layers showed that lower
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5.14 Results and Discussion

Roughness (nm) Top layer SiO, layer | Bottom layer

a1GZ0320 /910 (1 nen)/2-1GZ0 10 0.57 0.63 0.52
aTGZ0320 /510 12 nm) [2-TGZO 10 0.72 0.59 0.82
a1GZ0320 /510 (3 nm) /2-IGZO 10 0.5 0.66 0.65
aTGZ020 /510, (4 nm) [2-TGZO 10 0.6 0.62 0.78
a—IGZ020 nm/SlOm(5 nm)/a—IGZOm nm 0.81 0.68 0.6

aTGZ020 /510,16 nm) [2-TGZO 10 0.67 0.8 0.68
a—IGZOQO nm/Sioanm)/a—IGZOlo nm 0.48 0.75 0.69

Table 5.2: The roughness values of each layer in a-IGZ0O/SiO,/a-IGZO films by
XRR measurements.

roughness values correspond to a lower density of interfacial traps [270]. Usually,
a-IGZO thin films with <1 nm roughness is usually obtained by magnetron sput-
tering, which has confirmed that trapping an electron occurs within the insulator
layer; it is not between interfacial roughness of layers [271, 272]. Based on these
investigations, the roughness studies are not a piece of inconclusive evidence to
show the carrier drops in a-IGZ0O/Si0O,/a-IGZO three-layer.

In summary, AFM and SEM studies on the surface of films revealed no evi-
dence to confirm the charge carrier drop in trilayer structures. Also, roughness
studies could not explain a drop in carrier concentration. However, during the
studies of these multilayers, a difficulty has arisen with in-situ transferred samples,
where all in-situ transferred samples came out (after XPS data was obtained) with
better electrical properties than in air transferred a-IGZO/SiO,/a-IGZO films.
In other words, these films had lesser carrier drops. This signals a background
gas impact on the electrical properties of materials. Studies continued to try to
explain the origin of these issues. The question then arises whether there is any
relationship between a variation in electrical properties of in-situ transferred films
and charge carrier drop in a-IGZ0O/Si0O, /a-1GZO films. This will be discussed in

the upcoming section.

5.14.3 XRD and XRR data of a-IGZO and Trilayer Films
The thickness of all multi-layers was measured by x-ray Reflectometry (XRR)

with an un-monochromated Bruker D8 Discover equipped with a Cu source (
more details in Figure 3.8). The XRR pattern of a-IGZO/SiO,/a-IGZO films
showed that each layer was deposited with a minor degree of thickness variation

due to a rotating sample stage (Description can be found in the section 3.1.3). As
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Figure 5.18: XRR and XRD patterns, where (a) - XRR pattern of 30nm a-
IGZO, (b) - XRR pattern of a—IGZO(QO‘lnm)/SiOx(2.03nm)/a—IGZO(lo.Omm) three
layer structure, (c) - XRD data of glass, a-IGZO and a-IGZO/SiO,/a-IGZO multi-
layers.

a result, the XRR period of the oscillations remains constant compared with the
static sample stage (see XRR curve of samples were deposited by using a static
sample stage 3.3) even if at a high angle, as shown in Figure 5.18 (a) and (b).
Here, XRR measurement fittings provide the thickness, roughness, and density
of deposited a-IGZO. Also, XRR was performed to obtain the average thickness
of the three-layer structure, interface roughness and density of each layer. The
density of as-deposited a-IGZO was 6.65g/cm?, higher than typical values for
single crystal InGaZnQO, (6.4g/cm?® ) reported in the previous report. This can

be understood by the effects of elemental content change in the elements; it is
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5.14 Results and Discussion

due to differences in mass of elements (such as In content in films) [273]. The
density of the deposited SiO, in this work was found at 2.45g/cm?, lower than
values of crystalline SiO, that have 2.68 g/cm?® [274]. This lower density in this
binary oxide suggests a porosity of the film and serves as the first indication of a
higher than normal level of defects in the thin film. This density value is in line
with SiO, density of 2.46g/cm?® in a-ZTO/Si0, /a-ZTO trilayer films. Average
interfaces roughness of a-IGZO and SiO, is at ~ 0.55 nm in a-IGZO/SiO, /a-1GZO
film structure, which is a consistent value for interfaces roughness of a-ZTO and
SiO,. This means there is no considerable variation in these films’ density and
interface roughness.

Figure 5.18 (c) exhibits the XRD pattern of the pure a-IGZO, a-IGZO (205 /SiO
C,;(Qnm)/ a-1GZO(10nm) three-layer structure film and glass, where any sharp crys-
talline peaks have not been detected, instead of that, a few halo peaks were
observed at around 13°, 24°, and 30°. Peak at 13° might be originated from high
variation in the length of amorphous bonds. This halo peak is an indicator of
an amorphous nature observed in cited work as well [275]. The peak at 24° cor-
responds to the glass substrate previously reported [177]. The peaks at 30° and
40-44° are from the XRD sample holder and are observed consistently in three
films” XRD data (See sample holder picture in Figure 3.6 (b), 2).

We confirmed the amorphous phase using the XRD system. The thickness and
density of a-IGZO/SiO, /a-IGZO multilayers were obtained by using the XRR
data. a-IGZO/SiO,/a-IGZO films’ carrier concentration, electron mobility, and
film resistivity were investigated using the Hall system based on the van der Pauw

configuration. All results will be outlined in the following sections.

5.14.4 Hall Effect data of a-IGZO/SiO,/a-IGZO Films

The multilayer investigation was carried out with deposited two three-layer
films to obtain their precise carrier concentration and mobility as shown in Ta-
ble 5.3 and Figure 5.19. A trilayer film was deposited at 180°C, where high-
temperature results in the vanishing of the carrier drop in this film due to in-situ
annealing in the sputtering chamber during the growth of the multilayer.

