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Abstract

Metal oxide thin films are important for modern electronic devices ranging from thin
film transistors to photovoltaics and functional optical coatings. Solution processed
techniques allow for thin films to be rapidly deposited over a range of surfaces
without the extensive processing of comparative vapour or physical deposition
methods. The production of thin films of vanadium oxide prepared through dip-
coating was developed enabling a greater understanding of the thin film formation.
Mechanisms of depositing improved large area uniform coverage on a number of
technologically relevant substrates were examined. The fundamental mechanism for
polymer-assisted deposition in improving thin film surface smoothness and long
range order has been delivered. Different methods were employed for adapting the
alkoxide based dip-coating technique to produce a variety of amorphous and
crystalline vanadium oxide based thin films. Using a wide range of material,
spectroscopic and optical measurement techniques the morphology, structure and
optoelectronic properties of the thin films were studied. The formation of pinholes
on the surface of the thin films, due to dewetting and spinodal effects, was inhibited
using the polymer assisted deposition technique. Uniform thin films with sub 50 nm
thicknesses were deposited on a variety of substrates controlled through alterations
to the solvent-alkoxide dilution ratios and employing polymer assisted deposition
techniques. The effects of polymer assisted deposition altered the crystallized VO
thin films from a granular surface structure to a polycrystalline structure composed
of high density small in-plane grains. The formation of transparent VO based thin
film through Si and Na substrate mediated diffusion highlighted new methods for

material formation and doping.
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Introduction
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1.1 Motivation

Thin films are a fundamental building block of modern devices and coatings.'
Different types of thin films, with varied morphologies and materials, have uses in a
large range of industries, from microelectronics® and optics3 to energy
generation’/storage’. Many materials can be deposited with thin film morphologies
and a large range of deposition techniques are available. Thin films of metals®,
polymers’ and metal oxides' can be deposited with various surface morphologies and
structures. The techniques used for the formation of these thin films ranges from

physical/chemical vapour depositions®, sputtering’ and solution processed methods."

Metal oxides are a large range of materials with many applications possible.
Metal oxides can be deposited with a number of different morphologies, from

nanowires'' %, nanoparticles'?, inverted opals'*"

to free standing structures and thin
films.'® As with the above examples for thin film uses, metal oxides also see use for
a range of applications, from energy storage/generation'’, electronics'® to catalysis'’

and sensors.>’

The deposition of metal oxides into thin film morphologies is an integral part
of modern technology. The development of devices such as thin film transistors
(TFTs), transparent thin film transistors (TTFTs), anti-reflection coatings,
photovoltaics and optical coatings has impacted on the day to day life of the
population and their use increases annually. As the demand increases each year for
more advanced, smaller and, most importantly, cheaper consumer electronics, the
preparation of the devices that make up the desired products must be stepped up in
both scale and complexity without increasing cost. In order to achieve this, the
improvement in control of solution processed deposition techniques and ways to

control composition and doping and the associated changes in physical properties, is
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envisaged to alleviate the reliance on sputtering, chemical/vapour assisted

deposition, and atomic layer deposition techniques for some technologies." "

Solution processed deposition techniques comprises a variety of methods that
utilise liquid precursor solutions. These precursor solutions are prepared from a
number of different precursors, such as nitrates, alkoxides and carboxylates.! The
solutions are then deposited on substrates through methods including but not limited
to dip-coating,”' spin coating,” ink-jet printing” and spray pyrolysis.** The benefit
of solution processed techniques can be attributed to the availability of low cost
precursors and the versatility of the deposition techniques in rapidly depositing thin

films of different thicknesses and morphologies over large surface areas.

Solution processed deposition techniques have historically suffered from
detrimental deposition aspects; the difficulty in depositing complex morphologies
and structures at large production scales required by the semiconductor industry is
one of most difficult hurdles which must be surpassed. In recent years, strides have
been made in the improvement of deposition selectivity for increasingly complex

25-27 -
These improvements have

thin film devices using solution processed techniques.
been achieved through research on the characteristics and deposition limitations of
the different precursor solutions and deposition techniques available. Through
research into these two aspects of the deposition, new methodologies and techniques
have been developed for the production of state of the art devices using solution

28-30
processed methods.

The motivation of this thesis was to understand the processes behind
vanadium pentoxide (V,0s) thin film formation from alkoxide-based precursors
using a dip-coating technique and to link the nature of the physical effects that occur

during dip-coating to the thin film structure, chemical composition, and optical
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properties. By attaining a greater understanding of these processes, the goal was to
develop and adapt dip-coating and control uniformity via viscosity by polymer-
assisted deposition, and to find new ways of doping and controlling the optical
transparency, morphology and composition of reproducible, highly uniform thin
films of V,0s and mixed metal oxide optical coatings on a range of technologically

relevant substrates.

1.2 Thesis Overview

In Chapter 2, a review of the primary literature and current state of the art of
solution processed deposition of metal oxide thin films is introduced and discussed.
A selection of precursor solutions and solution processed deposition techniques are
highlighted and examples are given of research currently being conducted within this
field up to the present day. Particular emphasis is given to the fundamental research
and applications of V,0Os deposition methods and materials from solar cells and
sensors, to electronic materials and optical/electrochromic films, and their uses in
modern devices. Examples are also summarised on thin film materials, structures and
designs researched for electronic, optical and energy storage/generation applications

in general, from solution-based methods.

The various experimental procedures conducted for the work of this thesis is
provided in Chapter 3. An overview of the different analysis methods and

techniques is also included.

Chapter 4 examines the deposition of V,0s thin films on transparent
substrates. The alterations to the precursor solution concentration and choice of

additive were related to thin film optical, structural and morphological
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characteristics. Detailed comparisons were made between the formation of the dip-
coated thin films to bulk, drop-cast thick films, and to polymer-assisted coated thin
films. The effect of solvent-alkoxide dilution on the structure and optoelectronic
properties and crystallinity of thin films is also presented. Modelling of the thin film
formation using a withdrawal speed within the fast-rate draining regime and its
relation to precursor parameters is provided. Finally, the link between coating
method and structure is determined through optical transmission and UV-vis

spectroscopy.

In Chapter 5, the spinodal and dewetting processes governing pinhole
formation on the surface of high-rate dip-coated V,Os thin films from liquid
precursors was investigated. The evolution of uniform thin film growth from
hydrolysis and evaporation processes was analysed and related to the effects
governing nanofluid liquid formation and the retardation of dewetting. Methods for

halting the pinhole defect formation are also examined.

The preparation of a V-O-Na-Si transparent thin film (TTF) through inter-
diffusion processes at the thin film-substrate interface is investigated in Chapter 6.
The formation of a crystalline a-NaVOs3 material enclosed within a glassy matrix
through thermal inter-diffusion processes was examined using a range of techniques
including Raman scattering spectroscopy and X-Ray photoelectron spectroscopy.
The TTF is shown to have a high broadband transparency across the UV-NIR
spectral range while retaining uniform substrate coverage with low root-mean square
(rms) surface roughness. The rate of inter-diffusion in the formation of the TTF was

investigated through a time-dependent thermal treatment study.

In Chapter 7, methods for the deposition and formation of V-O-Na-Si

materials by contact diffusing transfer is demonstrated on substrates with diffusion
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barrier coatings such as FTO. A contact-diffusion technique was developed to form
transparent mixed metal oxide thin films and nanowire networks of a transparent
mixed metal oxide. Electrodeposited Na-SiO, and SiO, films onto conductive
substrates served as ionic sources, allowing the conversion of dip-coated V,0s with
the TTF materials being prepared through subsequent dip-coating and thermal
treatment enabled inter-diffusion. The resulting TTF material did not have as high a
transparency as those prepared through inter-diffusion on the surface of borosilicate
glass, however, methods for the templating of the TTF was investigated using

custom 3D printed templates.

The significant conclusions of the thesis are presented in Chapter 8 and a

range of experiments are postulated for future work in this area.
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2.1 Introduction

A metal oxide thin film is composed of a deposit of material with a
continuous and defined thickness over the entire sample. The thicknesses can range
from nanometres (nm) to microns (um) depending upon the desired application.
Modern devices and technologies incorporating metal oxide thin films rely on new
and improved methods for their deposition.' New thin film device architectures and
materials are investigated each year resulting in an associated increase in the range
of applications available.” This increase in metal oxide thin film applications is
reliant on cost-effective large scale deposition. The deposition of thin films for
intricate devices, such as those in the semiconductor industry, has traditionally been
performed using sputtering and evaporation methods coupled with some solution
processed techniques. Solution processed techniques, where thin films are deposited
from a precursor solution using a range of liquid deposition methods, are commonly
used in the semiconducting industry for the deposition of resists.” The application of
solution processed methods for the deposition of large-scale thin films devices is

being investigated.' > *

In applications requiring precise device architectures on the x-y-z scale, as in
most CMOS technologies, the use of solution processed techniques may not be
competitive to currently employed methods. In contrast, many emerging
technologies require thin film surfaces with high surface uniformity and controllable
morphologies over large areas, an area in which solution processed techniques excel.
The large scale deposition of uniform thin films is useful in particular for many
applications including thin film transistors (TFT’s),"’ photovoltaics®® and optical
coatings."” An infographic on the various steps involved in depositing solution

processed thin films is presented in Figure 2.1. The infographic outlines the three
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different steps that will be discussed in detail in this work. The three steps required
for solution processed depositions are: precursor selection/preparation, deposition

method and the thin film application.

Solution Processed Thin Films

Sol-Gels, Alkoxides,
. 1 1 Carboxylates, Metallo-
Analysis Methods Precursor Organics

Raman Scattering Selection i
Spectroscopy Polymer-Assisted

EBSD EELS Deposition (PAD)

AFM

11 Thin Film Dip/Spin-Coating, Drop-
Deposition Casting, ink-jet printing,
Optical Spectroscopy Spray Pyrolysis

xps  XRD
SAXS

XANES TEM . . Photovoltaics, Transparent
Electrical/Thermal Thin Film Oxides, Thermo/Electro-

Characterisation [ Application ' chromic devices,
~ | ‘ Electronic Materials, TFT's,

Energy Storage

Figure 2.1. The different steps involved for the deposition of thin films through
solution processed techniques. Each of the steps is outlined in the different sections
of this work.