The conductivity of a-IGZO10pm/SiOz(2nm)/a-1GZO 10y, multi-layered film is
much lower than a-IGZO2gym/SiOz(2nm)/a-1GZO g, multi-layered film because
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the carrier concentration drops by a factor of 10 with the insertion of SiO, film.
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Figure 5.19: Hall measurements of samples for multilayers, where (a) - resistivity,
(b) - carrier concentration, (c) - carrier mobility of three-layer samples and sample
ID (1) - 30nm thick bulk a-IGZO, (2) - bottom and top layers are 10nm thick a-
IGZO in three-layered structure, (3) - bottom and top layers are 20 nm and 10 nm
thick a-IGZO individually in trilayer film, (4) - bottom and top layers are 20 nm
and 10 nm thick three-layer film deposited at 180°C. (A) symbol shows resistivity,
(@) indicates carrier concentration and (M) symbol for carrier mobility of the films.

Carrier concentration and mobility of a-IGZO1gnm /SiO4z(2nm) /a-1GZO10pm multi-

layered film are immeasurable with the Hall effect system. As a result, the thick-

ness of the bottom layer of a-IGZO was increased to 20 nm, which gives us the

accurate Hall signals (resistivity, carrier concentration and mobility values of

these samples) as shown in Table 5.3 and Figure 5.19. Here, we also considered
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5.14 Results and Discussion

a-IGZ0O/Si0O, /a-1GZO Total p (ohm.cm) | n. (em™3) | pe (cm?/Vs) | Sample
thickness (£0.3) (£1) ID
(0.5)
Bulk a-IGZO (RT) 30.4nm 5.59x10~2 1.5x10% 10.6 1
10nm/2nm/10 nm 22.1nm 5.35x10~ 1 - - 2
(RT)
20nm/2nm/10 nm 32.4 nm 2.46x10~! 4.3x10'8 8.4 3
(RT)
20nm/2nm/10 nm 32nm 1.64x10~ 3.11x10™ [ 18 4
(180°C)

Table 5.3: Hall measurement for certain three-layered samples, where - p resistiv-
ity, n. free carrier, p. carrier mobility of films. (-) symbol indicates immeasurable
carrier concentration and mobility for sample ID (2). RT and 180°C show room
and high temperature grown samples, individually.

the maximum penetration depth (10nm) of the XPS system, and therefore, the
top layer of a-IGZO is kept at 10 nm.

5.14.5 Results and Findings of a-IGZ0O/Si0O,/a-IGZOs

Figure 5.20 shows that resistivity, carrier concentration and mobility of a-
IGZO have been altered by including the ultra-thin SiO,, where the thickness of
the SiO, varied from 1 nm to 7nm. The electrical properties of a-IGZO are a func-
tion of the SiO, thickness. In Figure 5.20 (a), the resistivity of the three-layered
a-1GZ0O/Si0, /a-IGZO films increased rapidly with increasing the thickness of
the SiO, from 1 nm to 3nm, which recovered to the initial values the thickness of
Si0, of 4nm and up to 7nm. The carrier concentration of the three-layered struc-
ture a-IGZ0/Si0,/a-IGZO films dropped by a factor of 5 from 1.5x10* em™ to
3x 10 cm™3. These data showed a strong relation between carrier concentration
and electron mobility at room temperature. There is an increasing carrier con-
centration with decreasing carrier mobility due to ionized impurity scattering of
charge carriers. This behaviour is in line with previous work [276] and a com-
parison between previous work as shown in Figure 5.21. As given in a table 5.3,
2nm thick SiO, layer induces the most carrier drop behaviour. This thickness
has also pointed out the most carrier drop side effect in previous work [39]. The
reasons for carrier drop can be discussed in the following paragraphs.

It is clear that a reduction in thickness of SiO, increases the defectiveness of

SiO,, leading to more sub-oxide phases or other content [277]. Here, an abun-
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Figure 5.20: a-IGZ0O/SiO,/a-IGZO layered structure of the multilayers, where
(a) - resistivity, (b) - carrier concentration, (c) - carrier mobility versus thickness
of the SiO, layer’s maps. (A) symbol shows resistivity, (@) indicates carrier con-
centration and (M) symbol for carrier mobility of the a-IGZ0O/Si0, /a-IGZO films.

dance of the interfacial suboxide species is defined by a decrease in the thickness
of SiO,. Increasing the thickness of SiO, film likely leads to fewer defective films,
thus fewer suboxides. This leads to either a reduction in the trapping of the car-
riers or a reduction in the gettering impact of the layer. This has been observed
previously in this report [278]. Two possible preseasons could impact carrier
drops in a-IGZ0O/Si0, /a-IGZO multilayers.

a-1GZO is highly demanding of oxygen structures, and the electrical properties
were controlled by a variation in oxygen partial pressure during the deposition in

previous report [30, 87]. In our cases, all films were fabricated in an oxygen-poor
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Figure 5.21: Carrier concentration versus carrier mobility of bulk a-IGZO, and a-
1GZ0O/Si0,/a-1GZO multi-layers in this work, where - (M) values for bulk a-IGZO
from cited work [276], (A) values for a-IGZO/SiO,/a-IGZO films with thickness
of Si0, veried from Onm to 3nm (in this range carrier concentration drops, see
Figure 5.20 (b)), and (@) values for a-IGZO/SiO,/a-IGZO films with thickness of
Si0, varied from 4nm to 7nm (concentration goes up, see Figure 5.20 (b)).

atmosphere (a pure Ar non-reactive sputtering method was used), likely leading to
non-stoichiometry of SiOs deposition. Also, it is more likely to synthesise oxygen-
deficient of a-IGZO films at the same time. This means that non-stoichiometric
ultra-thin SiO, films have more trap states within the bandgap [279], and these
trap states can capture electrons. It is possibilities creating Si dangling bonds in
Si0, film, which have a single neutral electron structure with trapping electrons.
This report found that a single neutral electron structure acts as an electron
trapping side in this report [242]. Several electron trapping centres have been
demonstrated due to the changes in Si- O bonding, and oxygen vacancies that
result in trapping electrons in the bulk amorphous silicon dioxide [246, 280].
Another possibility is that these suboxide species between interfaces of a-IGZO
and SiO, can facilitate the formation of a new bonding between Si and oxygen
atoms because they have different binding energies and electronegativities [132,
133, 135].

We used XPS for studies of oxygen structures in the multilayers. The in-situ
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transferring of three multilayer films from the magnetron chamber to the XPS
was carried out. Here, the main goal is to prevent oxygen contamination from
an atmospheric environment. It is notoriously difficult to prove oxygen structure
changes in the sputtering chamber or outside. We discuss the in-situ transfer

procedure in the following section.

5.14.6 In-Situ Transfer Process of Multilayers from Mag-
netron to XPS
X-ray photoelectron spectroscopy (XPS) was employed to study the material

composition of thin films. The investigation was carried out of three systems

| Gate Valve \e“o\de‘
9@‘09

® -

Magnetic Coupled Transfer Arm

Figure 5.22: An illustration of a transfer arm with an Ultra High Vacuum, (UHV:
~ 8 x 10~ mbar).

(transfer arm as shown in Figure 5.22) of a-IGZO(20nm)/SiOz(2nm)/a-1GZO (20nm),
a-IGZO (20nm) /SiOgz(2nm) /a-1GZO (7 5y, and a-IGZO (20nm)/SiOz(2nm) /a-1GZO (105m)
films that transferred under vacuum using a transfer arm in order to avoid con-
tamination in air.

First multilayer: In the initial stage, the experiment has been done by de-
positing 20 nm thick a-IGZO thin films on a glass substrate as shown in Figure
5.23 (D), then transported with ultra-high vacuum transfer arm (as referred to
UHV transfer arm) to XPS (First layer XPS scan) is shown in Figure 5.23 (2),
where XPS scan was done. After the sample was transferred back to the mag-
netron chamber with the same transfer arm as shown in Figure 5.23 (3) and 2 nm
thick SiO, film was deposited on top of the 20 nm thick a-IGZO (Second layer).

This was followed by replicating the process above to obtain an XPS scan of
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Figure 5.23: The first in-situ transfer of a-IGZO (20nm)/SiOz(2nm)/a-1GZO 20m)

multilayer from magentron to XPS, where from @ to indicates as UHV trans-
portation as shown in Figure 5.22.

2nm thick amorphous SiO, film (Second layer XPS data) and transferred to the
magnetron chamber as shown in Figure 5.23 (). In the last stage 20nm thick
a-IGZO thin film was synthesised on 2nm thick SiO, layer as a top layer(Third
layer). This was also transferred under vacuum to XPS (Third layer XPS scan)
as shown in Figure 5.23 (5), where obtained the XPS data.

Second attempt: a-IGZO (20nm)/SiOz2nm)/a-1GZO 7 5nm) produced in one
deposition by Magnetron sputtering, then that has been brought to XPS, where
XPS data was collected as shown in Figure 5.24. After obtaining the XPS data
for the first multi-layer, there is an assumption to reveal the thickness effects on
carrier drop, which could impact surface oxygen structure or elemental changes
in a-IGZ0/Si0, /a-IGZO film. The thickness of the top a-IGZO layer decreased
from 20nm to 7.5nm and XPS data was obtained.

The goal of the third attempt was to show consistent data for multilayers with
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Figure 5.24: a-1GZO (20 ym)/Si0¢(2nm)/a-1GZO (7.5 nm) three-layer structure film
was transferred with in-situ transfer of from magnetron to XPS under UHV transfer
arm as shown in Figure 5.22.

bottom 20 nm thick a-IGZO and top 10 nm thick a-IGZO three-layer, where the
thickness of the middle layer of SiO, was varied to alter electrical properties as

shown in Figure 5.20.

a-1GZ030 nm /3-5103 nm) a;'_ggo T i a;lg(z)o a-1GZ020 nm /a-5i0x(2 nm)

fa'IGZOIOnm inone a-1GZ0 il = : a-IGZ0 /a-IGZOm nm XPS
deposition Substrate Substrate analysis

Magnetron chamber XPS chamber

Figure 5.25: The third attempt in-situ transfer of a-1GZO (20 ,m)/SiOz2nm)/a-
IGZO(10ym) from magentron to XPS via UHV transfer arm as shown in Figure
5.22.

Third attempt: a-IGZO (20 nm)/Si042nm)/a-1GZO 10y thin film produced
in one deposition by Magnetron sputtering method, which was brought to the
XPS, where XPS data obtained is presented in Diagram 5.25.

All results and analysis of in-situ transferred films via XPS will be addressed

in the next section.

5.14.7 XPS Studies of a-IGZ0O/Si0O, /a-1GZO Multilayers

XPS data of all three-layer structure films showed consistent elemental ratios

as shown in Table 5.4 and Figure 5.26 for all in-situ transferred samples. This
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implies that the material ratios do not have any composition alterations because

whole films were deposited in the same way.

In-situ transfers In Ga Zn 0] Si/O
First attempt 21% 16% 12% 51% 2% /73%
Second attempt 20.1% 16.5% 12.6% 50.9%

Third attempt 20.7% 16.3% 12.2% 50.8%

Table 5.4: The elemental composition of in-situ transferred multilayers.
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Figure 5.26: An illustration of the elemental ratios of a-IGZ0O/SiO, /a-IGZO
multilayers, where (a) - Indium, (b) - Gallium, (c) - Zinc, (d) - Oxygen.