In order to produce thin films using solution processed techniques, a suitable
liquid precursor must first be chosen and synthesised. These liquid precursors can be
prepared using a variety of methods, from complex synthesis techniques to facile
solution mixtures. Many types of precursors can be used, ranging from
alkoxide/carboxylate derivatives, sol-gel mixtures to metallo-organic complexes.' It
is important that both the chosen precursor solution and deposition method
complement each other; the precursor solution can determine the most suitable
deposition method. The reverse scenario is also true, where the chosen deposition
method determines the best precursor solution. To complement the large variety of

different liquid precursors, there are many different solution processed deposition
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methods available. These deposition methods each have their own benefits and
drawbacks, particularly when depositing on different substrates with varied
morphologies and surface energies. Different deposition techniques each have their
own strengths and weaknesses depending upon the size, shape and desired coverage

of the substrate.

Further integration of solution processed thin film technologies for large-
scale applications depends upon the range of thin film materials and morphologies
that can be deposited. To determine the thin films composition, crystal structure,
morphology and electronic/optical properties a large variety of different analysis
methods can be used.! Thin film analysis methods are improving, with new
techniques being investigated and adapted for examining a wide range of attributes
that are required for characterising new thin films. Further development into analysis
methods which probe the composition, morphology and application of new thin
films is of interest, particularly methods that can increase throughput. In this work
the different steps involved in the deposition of metal oxide thin films through
solution processed methods is discussed. The range of materials and techniques
involved are outlined and their advantages/disadvantages are examined. The focus of
this work is to outline the ongoing work involved in the production of solution
processed metal oxide thin films for cost-effective deposition of modern devices and

materials.

2.1.1 Thin Film Technologies

Metal oxide thin films can be used in a wide range of applications due to the

range of different materials available.! Device architecture design can be employed
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to exploit different thin film material characteristics. The schematic in Figure 2.2
shows three possible uses of a thin film material where the intercalative, electrical or
optical properties of the deposited material can be utilised for different applications.
A material with favourable intercalative, electrical and optical properties, such as
vanadium oxides (VO), can be used in a variety of applications due to their large

11-12

range of structural and oxidative states. Electrical properties of thin film metal

oxides can be exploited for their use in modern TFT, CMOS technology and as

6, 13-14

dielectrics in the IC industry. The optical characteristics of many metal oxides

are important for use in optical absorbing materials and as antireflective coatings.'*

15-17

Currently, an exciting area of research for thin film metal oxides is in the
utilisation of the optical and electrical properties of a material in optoelectronic
applications and devices. Metal oxide thin films are used in both regular and polymer
thin film photovoltaic devices, where they can be utilised as different components
within the devices: from the transparent conducting oxide (TCO) layer to the
buffer/window and electron/hole transport layers.” '"*'? Other devices which utilize
both the metal oxides optical and electrical properties include electro/thermo-
chromic materials,”® self-cleaning surfaces,'® and for sensors, optics and photo-

electrochemical/catalytic devices for water splitting.*' >

The application of metal oxide thin films in modern technology and devices
is an important avenue of research. This work studies the various deposition and
analysis techniques used for understanding the formation and characteristics of
solution processed metal oxide thin films. Through fundamental thin film analysis

both during and after deposition, and methods to control the relationship between
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composition, growth and physical properties, the incorporation of thin films in

modern technologies can be further improved.

Thin Film Technologies
/\ Material Applications )
Intercalation N Optical

®)

>
=
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"é Source Drain
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Figure 2.2. Examples of different applications exploiting a thin film materials
intercalative, electronic and optical properties through different device architectures.

2.1.2 Common Thin Film Deposition Techniques

There are many types of deposition methods available for metal oxide thin
films, ranging from physical (PVD)> and chemical (CVD)** vapour deposition,
atomic layer deposition (ALD),” and solution deposited techniques.' The benefits
and drawbacks for each of the deposition techniques can be discussed in terms of
their cost, scalability, surface adhesion and coverage, the reproducibility of

depositions and the types of substrate that can be used.

The thin films produced from physical vapour techniques, namely those

based on sputtering of a metal target both in vacuum and under a variety of gases,
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are known to have better control over the thickness and surface morphology of the
thin films.*® Physical vapour deposition techniques, such as magnetron sputtering,
can deposit crystalline thin films at low substrate temperatures.”® The crystallinity

can be controlled by adjustment of the plasma energy of the sputtering system.23

Other methods of thin film deposition include ALD, which deposits a
material by sequential atomic layer-on-layer growth by reaction of precursors at a
surface.”” Using ALD, a very uniform thin film can be deposited on the surface of a
substrate with precise control of the thickness. The drawbacks to the technique are
mainly due to the high cost of the apparatus and the slow sample throughput due to
the number of deposition steps involved in depositing a thin film with increased
thickness. The primary drawback is the cost per layer for expensive precursors, and
advancements in ALD rely on alternative precursor development. Further
improvements on this technique can be obtained through the adoption of a vapour
based technique and using atomic vapour deposition (AVD), which is commonly

known as liquid injection vapour chemical vapour deposition (Li-CVD).*

2.1.3 Thin Film Analysis Techniques

There is a large and diverse range of techniques available for the analysis of
thin film materials, which are listed in Figure 2.1. These techniques are used for
analysing the thin film structure and morphology as well as the optical, magnetic,
electrical, thermal properties of the materials and devices prepared. Using
increasingly sophisticated techniques, such as synchrotron radiation based methods,
many analytical methods are being adapted for ex-/in-situ analysis of thin films

29-31

during deposition and also the treatment steps of the process. The in-situ
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techniques allow for the mechanism of thin film formation to be studied in increased
detail. Through better knowledge of the formation mechanisms, the deposition
processes can be tailored to further increase the efficiency of deposition while

maintaining the thin film compositional purity.

Determining a thin films’ composition and crystal structure is one of the first
and most important analytical steps. The chemical composition and crystallinity of a
thin film material is important for ensuring the characteristics of the thin film fit the
desired application. for instance, vanadium pentoxide (V,0s) and vanadium dioxide
(VOy) have distinct structural, thermal and electrical characteristics, and may take
unique crystal structures for a large range of oxidation states, i.e. V,O2,1 and
ViOan+1, among many others. These different characteristics make each of the
materials beneficial for different applications, such as gas sensors and optical
absorbers.”>** A wide range of techniques for analysing thin film material structure
are currently available. For a crystalline thin film, one of the most common methods
is X-ray diffraction, where the diffraction of incident X-ray beams from a crystalline

lattice can be used to identify the crystalline phase of the material.*’

The composition and structure of a thin film can be analysed further using
spectroscopy methods such as Raman scattering spectroscopy, Fourier transform
infrared (FTIR) spectroscopy and X-ray photoelectron spectroscopy (XPS). Raman
scattering provides vibrational data on the chemical bonds within a thin films
structure. Due to the high sensitivity of the Raman scattering technique, thin films
can be characterised and fingerprinted to other materials. Small changes to the thin
films structure, such as size effects, morphology and intercalation or doping with
other materials, can be examined both ex- and in-situ using Raman scattering

36-37

spectroscopy. A common technique to compliment Raman scattering
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spectroscopy is FTIR, which measures the infrared absorption spectrum for a thin
film in the near-, mid- and far-infrared region. FTIR can be used for chemical
fingerprinting of the material while also providing information on changes to bond
order and organic-inorganic interactions, for example.'® One of the major benefits to
techniques such as Raman scattering spectroscopy and FTIR is that they are not
limited by the crystallinity of a material; both crystalline and amorphous structures
can be probed using these techniques assuming that active modes are present in the
structure. Absorption in the ultraviolet and visible wavelength ranges can also be
examined using UV-Vis spectroscopy to provide information on the optical
properties of thin films, such as identifying regions of optical absorption and

%39 More advanced techniques utilising X-

determining optical bandgap energies.
Ray interactions with the material, such as XPS, X-Ray absorption spectroscopy
(XAS), near edge X-Ray absorption fine structure (NEXAFS) and small-angle X-

Ray scattering (SAXS) can be used to further analyse the structure and composition

of the thin film materials.

2.2 Precursor Solutions

Different precursor solutions are available for solution processed deposition
techniques. In its simplest form, the solutions are prepared by mixing the metal oxide
precursors with a suitable solvent. Various types of catalysts (materials which
increase the effectiveness of the formation of the material) or inclusions may be
added to the solution for providing increased control over the dissolution of the
precursor with the solvent or for beneficial effects on the deposited material. The

4142

type of precursors range from metal oxide powders™ and nitrates*'**, generally used

in preparation of colloidal-like sol-gels, to liquid precursors containing metal oxide
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complexes encapsulated by organics, such as in alkoxide® and carboxylate*
materials, which facilitate the formation of the deposit through formation reactions

such as hydrolysis or condensation processes.

Precursor Solvent Additives
(Alkoxides, Carboxylates,  (Must allow Dissolution  polymers, Catalysts, etc.)
Nitrates, Powders) of Solute) |
| i
/ |
Initial Sol ~ }.- - oo :

| .
i
e s e e e = e = o= o= &

Stirring/Heating

[ 1

Aging [-----{ Depositf---- Treatments

Figure 2.3. Schematic of the basic steps in preparing a solution processed precursor
solution.

Figure 2.3 shows a schematic of the general steps involved in the formation
of precursor solutions for a variety of solution processed techniques. In the case of
alkoxide precursors, an anhydrous solvent which is generally the parent solvent of

the alkoxide is added to help slow the hydrolysis reaction.***’

The same technique
can be used for the formation of carboxylate based precursors through solvent

addition.