However, Figure 5.27 (a) shows XPS data of the bottom layer of a-IGZO, SiO,,
layer and top layer of a-IGZO. Furthermore, O 1s peak at around at 532.3eV
corresponds to Si and O bond in SiO, layer. Splitting of oxygen O 1s peak at =~
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530V is in line with both the bottom and the top layer of a-IGZO that originated
from the metal cations with oxygen bonding in a-IGZO. The O 1s peaks were
found in previous work in a-IGZO with different thicknesses on stoichiometric
SiO4 substrates [128]. Unfortunately, Si2p was not distinguished from Ga3p
XPS peak as they overlap with each other in this work. Furthermore, as compared
O 1s peak at around 532.3 eV with different stoichiometry SiO; g for 534.3 eV and
SiOq ¢ for 533.2 eV peaks in previous study [281, 282], Si and O bond with higher

binding energy is related to more stoichiometric silicon oxides.
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Figure 5.27: XPS scans of oxygen in a-IGZO and SiO,,, where (a) - oxygen XPS
peaks from 20 nm thick bottom and top layer of a-IGZO and 2 nm thick SiO, layer,
(b) - O1s XPS dat obtained from 2nm thick SiO,, layer, (c) - 2nm thick Si2s XPS

data.

In this work, we observed lower values of the binding energies O 1s at 532eV
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5.14 Results and Discussion

that is in line with other publications, and it was contributed to the SiO,.; 5 at
532.0eV [282, 283]. This implies that the ultra-thin SiO, layer in this work was
deposited with nonstoichiometric arrangements. This is worth mentioning that
charge traps were found in the bulk ultra-thin 3nm thick stoichiometric SiO,
in this report [284]. This is a proven fact that decreasing the thickness of the
Si0, layer leads to a greater number of defects. The presence of defects in bulk
Si0, indicated that they originated from the missing atoms without bonding with
neighbouring atoms due to oxygen deficiency (usually called dangling bonds) [154,
285]. In the case of the a-IGZO layer, there was a little change in the composition
of the films regardless of their thickness as shown in Table 5.4. Also, the XPS
data confirmed no change in the oxygen structures in a-IGZO films. All the facts
indicate that the a-IGZO films show a little change in their structure, indicating
that the a-1IGZO itself is not being altered in bulk. This means the change occurs
close to the interface between a-IGZO and SiO, containing a very high density
of traps. However, there may be an electron trap in the interface of a-IGZO and
Si0,, but previous work pointed out that the density of this kind of trap is much
less than the total density of traps in the oxides [155]. Here, in a-IGZ0O/Si0O,/a-
IGZO multi-layers, electrons might be captured by defect centres in the SiO,
layer. This can cause changes in the properties of the materials. Theoretical
work has found that under-coordinated In atoms in a-IGZO play the role of
electron traps through electrostatic attraction [123]. This implies that particular
undercoordinated In atoms might be created by introducing ultra-thin SiO, with
an absence of the oxygen from Si side. Here, Si may obtain the oxygen atoms
from the a-1GZO films due to they possess different electronegativity, namely 1.78
is for In and 1.9 is for Si. The electronegativity could facilitate a significant
charge transfer, where the formation of a bond between Si and oxygen. Oxygen
is also an element with high electronegativity [135]. This leads to forming more
undercoordinated In atom carrier trap centres. This implies that most trap
density could be within the bulk of SiO,, layers. Notably, these defect centres serve
as trapping free carriers (holes and electrons) [286]. It is difficult to observe these
trapping states. However, Electron Paramagnetic Resonance (EPR) has been
widely used to understand and investigate precise chemical, and structural details

of trapping centres [287]. EPR measurements could be deployed to advance this
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research further. Omne of the standard methods to examine the charge trap is
the capacitance-voltage measurement. a-IGZO/SiO,/a-IGZO will be deposited
on the FTO substrate; also, gold contacts will be used. In other words, C-V data
will be obtained in the future.

In these investigations, the main goal is to observe changes in oxygen structure
in a-IGZO and SiO, layers. However, as shown in Figure 5.27, oxygen structure
changes in layered structure films have not been observed. Therefore, more studies
were done by other compelling techniques to establish the reasons for carrier
concentration drop in a-IGZ0O/SiO,/a-IGZO three-layer films. In the following

section, AFM and SEM methods are involved in identifying carrier drops.

5.14.8 Alteration in Electrical Properties of In-Situ Trans-
ferred Trilayers
As mentioned above, Table 5.5 shows three in-situ transferred samples that

showed carrier drop reduction in these films was less noticeable.

a-IGZ0/SiO, /a-IGZO | Methods | p (ohm.cm) | n. (em™3) | pe (cm?/Vs)

(£0.5nm) (£0.3) (£1)
20/2/20 normal 1.96x10~1 6.5x1018 12
20/2/20 in-situ 2.22x1072 2.66x101° | 14
20/2/10 normal 2.46x10~1 4.3x10" | 8.4
20/2/10 in-situ 8.67x1072 8x10'8 13.7
20/2/7.5 normal 2.96x10~1 3.4x10™ | 8.27
20/2/7.5 in-situ 5.42x1072 1.26x10° | 9.8

Bulk a-IGZO normal 5.59x102 1.5x10™ 10.6

Table 5.5: Comparison of the electrical properties of samples transferred in-situ
and under air (referred to as normal in Table) and bulk a-IGZO, where p, n. and p,
are resistivity, carrier concentration and carrier mobility of the in-situ transferred,
in air transferred samples, and bulk a-IGZO.

This is a fact that there are differences in the background pressures between
the magnetron chamber and XPS and transfer arm system. To identify the effect
of this, trilayer a-IGZO20 ym/SiOz(2 nm)/a-1GZO1¢ 1y Was synthesised in one depo-
sition, and this film was kept for 24 hours in transfer arm system (Figure 5.22).
Finally, the electrical properties were compared with in air transferred samples
as shown in Table 5.6.