The preparation of sols from metal oxide powders and nitrates involves the
dissolution of the material with a suitable solvent with further stirring and heating
required. In preparing a Zr-incorporated aluminium oxide (ZAO) thin film, Jo ef al.
dissolved both aluminium nitrate nonahydrate and zirconium(IV) acetylacetonate in

2-Mercaptoethanol (2-ME) at a variety of ratios, the solutions were then stirred for
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12 h at 75 °C until the solution was clear.* The stirring and heating step was
required for a high quality precursor solution to be prepared. This type of sol
preparation is common in the literature, both with and without heating or aging steps,
and is routinely used for forming materials composed of multiple metal oxides such

as ZAO, IGZO ete. 14> 44

The use of additives in solution processed techniques is not a new practice,
with many different roles found in the synthesis of liquid precursor solutions for a
variety of additive materials, such as acids, catalysts and polymers. One of the
benefits of additives for precursor solutions is to either increase the shelf life of the
solution, or to decrease the length of time for the material formation. Sanchez et al.
discusses the effects that different additives can have on the precursor solution, such
as alterations to the gelation time and improving the long term storage ability of the
solution, which is of benefit due to increasing the lifetime and thus the number of
depositions possible using a single batch of material.*’ Bhuiyan ef al. discusses the
use of modifying ligands, such as acetic acid or acetylacetone, which are used to
chelate the alkoxides and thus reduce the sensitivity of the precursor solution to
hydrolysis.” Bhuiyan et al. also describe how the nitrate method of precursor solution
formation can be detrimental to thin film formation due to dewetting during
depositionz, however, as can be found in the literature, the detrimental effect can be

.. . 49
overcome through the use of an additives such as ammonia.

Polymer assisted deposition (PAD), has been applied to materials research
since Jia ef al. published their first paper on the subject in 2004.”° The application of
PAD in solution processed techniques involves the use of polymers to stabilise the
metal precursors and increase the uniformity of the deposited thin films." **>' PAD

involves the incorporation of a polymer, originally PEI, into the solution through the
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formation of additive complexes and covalent complexes between the nitrogen atoms
and the metal cation as outlined by Burrell ef al.’' The polymer stabilises the metal
complexes so that they do not experience pre-formation in the solution prior to
polymer decomposition,”’ thus increasing the lifetime of the solution and
encouraging the prevention of early metal oxide formation during the deposition

stage.

While the precursor that comprises two solutions may be the same, the
mixture ratio of the individual components, alkoxide/solvent for example, is often
altered for the specific purpose of the experiment. Chen et al. prepared a vanadium
pentoxide (V,0s) alkoxide precursor solution for forming thin films with an IPA-
Alkoxide-H,O mixture ratio of 76-1-19,” whereas the same precursor solution is also
used by others at different ratios of 9-1 and 25-1.>%% In both cases, the end result
was the formation of V,0s thin films from an alkoxide precursor solution where a

best-fit ratio was chosen in order to attain the desired deposit morphology.

2.3 Deposition Techniques

Choosing a precursor solution is only the first step in preparing a solution
processed thin film material. As previously discussed, there are many different
methods possible for depositing liquid precursors onto substrates to form a solid thin
film. The range of techniques each has their own advantages and disadvantages
which can depend upon the chemical and adhesion attributes of the precursor
solution and the substrate. Many publications” > ***° have described in detail the
different types of techniques available, and here, highlights of some of the most

popular techniques are described together with a discussion on some of the latest
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innovations that have been introduced over the years. The scope of this section also
includes the deposition of other materials through solution processed methods as
improvements to each technique can be applied to the deposition of metal oxide thin

film materials.

2.3.1 Spin Coating

Due to the well understood processes governing the thin film formation, spin
coating continues to be one of the most popular deposition techniques both within
academia and industry. Figure 2.4 (a) illustrates the typical steps of the spin coating
process. The precursor solution is deposited on the surface of the substrate which is
held on top of a chuck within the spin coater. It is important that the solution covers
the substrate surface completely prior to the spinning. The substrate is coated with
solution and the spin coater accelerates rapidly to a high RPM and held at this speed
for a set length of time. When the spinning is complete the thin film has been formed
through a combination of liquid flow and evaporation processes. Depending on the
type of precursor used the thin film may require some additional processing steps,

such as heating or UV treatment, to be fully formed.

The processes involved in spin coating have undergone much
experimentation and modelling so that the formation of thin films with specific as-
deposited thicknesses can be formed. For most precursor solutions the as-deposited
thickness of a thin film follows a general rule with regards to spin speed and
duration. Figure 2.4 (b) shows a basic approximation of how changes in spin speed
and duration effects film thickness; as both speed and duration increases there is an

associated decrease in as-deposited thin film thickness.” For best results, experiments
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are performed on new precursor solutions to determine the range of spin
acceleration/speed/duration values required in producing a variety of thin film as-

deposited thicknesses.
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Figure 2.4. (a) Schematic of process steps involved in the formation of thin films
through spin coating. (b) Graphs showing how thin film thickness is influenced by
both spin speed and duration, adapted from Bhuiyan et al.? (c) How fluid of ethanol
thickness evolves with respect to time at constant acceleration to 2000 RPM. The
cross-over point signifies when the dominating process controlling film thickness
changes from liquid flow to evaporation.>®

The modelling of the processes involved in spin coating relies on fluid
dynamics and surface interactions. The analysis of the technique is presented
elsewhere in greater detail for readers that are interested in the full detail." * 7
Through modelling of a solution’s characteristics such as viscosity, density and
evaporation rates, a model can be predicted that determines how different spin
coating settings affect the as-deposited thickness of thin films. Interestingly, the
analysis can also be used to determine a cross-over point during the deposition at
which the dominating process controlling the thin film thickness changes. The first

of the two dominating forces that determine the film thickness is the liquid flow
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which can be altered by changing the acceleration and spin speed. The second
dominating force is the evaporation of the precursor solution. For many of the
materials discussed above in Section 2.2, the effect of evaporation would be largely
due to the higher rate of evaporation compared to other solutions, particularly
aqueous solutions. Figure 2.4 (c) is a plot of thickness versus time for an ethanol
solution that undergoes acceleration to 2000 RPM in 1 s.°° The analysis of Figure 2.4
(c) shows that the cross-over point is reached quickly at ~1.67 s, where after this
point the thickness is dominated by evaporation effects. This analysis highlights the
importance of choosing a valid ramp time, as a longer ramp time can force the cross-
over point to occur during the acceleration, which could have detrimental effects on

the control of uniformity and thickness of the thin film.

2.3.2 Dip Coating

The dip-coating deposition process continues to be popular for thin films on
large and irregularly shaped surfaces. While the technique does not see a widespread
use in the semiconductor industry as spin-coating, in part due to the amount of
precursor solution initially required in the reservoir, dip-coating provides an option
for many forms of material coating in industrial and academic areas. While the
formation mechanism of thin films through dip-coating is well understood and
characterised, high impact research is still being conducted so that the specifics of
the method can be further investigated and used for more efficient depositions.
While the mechanism for thin film formation continues to be investigated, moving
forward there is a large demand for dip-coating techniques in forming thin films with
complex and varied surface morphologies through alterations of the deposition

techniques.
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The experimental procedure for a normal dip-coating technique is shown in
Figure 2.5 (a), where the substrate is immersed in a precursor solution and then
drawn out at a controlled rate. As the substrate is removed from the solution, a liquid
film forms which undergoes solvent evaporation leading to the formation of a solid
thin film composed of the active agent within the precursor solution. This solid thin
film can then be further processed through thermal treatments or other post-
processing techniques to alter the thin film. Multiple deposition steps can be
performed to prepare multi-layered thin film deposits. The thickness of the thin film
is controlled primarily through changes of the withdrawal speed; however, there are
also various methods available to alter the thickness such as through precursor
solution alterations, varying deposition temperature and by performing the dip

coating at an angle as notable examples.

In Figure 2.5 (b) a schematic produced by Brinker et al. shows the processes
involved in thin film formation in a steady state regime.”*”’ In a steady state regime
the receding drying line velocity matches the withdrawal speed. Different forces
interact during steady state dip coating for forming the solid thin films which are
outlined in the schematic. The forces include viscous drag, gravity, inertial forces
and meniscus surface tension and gradient surface tension.” Through experimental
design and analysis it is possible to use knowledge of the precursor solution to model

the resultant thin film thickness.

A model proposed by Landau et al. for the deposition of a liquid film on a
surface outlines how the liquid thin film is controlled by balancing the viscosity and
surface tension of the material such that a continuous liquid film is formed during a

constant withdrawal speed.®” The Landau-Levich model determines that the liquid
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height (%) is controlled by the withdrawal speed (Uj), viscosity (), liquid density

(p), gravity (g) and surface tension (y) such that

(U )2/3
hy, = 0.94 6\/077\7/;)_9 (Eq. 2.1)

The solid thin film is then formed through evaporation, gelation and solidification of
the liquid film. Therefore by manipulating the thickness of the liquid film the
resulting solid thin film can be controlled. While the Landau-Levich model can be
used to model the thin film thickness of a material through the solutions properties,
there are other processes that must be accounted for in order for a full understanding

of the thin film material to be reliably formed.

Figure 2.5 (c) shows the effect of withdrawal speed on the thickness for a
variety of solution precursors. In this case, each of the solutions used ethanol as the
solvent for a variety of silica and titania materials together with various acid/polymer
additives for preparing the solid thin film.®' The plot of thickness versus withdrawal
speed highlights a reversal in the trend after a specific point where a higher
deposition speed increases thin film thickness. Faustini ez al. showed that this effect
is due to a change in the processes that control thin film formation and solidification
due to either capillary or draining forces that act on the liquid film.®' They referred to
the two stages as the capillarity/evaporation and draining/evaporation regimes, with
both regimes dominating the formation of the thin film at both low and high
withdrawal speeds, respectively. In the draining regime, where the Landau-Levich
model dominates, the capillary forces are negligible as the withdrawal speed is high
enough to negate meniscus effects. The solution wets to the surface of the substrate
and excess material is drained; during the draining step, evaporation occurs, which

forms the solid thin film. In the capillary regime, the thin film forms during
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evaporation of the solution while it is being slowly withdrawn. The slow withdrawal
results in capillary feeding from the surface tension of the solution. In this regime,
the effects of viscosity and gravity coupled with the rate of evaporation influence the
thickness of the thin film." At intermediate withdrawal speeds a combination of
capillary, draining and evaporation processes are involved, which dictate the
thickness of the thin films. Faustini et al. also examined the effects of changes to the
precursor concentration and solution temperature combined with alterations to the

polymer aiding the deposition.®!
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Figure 2.5. (a) Schematic of thin film formation from a dip-coating technique. The
solid thin film forms through evaporation and condensation of the solvent from a
dip-coated liquid film. (b) Schematic for steady state dip-coating processes showing
the forces which control the thin film formation.”® (c¢) Plot of thickness versus
withdrawal speed, with modelled fits, for a variety of liquid precursor systems
showing the characteristic trend for dip-coated thin film formation.®'

Development and Characterisation of Solution Processed Vanadium Oxide and Transparent Metal Oxide Thin Films 26



For many dip-coating depositions an important issue must be accounted for
when using many of the common precursor solutions, many of which are composed
of mixtures of different components and precursors. When choosing a withdrawal
rate for a new material, it is important to take into account the chemistries of the
materials within the solution as large differences in the evaporation rate of different
volatile additives can result in a varied formation at the drying line, where the
evaporation occurs at the highest rate. When materials with different evaporation
rates are mixed in a solution and dip-coated, a staggered and non-uniform film
deposition can result. The staggered deposition occurs as one material evaporates
prior to the other such as seen by Nishida ef al. where a sharp gradient was found
due to a greater water content near the drying line compared to the water content of

the overall solution." ¢

When depositing from a solution composed of a mixture of
different materials it is important that the properties of each of the components,
particularly those relating to evaporation and wetting ability, are accounted for when
experimenting with the dip-coating procedure. For example, in a dip-coating solution
composed of both relatively non-volatile H,O and a volatile solvent, such as IPA or
EtOH, there can be preferential evaporation of the solvent prior to the full formation

of the liquid film and subsequent solid thin film.****

Dip-coating technologies continue to be expanded with new research focused
on improving the ability to dip-coat a variety of different surfaces with new thin film
structures and morphologies. Improvements in dip-coating techniques are not
confined to metal oxides but can be applied to many different types of materials.
Figure 2.6 highlights a selection of the different techniques currently being
examined, where changes to the dip-coating attributes, ranging from the speed,

substrate changes and solution alterations, can result in changes to the resultant thin
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film materials. In most dip-coating applications, the withdrawal rate is kept constant.
Faustini et al. instead deposited thin films of metal oxides with graded thickness and
refractive indices by accelerating the withdrawal speed during deposition.®® Through
this acceleration deposition technique, thin films with a graded thickness index, or

functionality gradient, were produced as shown in the schematic in Figure 2.6 (a).
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Figure 2.6. Various innovative techniques for altering dip-coated thin films. (a)
Preparing graded thin films through varying withdrawal speed in-situ.®® (b) Infusion
withdrawal technique where a secondary material is infused into the solution during
dip-coating.® (c) Large surface thin film coating technique using minimal precursor
solution through use of a biphasic solution.®” (d) Influence on both upper and lower
surface thin films on the angle during angle-dependent dip-coating.”® (e) Schematic
of the deposition of chemically treated surfaces where a mix of hydrophobic and
hydrophilic surfaces are dip-coated.”

Alterations to the precursor solutions, other than through chemical additives,
can also cause changes to the thin films. Figure 2.6 (b) and (c) both show how
alterations to the precursor solution can alter thin film structure or increase the
efficiency of dip-coating thin films respectively. In Figure 2.6 (b) the schematic of
an infusion withdrawal technique used by Ye ef al. to deposit a thin film with a
polarity gradient is shown.®® The technique does not involve conventional dip-

coating; instead the substrate is left in position while two solutions are mixed in the
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reservoir by pumping in the secondary solution. As the secondary solution is pumped
in, the reservoir is also emptied, thus mimicking the effect of withdrawal in
conventional dip-coating. A new method for decreasing the amount of solution
required while facilitating large-scale dip coating depositions was demonstrated by
Ceratti et al. who supported a precursor solution on top of a non-miscible liquid as
shown in Figure 2.6 (c).®’ This technique allows for the active precursor solution to
coat the surface of the material as in conventional dip-coating techniques, while also
decreasing the amount of precursor solution required, which is of particular

importance for dip-coating of expensive materials.”’

The final types of dip-coating modification discussed here involve changes to
the substrate, either through mechanical or chemical means, to influence the type of
thin film deposited. Angle-dependent dip-coating (ADDC) is a technique where the
substrate is withdrawn at an angle rather than orthogonal to the precursor solution
surface. When depositing at an angle, the thin film can be prepared at higher
thickness with a lower number of sequential coatings required. Another benefit to
the ADDC method is the ability to deposit thin films of the same material at different
thickness on either side of the substrate. Figure 2.6 (d) shows how both deposition
angle and withdrawal speed affect the thin film thickness on the top and bottom
surface of ADDC deposited thin films of a set concentration of TiO,.°® Through this
technique, a thin film of the same material can be deposited on both sides of a
substrate with different thicknesses which is of particular interest for optical filter

technologies.®®

The last technique discussed in this section describes how chemical
patterning can be used to render different areas on the substrate either hydrophobic

or hydrophilic; when the substrate is dip-coated the hydrophobic areas are coated
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while the hydrophilic surfaces remain free of deposit. As demonstrated by Wang et
al. in Figure 2.6 (e), this technique can be applied to a variety of substrates to form
complex and intricate materials on a variety of substrates, even those containing
pillars and other non-planar morphologies.”” The various innovative techniques
highlighted in Figure 2.6 illustrate how the use of a dip-coating technique continues
to be of great importance to the thin film industry due to the large range of

alterations which can be implemented to improve the deposition processes.

2.3.3 Other Deposition Techniques

As described in Figure 2.1 there are a number of other solution processed
techniques which can be applied in developing metal oxide thin film materials.
These include techniques such as ink-jet printing and spray pyrolysis, both of which
involve the deposition of the material by passing the solution through an opening,
either as a liquid or by first atomising, and then depositing the material onto the
substrate as a spray. Schematic representations for both spray pyrolysis and ink-jet

printing’® techniques are shown in Figure 2.7.

In the spray pyrolysis process, a spray of solution is directed at a substrate by
first atomising the precursor solution. The atomising is accomplished through
techniques ranging from simple air blasting to more advanced ultrasonic/electrostatic
methods.”"”® An important aspect of spray pyrolysis concerns the heating of the
substrate during deposition, which aids in thin film crystallisation and surface
cohesion. An unheated substrate can result in defective thin film depositions, often
with cracks. For best results, it is advisable to adjust the substrate heating for each

type of precursor solution until the desired morphology is deposited.”’ Many other
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deposition attributes must also be accounted for when using a spray pyrolysis
technique. The chemical attributes of the precursor solution must be compatible with
the atomiser otherwise the solution can cause blockages and other detrimental effects
which can both alter the deposition or cause machinery defects. To increase sample
coverage, many spray pyrolysis devices incorporate a moveable stage to allow

movement of the atomiser over the substrate.
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Figure 2.7. Schematic representations of (a) spray pyrolysis and (b) two ink-jet
printing”’, both on-demand (top) and continuous (bottom), thin film deposition
techniques. (c) Optical bandgap measurement and optical image for a inkjet printed
Z10 thin film.”* (d) Optical image of a flexible In,0O3 TFT with the inset showing an
ink-jet printed In,O3 line.*’

Most applications of ink-jet printing pertain to books and other reading

materials; there is currently a substantial drive in the deposition of functional
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materials using the same technique since its inception.”>”’®

Ink-jet printing techniques
can be applied to a wide variety of materials, where the limiting factor of the method
relies upon the attributes of the precursor solution and its interactions with the print
head and the substrate. The precursor solution must have a high enough surface
tension so as not to leak uncontrollably while also having a sufficiently low viscosity
to allow for transport through the printing nozzle when required.”® Figure 2.7 (b)
shows two of the most common ink-jet printing techniques that are currently in use:
in the top schematic the ink is deposited on-demand using an inducer so that droplets
are selectively placed on the substrate, in the bottom schematic a continuous flow of
material is fed through the nozzle and is electrostatically deflected away from the
substrate into a collection tray when an area is not to be coated.”” For depositing
complex morphologies and arrays of material, the ink-jet printing head can be
positioned over the surface of the substrate similar to a conventional office printer.
Using this technique it is possible to deposit a large variety of materials, however,
the limiting factors involve the types of inks which can be prepared and their
usability. Figure 2.7 (c,d) shows two examples of inkjet printed devices. A high
mobility zinc indium oxide (ZIO) transparent conducting thin film is shown in
Figure 2.7 (c) which shows the capability of the ink-jet printing technique for large
area depositions.”* The smaller scale and site specific deposition of the ink-jet
printing technique is highlighted in Figure 2.7 (d) where an In,O3 semiconductor line
is deposited for use in a TFT device.” Ink-jet printing is a useful technique for both
large and small area depositions due to its versatility and low precursor solution

wastage.
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2.3.4 Polymer Assisted Deposition

The addition of additives and other materials into a precursor solution to aid
in the formation of thin films is not a new practice. However, in the past number of
years there has been an increased drive for the development of polymer-assisted
deposition (PAD) techniques for improving the deposition and material
characteristics of solution processed thin films. The PAD process involves the
mixture of a soluble polymer with the metal complex within the liquid precursor
solution to increase the control of the solutions attributes, such as viscosity,
reactivity and to increase the shelf life of the material.”*>' PAD can thus influence
the morphology, compositional consistency, thickness and the density of defects
(among other attributes) during thin film formation, by the addition of a compatible

polymer.

A schematic detailing two PAD processes for the deposition of TiO, is
shown in Figure 2.8 (a,b). In the Ti complex shown in Figure 2.8 (a), a titanium
triscatecholate compound was bound to PEI through dissolving and mixing in DI
water with subsequent purification.”® The resulting Ti complex is a binding of the Ti
to PEI as a catecholate complex, however, the concentration of Ti present was shown
to be low. The concentration of Ti ions was increased using the method detailed in
Figure 2.8 (b), where the Ti was instead directly bonded to PEIC and then purified
using Amicon ultrafiltration.™ Jia et al. discussed how the second method produced

a much more stable Ti solution, particularly toward hydrolysis reactions.™
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(a) (b) (c)

Figure 2.8. Schematic of PAD process for Ti metal ions. (a) Ti bound to PEI as a
catecholate ion and to (b) PEIC directly. (¢) Strontium, as an EDTA complex, bound
to PEL (d) HRTEM image of epitaxial deposition using PAD processes of SrTiO; on
LaAlO3.50

Strontium ions were also bound by Jia et al. to PEI for a PAD technique.
Figure 2.8 (c¢) shows how the strontium was bound to the PEI as an EDTA
complex.” By mixing a solution with equal molarities of Ti bound to PEIC and
strontium bound to PEI, an epitaxial thin film of SrTiO; was deposited through spin
coating on an LaAlO; substrate. A HRTEM image displaying the epitaxial
deposition of SrTiOz on LaAlO; is shown in Figure 2.8 (d). The PAD processes
utilised by Jia ef al. allowed for a single layer epitaxial deposition of SrTiO; on
LaAlO; with a dielectric constant greater than 200 and a loss of <1% at 1 MHz

which is comparable to thin film dielectrics deposited using pulsed laser
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deposition.”””” The use of PAD techniques has increased with many studies showing
the efficacy of PAD techniques particularly in the preparation of epitaxial metal

17 The PAD technique increases the

oxide growth with the underlying substrate.
scope of the solution processed depositions allowing for an increased range of

materials and stoichiometric surfaces to be prepared.