Through this study, the base pressure of the magnetron chamber was 1.6 x

107° mbar, and the transfer arm and XPS system were ~ 1 x 107 mbar. There
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5.14 Results and Discussion

a-1GZ0O/Si0, /a-IGZO | Storage p (ohm.cm) | n. (em™3) | pe (cm?/Vs)
(0.5 nm) (£0.3) | (£1)
20/2/10 air transferred | 2.46x10~! 4.3x10'8 | 8.4
20/2/10 transfer arm 1.16x107! 7.1x10'® | 7.52
Bulk a-IGZO (30nm) | air transferred | 5.59x1072 1.5x10% 10.6

Table 5.6: Comparison of the electrical properties of samples were kept in the
transfer arm for 24 hours and in air transferred sample, bulk a-IGZO film for
comparison, where p, n. and p. are resistivity, carrier concentration and carrier
mobility of samples kept in transfer arm, in air transferred sample and bulk a-

IGZO.

was a considerable difference in the pressure levels at the two chambers that af-
fected the defect passivation in these layers, primarily oxygen gas. Oxygen plays a
crucial role in amorphous networks in order to control charge carriers [288]. There
could be other gases besides oxygen, such as hydrogen, but it is not easy to detect
them. Firstly, a-IGZO0nm/SiOz(2nm)/a-1GZO 10y, film was kept in the transfer
arm, and the electrical properties of the samples are shown in Table 5.6. Here, the
charge carrier drop effect still exists, but it is small compared with air-transferred
samples. This implies that additional passivation or alteration might happen in
the XPS chamber. One possible explanation for eliminating the carrier drop in-
situ transferred sample is that these samples were stored in an XPS chamber or
transfer arm for a long time, where a tiny amount of the background gas could
alter the electrical properties. This alteration may be part of a reaction between
surface and oxygen and oxygen diffusion in film. This implies that there is a rela-
tionship between film and background gas [289]. One trilayer film was synthesised
by each layer individually, and XPS data of each layer were obtained separately
as shown in Figure 5.27 (a). Interestingly, XPS data obtained from trilayer film
demonstrated a substantially lower carrier concentration drop than other three-
layer films fabricated in one deposition. Note that background oxygen gas has
interacted with each layer separately in a-IGZOg0nm/SiOg (2 nm)/a-1GZOg0 gy, film.
There is a possibility that background oxygen gas altered the electron trap states
in SiO, film. This is because of the sufficient time (around 24 hours) for interac-
tion between each layer and background oxygen gas. It was reported that these
sorts of electron trap states had been widely observed and analysed in amorphous

SiO, networks, which can be altered by annealing or oxygen flow during the depo-
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sition process [290-292]. In contrast, when a-IGZOs0 /S04 nm)/a-1GZO7 5nm
and a-IGZO20 nm/SiOg(2nm)/a-1GZO10pm films were obtained in one deposition,
they have a lower decrease in carrier concentration. This means that it is hard to
alter the properties of the most defective SiO,, layer directly, where possible back-
ground gas went through the a-1GZO layer, and the defect passivations occurred
to a lesser extent in the SiO, layer.

Furthermore, the alteration in electrical properties of in-situ transferred films
has brought attention to oxygen incorporation methods. The investigations were
carried out by creating different oxygen atmospheres for trilayers. After the XPS
measurements were completed, all samples’ electrical properties were immediately
measured by the Hall effect system.

To conclude, a partial pressure difference between the two experimental cham-
bers could alter the properties of the samples. Here, the effect of oxygen content
in multilayers was studied. The discussion on oxygen content is in the following

section.

5.14.9 The Role of Oxygen in a-IGZ0/Si0,/a-IGZO and
SiO, Films

To understand the mechanisms that affect the oxygen content in the multilay-
ers, several a-1GZ 020 nm/SiOz2nm)/a-1GZO01gnm films were deposited in the same
way with other films the only difference being the introduction of oxygen. These
investigations are presented in Figure 5.28 and Table 5.7.

Trilayer films were deposited in different oxygen concentrations of atmospheres.
The oxygen concentrations could play a key role in a-IGZO/SiO, /a-IGZO films
and might be a cause for the identified charge drop in these films. As shown in
Figure 5.28 Ne1 on the x-axis film was fabricated and kept in a magnetron cham-
ber with the base pressure 1.6 x 107> mbar for 24 hours (in Table 5.7, Ne1), and in
Figure 5.28 Ne2 on the x-axis trilayer structure was kept in the sputtering cham-
ber after deposition, then sputtering chamber was filled with pure oxygen gas for
10 minutes, where the pressure of the sputtering chamber was 1 mbar (in Table
5.7, Ne2). An interaction between the oxygen and film implies that long exposure
in the magnetron chamber (amount of background gas) facilitates more oxygen

interaction with films, but there is insufficient oxygen for directly passivating
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Figure 5.28: The effect of oxygen on a-IGZO20num/SiOz2nm)/a-1GZO10mm

films, where (1) - sample deposited, then kept for 24 hours in magnetron
chamber, (2) - deposited sample kept in pure oxygen atmosphere 10 minutes
in magnetron chamber (1mbar), (3) - SiO; layer in a-IGZO20nm/SiOy2nm)/a-
IGZO19nm was synthesised with 1 sccm oxygen flow, (4) - SiO, layer in a-
1GZO201m /SiOg2nm)/a-1GZO10 nm Was synthesised with 2 scem oxygen flow, (5)
- a-IGZO020 nim /SiOg(2 nm) /a-1GZO10 nm film deposited by normal way. (A) symbol
shows resistivity, (@) indicates carrier concentration and (M) symbol for carrier
mobility of the a—IGZOQOnm/SiOz(Q nm)/a—IGZOlonm films. Second sample in ta-
ble % - 30 nm bulk a-IGZO film and it’s resistivity, carrier concentration and
carrier mobility for (A), (@), and (M), respectively.

the defects in SiO, films. Nevertheless, there is the absorption of oxygen on the

surface of the a-IGZO. Here, oxygen might have the least impact on an ultra-

thin a-IGZO layer in a-IGZ0O/Si0O,/a-IGZO that film was kept in the sputtering
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Ne p (ohm.cm) ne (em™3) tte (cm?/Vs) Methods
(£0.3) (£1)