24 Comparison of Thin Film Deposition for Vanadium Oxides

As discussed in the preceding sections, there are many ways in which metal
oxides can be deposited using a solution processed technique. In this section a
comparison is made between a variety of solution processed vanadium oxide (VO)
thin films. Vanadium oxide is chosen as a comparative material due to its prevalence
in thin film applications and the large range of oxidative states and structures
available such as V,0s, VO, and vanadium sesquioxide (V,03). Different V,0s thin
film deposition processes are compared through analysis of the resultant thin films,
where the various deposition and processing conditions are correlated to one another
as a function of the different deposition and processing conditions. The
morphologies and attributes discussed in this section are not exhaustive, but the

review provides an overview of the range of structures and thin films possible.

2.4.1 Thin Film Composition and Structure

The analysis of thin film composition and structure is achieved using a number of
different methods, including but not limited to; Raman scattering spectroscopy, XRD
and XPS techniques. Different analysis techniques can be used for analysing specific

attributes of a thin film, where the crystalline structure, composition or lattice
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vibrational characteristics for the material can be probed and identified. A schematic
of two layers of V,0s are shown in Figure 2.9 (a) with the V atoms in grey and the O
atoms in red.” V,0s is the most stable oxidation state of VO materials with a

crystalline orthorhombic unit and a layered structure which is beneficial for use in
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Figure 2.9. (a) Structural schematic of two layers of V,0s with V atoms (grey) and O
atoms (red).” (b) Raman scattering spectra of dip-coated V,0Os thin films as-
deposited (black) and annealed at both 300 °C (blue) and 500 °C (red).’* (c) Raman
scattering spectra of spin coated V,Os thin films formed from a metallo-organic
(VNA), organic (VOSG) and inorganic (VISG) based precursor solution.*

The Raman scattering spectra for a dip-coated V,0s thin film on ITO
substrates deposited by Alsawafta et al. is shown in Figure 2.9 (b) where the
precursor solution was prepared from a mixture of vanadium oxytriisopropoxide,
IPA and acetic acid.”> The Raman scattering spectra in Figure 2.9 (b) shows the thin

films in an as-deposited state prior to annealing where no distinct Raman modes
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were present that indicated the formation of orthorhombic V,0s but are subsequently

observed after crystallization at 500 °C >

The deposition of orthorhombic V,0s can be accomplished using a variety of
different precursor solutions. In Figure 2.9 (c) Raman scattering spectra for V,0s
thin films deposited through spin coating using three different types of precursor is
presented after annealing at 450 °C. The solutions were prepared from metallorganic,
organic and inorganic based precursors where the resultant thin films are labelled as
VNA, VOSG and VISG, respectively in Figure 2.9 (c).¥ Raman spectra show the
formation of orthorhombic V,0s5 occurs in each case with the evidence of
characteristic vibrational peaks with only small discrepancies present. Shifts in the
V=0 bond located at 993 cm™, 995 cm™ and 999 cm™ respectively for the VNA,
VOSG and VISG thin films is indicative of small changes to the oxidative state; a
larger Raman shift corresponds to increased amount of V>*. The work by Sahana et
al. demonstrates how the use of different vanadium based precursors can be utilised
for thin film deposition using identical techniques with the formation of
compositionally pure V,0Os thin film materials. This result is important for
applications where thin films are desired within a technique but a specific precursor

may be unavailable.

The effect of changes to precursor molarity for V,0Os thin films deposited
onto amorphous glass slides through a spray pyrolysis technique at constant substrate
temperature is shown in the XRD data of Figure 2.10 (a).**. In each case there is a
distinct (001) peak present while the number of peaks indexed to V,Os increases as
the precursor concentration increases. Akl et al. ascribed the increased intensity of
the peaks to grain growth or an increase in the degree of crystallinity within the thin

films as the concentration increased. The crystal size was tested through Voight
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profile analysis of the line broadening which showed saturation at concentrations of
0.2 M, 0.3 M and 0.4 M with a sharp decrease in crystallite size for the low 0.1 M
and high 0.5 M concentrations.* The saturation was linked to the concentrations
being appropriate for crystal growth while the mobility of ions is insufficient at low

concentration, but too fast at high concentrations, leading to agglomeration.84
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Figure 2.10. XRD pattern of V,0s thin films showing effects of varying the (a)
precursor solution concentration,*® (b) substrate temperature® and (c) substrate and
processing condition to form multiple VO materials.* (a, b) were deposited using a
spray pyrolysis technique and (c¢) was deposited through a spin coating/PAD
technique.

Spray Pyrolysis of V,0s thin films using a VCI3/H,O precursor prepared by
Irani et al. shown in Figure 2.10 (b) demonstrates that the substrate temperature also
plays a key role in the formation of different VO structures.*® The XRD patterns in

Figure 2.10 (c) demonstrates how precise annealing and atmosphere control can
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enable epitaxial growth of a range of VO phases other than the most stable phase

- . 9, 86-88
which is V,05.”*

Figure 2.11 (a) shows the XPS analysis of the V 2p peak in the
characterisation of different oxidative states of VO thin films including V,0s, V,03
and VO,.” The charge state of an individual atom can be determined as shown in
Figure 2.11 (a), where an increase in the core level binding energy indicates an
associated increase in the positive charge of the atom.” Through careful data

analysis it is possible to determine the oxidative state and structure of a range of VO

materials.
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Figure 2.11. XPS spectra of the O 1s and V 2p for VO thin films. (a) XPS spectra of
V,0s compared to a variety of other vanadium oxide structures.” * (b) Comparison
between two solution processed techniques; spin coated and brush painted V,0s thin
films.” (c) Comparison between evaporation deposited (eV,0s, vV,0s) and spin
coated (sV,0s) thin films.”!

In Figure 2.11 (a, ¢) comparisons between V,0Os thin films deposited through
a variety of different techniques is made. Included in the XPS spectra is the O 1s
peak located in close proximity to the V 2p peak discussed above. The V,0s thin
films studied by Cho et al. were deposited on ITO glasses through both a brush
painting and spin coating technique from a vanadium (V) oxytriisopropoxide based
precursor solution. In a brush painting deposition the precursor solution is spread

over the surface with a “brush” similar to screen printing. For both the brush and
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spin coating techniques the solutions were optimised for deposition.”” A direct
comparison of the V 2p and O 1s peaks can be made between the two resulting thin
films and is shown in Figure 2.11 (b). For both types of depositions the V 2p;,, is an
exact match while a small shift in the binding energy of 0.3 eV for the V 2ps3,; and O
Is peaks is present.”’ The XPS analysis by Cho et al. demonstrates the possibility of
preparing near-identical stoichiometric V,Os thin films using two different solution
processed techniques where the active precursor material for the solution was
identical. The interchangeability of the precursor material in different solution
processed techniques is important for the transition of laboratory deposition methods

to industrial sized practices.

Comparisons of the O 1s and V 2p peaks for V,0Os thin films deposited using
either a solution processed or evaporation technique is presented in Figure 2.11 (c).”!
The solution processed V,0s (sV,0s) thin film was deposited by Zilberberg et al.
from an IPA/vanadium (V) oxytriisopropoxide precursor solution whilst the
evaporated V,0s (eV,0s) thin films were deposited at an ultra-high vacuum. An
evaporated V,0Os thin film sample (cV,0s) was exposed to air prior to XPS analysis
whilst the eV,0s was left under vacuum between the deposition and analysis.
Analysis of the V 2p3, peak shows small amounts of \as present in the sV,0s and
cV,0s thin films which is evidence that the presence of some VO, has formed within
the thin films.”"' The analysis by Zilberberg et al. suggests that this formation of
small amounts of VO, within the thin films is due to their exposure to ambient
atmosphere which partially reduces the V>* to V*".*' This work highlighted the
usability of solution processed techniques where the equivalent detrimental effects

were experienced by both the solution processed and physical deposited thin films.
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2.4.2 Surface Morphologies

Figure 2.12 shows a collection of AFM and SEM surface images of V,0s
thin films using various solution processed deposition techniques. Costa et al. ink-jet
printed the thin films in Figure 2.12 (a) by depositing a precursor solution prepared
from a mixture of V,0s5 powder and hydrogen peroxide resulting in nanoparticles.
The nanoparticles were suspended in water forming a stable colloidal solution.”® This
colloidal solution was deposited onto a flexible PET/ITO substrate and tested to
determine surface coverage and the produced thin film morphology. Costa et al.
observed through their AFM analysis’> that the V,Os thin film did not show the
presence of spherical particles, instead both the AFM and rugosity (roughness factor)
measurements show the surface of the thin film was composed of a V,0s ribbon

. . 93-95
structure, a common morphology in V,0s materials.

The dip-coated thin films shown in Figure 2.12 (b) were prepared by
Gokdemir ef al. using an inorganic (V205 powder in H,0O,) and organic (vanadium
(V) triisopropoxide in IPA) based precursor solution.”® The inorganic solution was
prepared similarly to the nanoparticles used in the inkjet printing discussed in Figure
2.12 (a): a V,05 powder was mixed with hydrogen peroxide and stirred to form a
liquid sol. The organic based solution was prepared using vanadium (V)
triisopropoxide mixed with an appropriate amount of IPA and acetic acid to form a
liquid precursor solution. The thin films were dip-coated onto a variety of glass
substrates including ITO coated glass at a withdrawal rate of 100 mm/min and then
heated for 20 mins at 150 °C. The AFM images in Figure 2.12 (b) shows the
formation of a smooth granular V,0s thin film surface in both the inorganic and
organic case, however, Gokdemir et al. discusses how the organic precursor route

results in a thin film with a smoother more homogeneous surface morphology and a
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smaller grain size than the inorganic.”® These types of changes in grain size and
surface homogeneity are of importance for many material properties of thin films in

particular the optical characteristics.

Pinholes, a common thin film defect, are seen in the AFM image of Figure
2.12 (c), which is an example of a spin-coated V,Os thin film prepared from an IPA-
vanadium(V) oxytriisopropoxide solution.” Zilberberg et al. deposited the thin films
on glass and ITO substrates at rotational speeds ranging from 3000 — 10000 rpm to
produce controllable thicknesses between 10 — 45 nm.”” The pinholes routinely form
as a result of solution dewetting during the thin film formation stage. The pinholes
were not found to strongly influence the rms roughness, which was stated to be
relatively low at 0.4 nm.”” The formation characteristics of the pinholes in thin films
of either polymers or metal oxides,” is a commonly studied effect due in part to the
deleterious effect of pinholes on electronic and optical properties; methods to

prevent their formation are still being investigated.

morphologies formed using a variety of solution processed deposition techniques,
namely (a) ink-jet printing’* (b) dip-coating of two different precursor solutions’ (c)
spin-coating”’ (d) spray pyrolysis of two different molar concentrations’ and (e)
drop casted V,0s precursor solution'®.
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The effect of different molar concentrations on the morphology of V,Os thin
films deposited using a spray pyrolysis technique is shown in Figure 2.12 (d). The
thin films were deposited on glass substrates at a temperature of 250 °C through
spray pyrolysis from a vanadium trichloride solution mixed with double distilled
water at both 0.4 M and 0.1 M respectively.” The thin films show a distinct
morphology change between the two concentrations, with the 0.4 M thin films
having a higher rms roughness than the equivalent 0.1 M thin film of 25 nm and 8
nm, respectively. These thin films have a much higher rms roughness compared to
the others discussed in this section, however, the capabilities of large scale surface
depositions with spray pyrolysis is higher than many of the alternative methods,

particularly for use in energy storage'’' and optical applications.”"

Using drop-casting techniques, large surface coverages of VOs can be
achieved in a short time, albeit with a drawback in surface homogeneity. Figure 2.12
(e) shows SEM images of a drop-casted V,Os film both before (top) and after
(bottom) a calcination process.'” Lim ef al. prepared the films by synthesising the
rose-like particles with a sol-gel technique involving an ethanolic-aqueous medium,
vanadium triisopropoxide and hexadecylamine combined with a long-term heat
treatment technique. The prepared rose-like particles were suspended in ethanol and

' The SEM images in Figure 2.12 (e) show that a

drop-casted onto Si wafers.
rougher surface after calcination is found. A high surface roughness can be a
beneficial attribute for a variety of applications such as energy storage and in the
case of these particular films, their use as a photoswitchable super-

hydrophobic/hydrophilic material.'®
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2.4.3 Optical Properties

The study of a thin films’ optical properties and characteristics is required for
ascertaining the suitability of a material in optoelectronic applications, optical
coatings and for assessing the nature of light-matter interactions for new materials
and their arrangements. One of the most common techniques involves the calculation
of the effective optical bandgap. The optical bandgap is the energy threshold for light
absorption of the material and can be calculated through analysis of the absorption
edge using the modified Davis-Mott relation and is commonly presented as Tauc
plots.”® The optical bandgap, threshold where optical absorption can occur, can be
calculated from the absorption coefficient through the relation ahv = A(hv —
E4)™ where o is the absorption coefficient of the thin films, 4 is a constant and Ej is
the effective optical bandgap. The absorption coefficient determines the depth at
which a given wavelength penetrates the material. The exponent # is related to the
type of transition for the material. The optical bandgap can then be determined
through extrapolation, where [ahw]" = 0. It is also possible to use the Moss relation
to determine the refractive index from the calculated optical bandgap

through o Ey ~ 95 eV.'1%

For comparison to solution processed techniques, the UV-Vis spectroscopy
in Figure 2.13 (a) shows V,0s thin films deposited by vacuum deposition at 3 nm
(top) and 30 nm (bottom) thicknesses.'” The UV-Vis spectra of the 30 nm and 3 nm
thick layers of V,0s have a distinctive absorption edge at ~400 nm with expected
changes in the respected transmission values across the wavelength range.'®
Comparisons can be made with these vacuum deposited thin films to the
transmission characteristics of equivalent solution processed V,0Os thin films where

changes in absolute transmission can be related to the effects of thickness whilst the
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optical bandgap shifts can be related to crystallisation and structural changes in the

thin films.
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Figure 2.13. UV-Vis transmission spectra and associated analysis for a variety of
V,0s thin films deposited using a variety of techniques with some comparisons to
contemporary materials and non-solution processable methods. (a) Transmission
comparison of a 3 nm and 30 nm thick V,0Os sputtered thin film showing the changes
in optical transmission characteristics.'” (b) Changes in transmission due to
concentration changes using spray pyrolysis and associated Tauc plot for V,Os
(inset).” (c) Transmission for dip-coated V,Os thin films formed from inorganic and
organic based precursors.” (d) Optical images and corresponding transmission and
Tauc analysis for a variety of V,0s thin films spin coated and annealed under varied
atmospheric conditions.'” (e) Transmission images for spin coated V,Os thin film

treated under different post-processing conditions thin films compared to both ITO
coated glass and PEDOT:PSS.'"’

The UV-Vis transmission and related Tauc plot (inset) shown in Figure 2.13

(b) for the V,0s thin films deposited by spray pyrolysis were described previously in
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Section 2.4.2. The deposits were prepared from pre-formed nanoparticles with a
defined size, thus while the transmission increases at lower concentrations the optical
bandgap remains consistent at 2.44 eV.” This optical bandgap value is higher than

the range expected for bulk and nanocrystalline V,05 materials.'*

Figure 2.13 (c) displays the UV-Vis transmission spectrum of the inorganic
and organic thin films prepared by Gokdemir et al. and discussed previously in
Section 2.4.2.°° In comparison to the thin films of Figure 2.13 (b) a change in the
absorption edge is seen in the transmission spectrum of Figure 2.13 (c). The changes
between an inorganic and organic precursor resulted in thin films with a calculated
optical bandgap of 2.64 eV and 2.10 eV respectively when an n value corresponding
to an indirect allowed transition is used. The changes in optical bandgap energy can

be related to crystalline size effects between the two deposition techniques.”

Post-processing techniques has an effect on the material characteristics of
thin films. In Figure 2.13 (d,e) the changes which occur to the optical transmission of
V,0:s thin films using different post processing techniques is shown. Hancox et al.
investigated the effect of deposition and annealing atmosphere on spin coated V,Ox
thin films in Figure 2.13 (d).'®. Thin films were spin coated under both ambient and
N, atmosphere followed by subsequent annealing in either of the two atmospheres.
The optical images in Figure 2.13 (d) shows two examples each of thin films
deposited under air (left) and N, (right) respectively with both being annealed in air

106
afterwards.

The effect of the N, atmosphere during the deposition can be seen in
the UV-Vis transmission spectrum where the N, deposited (gold and blue) thin films
have a higher transparency to the air deposited (green and blue) thin films.'” The

gold spectrum was both deposited and annealed in N, while the green spectrum was

deposited in air and annealed in N,. Hancox et al. demonstrated that the deposition
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atmosphere had a larger effect on the optical properties of the V,Ox thin films than
the annealing atmosphere.'” Post-processing O, plasma treatment of spin coated
V,0s thin films, as used by Bao et al. in Figure 2.13 (e), can be used as a low
temperature method for crystallisation resulting in comparable UV-Vis transmission
properties to thermally annealed thin films. Using this technique the V,0s thin films
can be decomposed from the as-deposited amorphous material into the desired V,0s
phase with no change to the optical bandgap.'’” The O, plasma treatment allows for
a low temperature post processing step which can be utilised for incorporation into
polymer solar cells where high temperature processing can be detrimental. Direct
comparisons are made in Figure 2.13 (e) to both ITO, a common TCO, and
PEDOT:PSS which V,0s can be used for replacing in polymer solar cells as a charge

extraction layer.

Through study of the optical characteristics of the V,0s thin films,
comparisons can be made between the various deposition and post-processing
techniques used in engineering the transparency and optoelectronic properties of thin
films. As with the discussion on morphology alteration outlined above, the methods
for altering the optical characteristics discussed are not an exhaustive list, however
they do provide an overview of the types of changes that can be applied to help
control V,0s thin film formation. These same methods can be applied to other
solution processed materials to help in engineering thin films with beneficial

attributes.
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2.5 Thin Film Applications and Devices

Metal oxide thin films have many applications within the optical, electronics,
optoelectronics and energy storage/generation industries. The thin films are used as a
variety of components within these devices, either as the working electrode/material,
dielectric, hole/electron donor or as an optical coating for anti-reflection, filtering or
to increase/decrease hydrophobicity as a few examples. As outlined in previous
sections there are many methods available for depositing these thin films ranging
from evaporation and vapour techniques to the solution processed methods outlined
in this work. The purpose of this section is to outline some of the latest
developments in the use of solution processed techniques in preparing modern
devices such as TFTs, photovoltaics and battery materials. The devices discussed in
this section are either fully solution processed or contain major components which
have been deposited using one or more of the techniques outlined in Section 2.3. In
many cases it is possible for the type of solution processed techniques to be
interchanged for preparing thin film components, such as replacing a spin-coating

process with dip-coating.

2.5.1 Electronic Materials

A transistor is made from a semiconducting material and is capable of either
amplifying or rectifying an electronic signal. The transistor is one of the most
important and fundamental devices for modern computing and electronics.'” The
continued improvement in transistor technology is driven by the need to make
smaller and more energy efficient devices whilst also increasing the computing

power.''” The use of thin film transistors (TFTs) in fulfilling these needs is being
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examined.'"" The improvements required can be achieved by preparing TFTs that
have a higher mobility, stability and uniformity. In the case of transparent TFTs a
high level of optical transparency is also required. As outlined previously, the
deposition of active dielectric or channel materials these devices can rely upon
expensive and time consuming processes. Using solution processed techniques it is
possible to cost-effectively form large scale assemblies of TFTs where each of the

different components can be prepared sequentially, often on non-planar substrates.
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Figure 2.14. Electrical characteristics of different solution processed high-k
dielectric materials showing the (a) capacitance vs. frequency, (b) leakage current
density vs. electric field. (c) Transfer characteristics and (d) gate leakage
characteristics of In,O; TFTs with high-k solution processed dielectrics. Output
characteristics of In,O3 TFTs with (¢) AlOy and (f) ZrOy dielectrics.''
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In Figure 2.14 (a, b), Xu et al. developed TFTs using solution processed
dielectric thin films and by creating metal-insulator-metal (MIM) structures they
demonstrated that the frequency dependent capacitance of the AlOy, ZrOy, YOy and
TiO, had high values at low frequencies and low values at high frequencies.''> Due
to the low temperature annealing, the AlOy, ZrOy, YOy and TiOy thin films had an
amorphous structure which limited the capability of determining the exact phase for

each material.'"?