* 5.6x10~2 1.5x1019 10.6 Bulk a-IGZO

1 4.66x1071 2x1018 6.5 24 hours

2 2.05x10~ 1 4.42x10'8 9.6 pure oxygen

3 6.45x10~2 1.24x10% 10.8 1 sccm

4 6.11x10~2 1.17x101 11.4 2 sccm

) 2.46x1071 4.45x10™® 7.98 Normal way

Table 5.7: The effect of oxygen on a-IGZO20m/SiOg(2nm)/a-1GZO10nm films,
where (%) - 30 nm bulk a-IGZO film for comparison, (1) - sample deposited, then
kept 24 hours in magnetron chamber, (2) - deposited sample kept pure oxygen
atmosphere for 10 minutes in magnetron chamber (1 mbar), (3) - SiO, layer syn-
thesised with 1 scem oxygen in a-1GZO20 nm /SiO04 (2 nm)/a-1GZO010 nm film deposi-
tion, (4) - SiO; layer synthesised with 2 scem oxygen in a-IGZO20 1 /SiO 42 nm) /a-
IGZO10pnm film growth, (5) - a—IGZOQOnm/SiOz(Q nm)/a1GZO10nm film deposited
by normal way. p, n. and u. are resistivity, carrier concentration and carrier mo-
bility of the a-IGZO20nm/ Si04(2 nm) /a-1GZO10 ny, films individually.

chamber atmosphere for 24 hours (a tiny amount of oxygen is in the sputtering
chamber with 1.6 x 107° mbar pressure). That means that electron trap sources
in SiO,, film still dominate the carrier concentration drop in trilayers. This can
be confirmed by the sample’s electrical properties as shown in Figure 5.28, Ne2 on
the x-axis, the sample that was kept in a pure oxygen atmosphere for 10 minutes,
there is no substantial variation in final resistivity than film as shown in Figure
5.28 Ne5 on the x-axis. Here, Ne5 on the x-axis film was prepared in air transferred
sample, which means depositing films and measuring their electrical properties
immediately. The concentration of oxygen in 1 mbar pure oxygen atmosphere is
much higher than a standard magnetron sputtering chamber (1.6 x 10~° mbar).
As a result of that, oxygen could alter the surface density of the a-IGZO film,
but the electrical properties of trilayer film Ne2 in Table 5.7 is in line with those
of multilayer Ne5 on the x-axis. The changes in the electrical properties of these
samples by oxygen content indicated that oxygen has less impact on depositing
the samples in one synthesis process. However, this process could be slower and
less able to alter the electrical properties of the samples regarding the charge
traps in the SiO, layer so that the oxygen gas flow was introduced to film growth
as shown in Figure 5.28. 1sccm oxygen flow is for 5.28 Ne3 on the x-axis and

2scem oxygen flow is for 5.28 Ne4 on the x-axis during the growth for SiO, layer
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5.14 Results and Discussion

in a-IGZO20nm /SiO042nm)/a-1GZO1gnm films, where aims to obtain close to the
stoichiometric SiO, with less suboxide species. Previous reports suggested that
deposition SiO, films under 2 sccm oxygen flow via magnetron sputtering system
produces stoichiometric SiO, films [293], and this is consistent with our value.
However, flow rates are difficult to compare between two different systems due
to the two chambers have different geometry and comparison on the basis of the
flow rate may not give the correct picture of the conditions. This not only in-
cludes the distance from the gas inlet to the target, and substrate surface but
also the volume of the chamber etc. While reducing the charge trap states, oxy-
gen deficiency in the SiO, films changed with oxygen flow as shown in Figure
5.28 Ne3 on the x-axis and Ne4 on the x-axis trilayer a-IGZO/SiO, /a-I1GZO films.
Their electrical properties are in line with a bulk a-IGZO as shown in Table 5.7
(%) symbol and charge carrier drop behaviour in these trilayer structures has
been gone away. SiO, film’s electrical properties were defined by oxygen flow in
the chamber, which is consistent with previous work. In this work, the electrical
properties of SiO,, were altered by oxygen content during the growth of films [281].
Also, theoretical work found that undercoordinated silicon atoms were created

due to oxygen deficiency, and they act as trap electrons and holes [245].

5.14.10 Figure of Merit of layered structures

Figure of Merit (FOM) of a-ZTO, a-IGZO and trilayers by TCOs and insu-
lators are shown in Table 5.8, where FoM of these materials was calculated by
considering of transmittance (T) and transmittance (T) + reflectance (R). This
means that two methods for deriving the FoM are used.

The Figure of Merit of transparent electrode materials is a crucial indicator
for some applications and device geometries. This implies that some films with
80% transmission have a similar FOM to those with 30%jyet, having higher con-
ductivity values. In some instances, the specific application that requires low
transparency or high conductivity might be well accepted. In other words, all
transparent electrode films have various uses. Therefore, for materials in this
work, it is challenging to compare the Figure of Merits of these materials be-
cause they are different materials with various thicknesses. Also, they possess

substantially different properties, such as different electrical properties, as shown
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Material Ry, T(%) R(%) FoMr FoMrgr (Q_l)
/0 @) 7 | mamrem

a-ZTO (20 nm) 18349 | 85.9 | 13.7 | 1.2x10°5 | 2.7x1073
a-ZTO/SiO,/a-ZTO | 69114 | 845 | 131 | 2.7x10°° | 1.2x10°°
10nm/2nm/10 nm
a-ZTO/TiO, /a-ZTO | 31664 | 824 | 15.7 | 4.6x10°° | 3.1x10°
10nm/2nm/10 nm
a1GZO (30 nm) 18652 | 82 | 17.00 | 7.4x10°° | 5.3x10°3
a-1GZ0/Si0,/a-IGZO | 76780 | 83.6 | 16.8 | 2.2x107°% | 6.5x107*
20nm/2nm/10 nm

Table 5.8: Comparison of Figure of Merit of trilayers and TCOs, where R(%) and
T (%) are the optical reflectance and transmittance of films at 550 nm.

in Table 5.8 and nothing at all to discuss regarding an effective FoM for further
use. As shown in Table 5.8 when optical reflectance has been taken into account,
this results in considerable differences in interference between the layers. The
sheet resistance is a vital factor of the FoM of a single layer of TCOs and layered
structures. As discussed above, changes in the FoMs are controlled by the sheet
resistance of films, and also it is clearly seen in Table 5.8 the thickness of the
films directly affects the FoM of materials. All imply that comparing the FoM of
materials must be performed with caution and then assess the FoM of materials

for applications.