For high-k dielectrics the presence of defects and other non-uniformities
influences the stability of the capacitance at different frequencies. As shown in
Figure 2.14 (a) Xu et al. demonstrated a lower dispersion in the low frequency
capacitance for AlOy compared to TiOx or YOy dielectric thin films, which would
indicate its suitability for use in a TFT. The explanation by Xu et al. stated that
lower amount of defects and a smoother surface morphology for the AlOy thin films
contributed to the lower dispersion.''? They also showed that processing TiOy and
YOy dielectrics prevented breakdown and significant leakage current flow (Figure

2.14 (b)) up to electric fields of ~2 MV/cm.'"?

In Figure 2.14 (c, d) the same dielectric thin films were used in TFTs with an
In,O; semiconductor layer where the transfer and gate leakage characteristics were
tested.!'? The behaviour of the TiO, and YO, dielectrics did not show suitability for
the use in an efficient TFT device owing to leakage currents. The ZrOx and AlOy
however showed a moderate and remarkable improvement respectively in their
suitability as TFT dielectrics. The output characteristics of the AlOx and ZrOy are
shown respectively for the In,Os; TFT in Figure 2.14 (e, f) where a good ohmic
contact is demonstrated without significant current crowding, at low drain voltage

(VDS)-112
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Figure 2.15. (a) IZO TFT device architecture and histograms of 49 1ZO TFTs
displaying their (b) mobility and (c) turn on voltages.'"

The reproducibility of solution processed TFT designs was studied by Banger
et al. who used a low temperature “sol gel on chip” technique to prepare TFTs with
the device architecture shown in Figure 2.15 (a).'"® The thin films were deposited
using alkoxide based precursors that were spin-coated onto substrates in a cleanroom
environment under controlled humidity. In Figure 2.15 (b,c), the mobility and turn
on voltages for 49 identically deposited TFTs where Banger ef al. showed that the
solution processed TFTs had a similar performance with small deviations in both

mobility and turn-on voltage.'"> While the reproducibility of the technique would be
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less than that of the current large-scale deposition techniques such as physical vapour
or CMOS technologies, it is at a level of reproducibility that highlights the

possibilities of the sol-gel technique for active channel material deposition in TFTs.

The upscaling of TFT production using solution processed methods is under
constant investigation."” '** '*1"* As outlined in previous sections, there are many
different types of solution processed techniques that can be utilised for forming
uniform thin films on a variety of substrates. Each of the techniques has positive and
negative aspects for deposition, ranging from substrate limitations (wetting ability of
precursor to substrate and irregular sizes) to their ability for upscaling of sample size
and throughput. The benefit of many solution processed methods is modularity of
inorganic precursor solutions and the ability to apply them using a variety of coating
methods whose degree of control is related to some parameter (spin rate, viscosity,
wettability, evaporation, volatility, concentration, functionalization or dielectric

constant, to name a few).'"*

In Figure 2.16 a bar-coating deposition method was used by Lee et al. to

"% The bar-coating technique is schematically

fabricate TFTs over a large area.
shown in Figure 2.16 (a) and involves the deposition of precursor solution onto a
substrate placed in contact with the wired-bar rolling system. The wired-bar is
moved horizontally at a constant rate while the interaction of the meniscus between
the solution and bar results in the formation of a thin film. The final thin film
material can then be thermally annealed to form the desired layer.''"* The bar-coating
technique can be further enhanced through the application of self-assembled
monolayers (SAM) which can encourage uniform surface morphologies to form. The
impressive transfer and output characteristics of the bar-coated MOy TFTs shown in

Figure 2.16 (b) have a high average field-effect mobility value of 5.25 cm® V' 57!
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Interestingly, Lee et al. were able to compare the average mobility values of IGZO
TFTs deposited through both a spin- and bar-coating technique. In Figure 2.16 (c)
the IGZO TFTs formed through a bar-coating technique had a higher average
mobility value than the corresponding spin-coated deposited TFTs from the same
precursor solution. It was speculated that the longer evaporation time allowed in the
bar-coating process resulted in an increased thin film quality.'"* This improvement in
the mobility values shows how the transition from a small- to large-scale deposition

technique can have benefits with solution processed methods.

(@)

Wire-bar
—

Bar moving
direction Solution viscosity

Vs, I Densified MOx
M

o, o,
Sol-gel oxide precursor solution 0C, Dried film -~ = Ao
(b) o

10

» Densified film

)+
W/L =500/50 um Bar-coating
1 vgs=2v

process

4 N Spin-coating
1 process

Nl |V /
10°4 LS) 2 '
107 '

L -~
Ty . [
N Mo = WEIE LT 1 1
10™ Y, o - [
L A = . e ’I I‘. P N
10” - . 0+t ! ~ a2 | -
3 4 5 6

40 05 00 05 1.0 15 20 0 1 2
Gate voltage (V) ulem’v's™)

Drain current (A)
=

7

Figure 2.16. (a) Schematic for preparing thin films using a bar-coater system. (b)
Representative transfer and output characteristics for all-bar-coated MOy TFTs. (c)
Comparison of statistical distributions for TFT mobility values for IGZO TFTs using
either spin-coating or bar-coating deposition techniques.'*

Different post-deposition processing techniques can be employed for treating
as-deposited thin films to improve or alter many attributes of the thin films. These

post-processing techniques can include thermal treatment/annealing at various
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temperatures and under different atmospheres, optical processing, curing or
conversion using UV light, ozone decomposition/cleaning etc. and even chemical
treatments to remove contaminants or other species from the surface. As with the
different types of deposition techniques, the post-processing methods must also be

chosen and tuned to the specific resultant thin films.
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Figure 2.17. Schematic of CuyO thin films showing (a) effect of vacuum-annealing
on thin film structure and (b) Cu,O TFT diagram. (c¢) Transfer characteristics of
Cu,O thin films prepared at various thin film annealing temperatures under vacuum
and (d) output characteristics of the same TFT annealed at 600 °C.'"*

Yu et al. deposited Cu,O thin films, where x defines the variation away from
stoichiometric semiconducting Cu,O affected by annealing conditions, through spin
coating of a copper acetate monohydrate based precursor solution. The
investigation''> showed that, in Figure 2.17 (a), vacuum annealing (at 2 x 10 Torr
and 200 °C) altered the thin film structure and composition such that the initial CuO
thin film was reduced to Cu,O at increased annealing temperatures. The oxide

reducing mechanism in this case was attributed to phase boundary migration induced
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by oxygen out-diffusion along the moving phase boundary.'”'® A Cu,O TFT in
Figure 2.17 (b) fabricated by the team, used a Si/SiO, substrate and Ni source/drain
electrodes. The transfer characteristics of the same CuyO TFTs vacuum annealed at
different temperatures in Figure 2.17 (c¢) improved up to an annealing temperature of
600 °C. At annealing temperatures above 600 °C the transfer characteristics
degraded. The improvement at 600 °C is attributed to the formation of Cu,O and
subsequent beneficial changes in crystallinity and morphology whilst the degradation
at temperatures above this was due to detrimental island growth.''”> While the
annealing temperatures used may be too high for incorporation into current
technologies, the role of the vacuum annealing can be studied for its effects at lower
annealing temperatures.
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Figure 2.18. Spin coated IGZO TFTs and circuits on PI substrate. (a) Optical image,
schematic and corresponding TEM cross-section. (b) Transfer and (c) output
characteristics of IGZO TFTs with ZAO dielectric layer.*

One exciting and emerging technology currently under intense research is the
formation of electronic devices on flexible substrates. These substrates allow for the
incorporation of many different thin film devices within wearable and wear resistant
applications such as wristwatches and e-paper displays. As with the incorporation of
thin films into current devices and technologies, the application of solution processed
methods in the formation of flexible electronics can be expected to be a driving force

13, 117

of research in the foreseeable future. The active interest in both flexible
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electronics and the variety of solution processed deposition techniques means that

the two areas complement one another in their compatibilities."
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Figure 2.19. (a) Transfer characteristics and distribution of saturation mobility for
both photo- and thermal-annealed GZO, IZO and In,Os; TFTs with an Al,O; gate
dielectric. (b) Optical image and schematic of IGZO TFTs and circuits on a flexible
PAR polymer substrate and (c) zoomed in optical image of one of the seven-stage
ring oscillator.""”

A solution processed device deposited on a polyimide (PI) substrate

composed of IGZO/ZAO TFTs and circuits by Jo e al.*® is displayed in Figure 2.18
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(a). Initially a PI layer was spin-coated onto a glass slide with the IGZO and ZAO
TFT devices and circuits deposited afterwards. The IGZO and ZAO thin films were
deposited through spin-coating while the gate electrodes were prepared with
sputtering. The thin films were deposited and subsequently protected with
passivation layers which allowed the samples to be peeled from the glass substrate
producing a flexible electronic device. Jo et al. also incorporated a deep ultraviolet
(DUV) photo-annealing step in forming the channel and dielectric layers so that high
temperature anneals were not be required. The typical transfer and output
characteristics of the IGZO/ZAO TFTs is shown in Figure 2.18 (b, c¢) and displays
high field effect mobility of ~ 11 cm® V' s with little to no hysteresis and a low
gate leakage current.*®

A comparison between the characteristic transfer and the saturation current
mobility distributions of DUV photo- and thermally-annealed solution processed
IGZO, IZO and In,0O3; semiconductor layers on an Al,O; gate dielectric with a

117

source-drain voltage of 10 V is shown in Figure 2.19 (a).” " Kim et al. demonstrated

that the photo-annealed TFTs on glass substrates exhibited comparable or better
electrical characteristics in relation to their thermally annealed counterparts.
However, in order for the photo-annealing to facilitate these high-performance
values, the photo-annealing stage must be performed in an inert atmosphere. In an
inert atmosphere the photo-activation efficiency by the 184.9 nm emission does not

117-118

undergo attenuation due to absorption of molecular oxygen. In the presence of

molecular oxygen the photo-activation efficiency is decreased resulting in poor thin

117

film densification.” " This photo-annealing method facilitated the formation of the

flexible IGZO TFTs and circuits on a PAR polymer substrate seen in Figure 2.19 (b,

¢).""” The formation of the seven ring oscillators (a common device for examples of
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new hardware constructed of an odd number of logic NOT gates where feedback is
used to decide a true or false signal), shows the scalability of the technique enabled
by the combination of solution processed deposition and low temperature DUV

photo-annealing techniques.