5.15 Conclusions

I may now put forward a tentative scenario whereby the thickness of the SiO,
alters the electrical properties of the trilayer structure. The thickness of the
SiO, controls the electrical properties of a-ZTO/SiO,/a-ZTO, where the lowest
carrier drop in the trilayer was established by 2nm thick SiO,. Carrier mobil-
ity declined under 2nm thick SiO, by 40%. The optical properties of trilayers
showed no changes in trilayers compared to a single-layer a-ZTO film. For lay-
ered a-ZTO/Ti0O,/a-ZTO films, TiO, showed less carrier decrease compared to
a-ZT0/Si0, /a-ZTO films (80%) in three-layer films, but it maintained the car-
rier mobility constant. The optical properties showed no changes compared to
a single layer a-ZTO. At the same time, a-IGZ0O/Si0, /a-IGZO films have been
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5.15 Conclusions

investigated, where the thickness of the SiO, governs the electrical properties of
trilayers. AFM and SEM confirmed no island-like growth and surface damage.
The roughness of films does not affect the carrier concentration drop in three
layers. In-situ XPS studies observed these films’ oxygen structures of multilay-
ers with no changes. Furthermore, changes in in-situ transferred film’s electrical
properties originated from background gas from the two characterisation tech-
niques: XPS and transfer arm and magnetron. Oxygen gas was involved in
altering the electron trap states in the SiO, layer. The optical properties did
not detect/reveal any electron confinement in trilayers. Here, the only feasible

explanation of charge carrier drop is by electron trap states of ultra-thin SiO,.
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Conclusions

This work has been discussed in three main things: understanding the optimisa-
tion of a-ZTO films, altering the defects in a-ZTO thin films by in-situ resistivity
monitoring in various annealing environments, and laminating for controlling the
electrical properties of amorphous TCOs. Lamination is an approach to insert the
ultra-thin (<10nm) insulator films between two TCO layers. The most common
SiO, and TiO, insulator films were selected as insulator layers. For TCOs, one
of the leading performers of a-IGZ0O and a promising candidate a-ZTO were used
in studying multilayers.

The studies of optimisation on a-ZTO films demonstrated that the non-reactive
and reactive magnetron sputtering methods generated two distinguishable local
bond orders in a-ZTO films. Even though a-ZTO films have two different bonding
arrangements, these films showed that the conductivity of a-ZTO thin films is in
line with each other. The same conductivity of a-ZTO films results from a varia-
tion in material ratios with changing the local bond arrangements of the material.
This is attributed to the change in oxygen content in the sputtering process. The
difference in the oxygen concentration leads to different local bonding arrange-
ments in films, which was confirmed via Raman spectroscopy. To conclude, the

results obtained through two sputtering methods indicated that each fabrication
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method needs to be optimised with its own improved optimisation parameters
because it is hardly impossible to reuse the same deposited conditions elsewhere.

After optimising a-ZTO films, annealing studies on a-ZTO films were inves-
tigated. The analysis of previous reports showed that the annealing study with
a fixed annealing time was a lack of in-situ resistivity monitoring in the process
of annealing. In this work, annealing studies on a-ZTO thin films with in-situ
resistivity monitoring were performed to gain the best electrical properties at a
lower temperature. In these annealing studies on a-ZTO films, resistivity, an-
nealing atmospheres and annealing time were controlled precisely with a specific
annealing setup as mentioned in the previous chapter. The resistivity improve-
ment curve versus temperature was recorded and investigated. Not all films show
degenerately doped semiconductor behaviour before annealing. Also, the activa-
tion energies of the reaction were extracted, and the activation energy changed
as a function of the temperature. It is important to note that six levels of tem-
peratures were selected for probing the effects of these temperatures respectively.
These different levels of temperatures were applied on a-ZTO films to saturate
the lowest sheet resistance. The highest conductivity gained at annealing tem-
perature 220°C is in line with the value at 300°C. Meanwhile, 38 nm thick
a-ZTO was successfully obtained with conductivity of 320S/cm by annealing at
220°C instead of 300 °C. This implies that there is a trade-off between annealing
temperatures and annealing time.

The demonstration on annealing in an oxygen-rich atmosphere shows that
the effects of higher temperatures are replicable at lower values and lower tem-
peratures. However, some annealing parameters can limit the TCO properties.
This can include material properties (electrical properties), substrate melting
point, and ductility properties. a-ZTO films were annealed in an oxygen-rich
atmosphere using the in-situ monitoring of resistivity method, and a-ZTO film’s
carrier concentration and carrier mobility were enhanced simultaneously. The car-
rier concentration and mobility improvement can be explained by creating more
oxygen vacancy-related defect centres acting as current carrier sources. The en-
hancement in the carrier mobility is due to reducing the scattering centres in the
films, which is originated from undercoordinated metal clusters. These scattering

centres were reduced by introducing oxygen into the amorphous networks during
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the process of annealing. An in-situ resistivity monitoring method plays a promi-
nent role in enhancing the electrical properties of a-ZTO films and ~ 300S/cm
conductivity and average 19 cm?/Vs carrier mobility of films were achieved by
annealing temperature at ~ 240°C, which is a much lower temperature than
other annealing works at >350°C. Finally, these annealed samples also indi-
cated degenerately doped semiconductor behaviour after annealing. It implies a
highly effective creation of large quantities of charge carriers was found at a lower
annealing temperature in an oxygen-rich atmosphere.

This thickness dependency of a-ZTO implies that the reaction during the
annealing does not occur at the surface and this hence may be driven by deep
changes in bulk. This means that effective post-deposition treatment methods
may vary significantly depending on the thickness of the a-ZTO films. We con-
sider that a-ZTO is used in very thin layers for TF'Ts, and a-ZTO layers up to
a micrometre in thickness can be applied in OLED or other devices for front
contacts. The variation of film thickness is vital for optimisation conditions
and post-deposition treatments. Room temperature deposited a-ZTO films with
three different thicknesses, which were involved in this investigation. These films
were annealed using an in-situ resistivity monitoring method that showed thicker
films take a long time to saturate the lowest resistivity. Carrier concentration
in the films annealed in an oxygen-poor atmosphere (nitrogen atmosphere) was
enhanced, but electron mobility is still constant. However, films annealed in an
oxygen-rich environment showed that carrier concentration and mobility were im-
proved at the same time. The highest conductivity of /&~ 200 S/cm was obtained for
both annealing environments. The carrier mobility of films obtained 12 cm?/Vs
for a nitrogen atmosphere, but it is 16 cm?/V for an oxygen-rich atmosphere.

a-Z'TO films were deposited at room temperature and 300°C that indicated
a high temperature plays in-situ annealing in a sputtering chamber during the
deposition.

Synthesised a-ZTO films on the bendable substrates showed that substrates
did not deteriorate electrical properties; this means that a-ZTO films are highly
suitable for mechanical stress by flexible substrates. The importance of these
studies is that annealing with in-situ monitoring of resistivity studies is applied

on a-ZTO films on Kapton substrates leading to significant improvements in their
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electrical properties. Approximately 200S/cm and 12cm?/Vs for conductivity
and carrier mobility were obtained, respectively.

TCO-based TFTs are in need of low-carrier concentration TCOs. In this work,
both a-IGZO and a-ZTO films’ electrical properties (especially carrier concentra-
tion) were altered by involving ultra-thin insulator layers, where the primary
insulator materials are SiO9 and TiOs.

Tuning the electrical properties of a-ZTO films is essential for some opto-
electronic devices to satisfy their demand for low-carrier concentration TCOs.
One of the best ways is layering (lamination) instead of doping. In this work,
a-Z'TO films were layered with insulators. a-ZTO films’ electrical properties were
changed by inserting ultra-thin SiO, films with thickness variation from 1nm to
7nm. The greatest changes in a-ZT0O/SiO, /a-ZTO films were achieved by in-
cluding 2nm thick SiO,, and other SiO, layers showed the least alterations in
the three-layered films. This behaviour is interpreted as the ultra-thin SiO, layer
with some electron trap states within the bandgap, and the electron is captured
as tunnelling through these trap centres. Thus, carrier concentration dropped
from 2.2x10"Y cm™3 to 7.1x10"®¥ cm™3, and carrier mobility dropped by 40% in
under 2nm thick SiO,. Another possibility of carrier drop in three-layered films
is that electronegativity of Si is lower than Sn, and it is higher than the elec-
tronegativity of Zn. It is worth noting that the probability of a bond between
Si and O (weakly bonding with Z) is high. This bond between Si and O leads
to reduced carrier mobility of a-ZT0O/Si0, /a-ZTO films because Zn is the main
carrier mobility supporter in a-ZTO films.

In the case of trilayer a-ZTO/TiO,/a-ZTO films, trilayer films achieved 80%
of carrier concentration drop from 3.6x10* cm ™2 to 1.98x10' cm ™ in three a-
ZTO10nm/TiOg2nm)/a-ZTO19pnm film. However, carrier mobility was maintained
at around 6.5cm?/Vs which is in line with the a-ZTO film. The mechanism
of constant carrier mobility can be interpreted by ultra-thin TiO, film’s trap
states. The ultra-thin TiO, shows a trap and detrapping behaviour that supports
smooth carrier movement in films. Apart from trap states, Ti(1.48) has low
electronegativity and binding energy values, so fewer changes in the materials’
oxidation states directly impact the materials’ properties. Also, optical data is

being collected by Ellipsometry. The analysis of optical data has been limited
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by the low thickness of the films leading to lower Ellipsometry signals. This is
attributed to the lack of a rotating compensatory in our ellipsometer, which leads
to dramatically lower signals in the Cos (del) than the Tan (PsI).

In a-1GZO/Si0, /a-1GZO three-layered films, the carrier drop mechanism has
been studied by performing a variety of experimental methods. a-IGZO 20nm)/SiO
2(2nm) [ -1GZO (200m), a-1GZO (20nm)/Si0z(20m)/a-1GZO (7 50m), and a-1GZO 20m)/
SiOz(2nm) / a-IGZO(10nm) films were transferred using a high vacuum transfer arm
from the magnetron to XPS system to prevent air contamination, and changes
in oxygen structure in trilayers were not detected. AFM and SEM confirmed
these samples have a smooth surface. The carrier concentration drops in a-
IGZ0/Si0, /a-IGZO multilayers, were used in ultra-thin 2nm thick SiO, between
a-1GZO layers and showed one order of magnitude less than the same thickness of
a-1GZO, which is the most effective layer compared with the other six SiO, layers.
The best explanation for this is that changing the film’s thickness could impact
the film’s defect density. Here, the presence of sub-oxide distribution in the ultra-
thin SiO, regarding the thickness is also responsible for free carrier trap centres.
There was a small number of interface trap densities, which was not taken into
consideration because a significant variation in the roughness of trilayers was not
observed. Finally, Si has a high electronegativity to bond with other high elec-
tronegativity oxygen elements, which generates undercoordinated In atoms that
act as carrier trap centres due to the electrostatic mechanism. The oxygen content
was involved in different ways to reduce the trap density of ultra-thin SiO, films.
2nm thick layer of SiO, was fabricated in an oxygen-rich atmosphere in order
to passivate the defect levels in SiO,. As a result of oxygen content during the
growth of SiO,, carrier drop in a-IGZO 20mm)/SiOz(2nm) /8- 1GZO (10nm) film van-
ished, and charge carrier density of a-IGZO (205m)/SiO0z(2nm) /8- 1GZO 105m) Was in
line with the same thickness of a-IGZO film.
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