2.5.2 Optoelectronic Devices and Solution Processed TCOs

In electronic applications, metal oxide thin films are a promising candidate in
the future development of modern technologies. In the area of optical and
optoelectronic devices the use of metal oxide thin film materials is already an
industry standard. The application of solution processed methods into these
industries is also commonplace, however they are generally used for large blanket
coatings rather than conformal coating of intricate and often high aspect ratio device
architectures that are common in modern optoelectronic devices. Solution processed
methods are not confined to metal oxide materials, particularly in optoelectronic and
optical applications. Polymers, nitrides, sulfides and other oxides can also be
deposited using these techniques which allows for a large diversity of device
architectures to be made. The solution processed methods outlined in this section are
commonly used with these other materials for depositing anti-reflection, self-

cleaning, hydrophilic/phobic coatings and other such devices.'® 7> ¢!+ 119

The variety
of applications in which solution processed layers of metal oxides are utilised are

discussed in this section. In many of the cases each of the layers, including the metal

oxide thin films, are deposited using solution processed techniques.
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Figure 2.20. (a) Fully Transparent SnO,/ZrO, TFT schematic and (b) accompanying
optical transmission spectroscopy and images of the TFTs with ITO source and drain
electrodes. (¢) Transfer characteristics of SnO,/ZrO, TFT devices.'”°

The use of transparent TFT devices is important as a key component in next-
generation displays. To achieve this, TFTs discussed in the previous section must be
prepared over large areas using all transparent materials. Figure 2.20 (a) shows a
schematic of a fully transparent TFT formed using ITO source/drain electrodes and a
SnO, channel layer utilising ZrO, insulators.'*® Both the channel and insulator layers

were deposited using a spin-coating process while the source and drain electrodes
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required a sputtering step. The transmission spectra and accompanying optical
images in Figure 2.20 (b) illustrates the optical characteristics of the prepared TFT,
which has a high visible transmission. A high visible wavelength transparency is
ideal for use in optoelectronic devices intended for displays as they can be integrated
into devices without lowering the optical quality. Along with the beneficial optical
properties, excellent electrical performances were found for the fully transparent thin
films. The transfer characteristics in Figure 2.20 (c) show a high field effect mobility

of ~90 cm?® V' s™! possible without compromising a high transparency.'*
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Figure 2.21. Mass fraction abundance of elements in the Earth’s crust in relation to

their atomic number. The common TCO cations are highlighted by coloured circles
with additional possible dopants shown with squares.'*'"*?

The conductive channel layer is an integral component of many electronic
and optoelectronic devices. The conductive layer must retain not only a high
conductivity but a good field-effect mobility, and maintain a high transparency in the
wavelength range of interest. Transparent conducting oxides (TCOs) are a range of
metal oxide materials which fill this requirement. In Figure 2.21, the relative

abundance of the different TCO compatible elements within the Earth’s crust is
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shown. The lower the abundance, the higher the cost in their retrieval and thus the
cost of the devices themselves.'?''** There is a large drive in research to move away
from Indium based TCO materials and instead examine more affordable and
abundant materials such as Titanium, Molybdenum, Zinc and Gallium. ITO remains
the industry standard due to its well-documented deposition and device

characteristics but inroads are being made with other materials.'**'%
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Figure 2.22. (a) ITO thin film UV-Vis transparency and SEM images of a Sn% =
10% with the accompanying glass spectra included.'”* (b) The effect of increased
Sn% on the resistivity of the ITO thin film."** (c) UV-Vis transparency of pristine
AgNW and MoOy treated AgNWs and (d) thin film resistivity vs. MoOx precursor
concentration. (¢) SEM images of (i) pristine AgNWs and AgNWs coated with
MoOy at concentrations of (i1) 5 mg/ml, (ii1) 20 mg/ml, (iv) 40 mg/ml, (v) 160 mg/ml
and (vi) evaporated 30 nm thin film. (vii) Optical images of flexible TCO material
composed of AgNWs coated with MoOy on a PEN substrate.'*’
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While new TCO materials are being investigated so too is the layer
morphology, where the morphology ranges from smooth TCO thin films to

BB Two varieties of TCO architectures are shown in

nanowire/dots and grids.
Figure 2.22, a planar deposition and a nanowire/thin film composite. The precursor
concentration of the facile solution processed techniques were examined in both
cases allowing TCOs with a range of conductivities to be deposited. Chen et al.
deposited an ITO thin film with a high transparency comparable to the underlying
glass substrate (Figure 2.22 (@)."* A high transparency is seen across the entire
visible range with a decrease in the transmission shown at lower wavelengths due to
the ITOs absorption edge.'** The spin coated ITO thin films prepared by Chen et al.
have a uniform surface morphology and thickness across a large area (inset Figure
2.22 (a)) where the percentage of Sn within the solution can lead to fine control of
the resistivity of the ITO thin film (Figure 2.22 (b)).'**

A different type of TCO thin film was prepared by Chang ef al. from a
nanowire/film architecture (Figure 2.22 (c — e)) comprised of a layer of AgNWs
deposited by the bar-coating technique and coated with MoO, by spin coating.'”
Using these two processes, they fabricated a highly conductive TCO over a large
area, and importantly, demonstrated that this core-shell networked material assembly
had better optical and electrical characteristics relevant to visible-frequency TCOs
than either material alone. The aggregation of the MoOy coating around the AgNWs
was postulated to lower the overall junction resistance, but they did not demonstrate
any optimization of the density and spatial distribution of nanowire contacts nor a
percolation threshold for this material system that is correlated to maximum network

129

conductivity for a defined overall transmittance. = They did demonstrate for the

networks examined, in Figure 2.22 (c), that the overall optical transmission of
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AgNWs treated with evaporated MoOy is marginally better, and was a function of

- 129
the MoOy precursor concentration.

As the MoOy precursor concentration was increased by Chang et al. the
resistivity of the MoOy treated AgNW thin film decreases (Figure 2.22 (d))."” The
changes in resistivity can be attributed to the MoOy coating the AgNWs where the
SEM images of Figure 2.22 (e) show increasing concentrations of the spin-coated
MoOy resulting in thicker deposits around the AgNWs which due to increased
defects and agglomeration effects can be detrimental to both optical and electrical
properties. The optical images of Figure 2.22 (d) (vii) show how Chang et al. used
this technique to coat a flexible polymer substrate while maintaining high
conductivity and optical transparency with a high level of mechanical strength.'”
The use of carbon nanotube meshes are also under investigation for TCO preparation

similar to the AgNW case discussed by Chang et al."'

In an electrochromic (EC) material, light transmission can be reversibly
varied through different values with the application of an electrical voltage. '** The
use of EC materials is of great benefit in the application of green technologies such
as smart windows and adjustable electronic displays. The ability to alter light
absorption of windows within a modern building in an easily controllable way can
decrease the level of cooling required through air-conditioning on warmer days. The
EC mechanism involves the insertion and extraction of small ions, such as lithium,
between a transparent conductor and EC material. In the case of an EC device, the
ion is stored in a transparent film when not intercalated with the EC material.”® The
degree of optical transparency can be varied through application of an electric field

with many devices facilitating degrees of transparency through voltage adjustments.
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Figure 2.23. (a) Periodic table showing various metal oxides capable of displaying
clear electrochromism. The different shadings indicated whether they display clear
cathodic or anodic electrochromism.*” '** (b) Cyclic voltammetry of inkjet-printed
VO thin films highlighting the change in colour at various potentials. (¢) Vis-NIR
spectra of a solid state VO device showing the transmission characteristics at varied
applied potentials.”

The periodic table in Figure 2.23 (a) highlights the various metals that in

oxide form are capable of varying optical transmission through EC processes.”” '*

In
an EC cathodic material, the switch from bleached to coloured states is achieved

through ion insertion while an anodic material requires ion extraction. Vanadium

. 132 . . . . .
based oxides'* are unique as they are considered intermediates which can undergo
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EC processes in both anodic and cathodic regimes depending upon their oxidative
state.”’ The amount of a materials available intercalation sites and the required
diffusion distance impact on the optical contrast (change in transparency between

coloured and bleached states) and switching time respectively.'*>"'**

Therefore, by
reducing the required diffusion distance and increasing the available intercalative

sites of a material both the efficiency and bleaching/coloration wavelength range of a

material can be increased.

An example of an inkjet-printed VO thin film EC device is displayed in
Figure 2.23 (b) where a number of transparency and colouring effects can be
produced through the application of different voltages related to lithium ion
insertion/extraction amounts within the VO material.”® Previously Costa et al. also
presented the same inkjet-printing method and characterisation technique for a
tungsten oxide EC material with a remarkable colour contrast, particularly in the
NIR region.'*® Different optical properties can be observed in Figure 2.23 (b) for a
number of applied voltages in the VO thin films deposited by Costa et al. The
corresponding pairs of oxidation and reduction peaks for each transition is shown in
the cyclic voltammetry graph of Figure 2.23 (b) with the relevant Vis-NIR
transmission spectra displayed in Figure 2.23 (c).”* Costa et al. have demonstrated
that changes in optical transparency are not limited to the visible wavelength range
but also can affect the NIR wavelengths thus allowing EC devices capable of

filtering thermal energy while transmitting visible wavelengths, can be prepared.

Other “green” thin film optoelectronic technologies under investigation are
those which utilise light for energy generation. Many types of devices, architectures,
and various energy generation processes exist which would be too high in number

and complexity to cover in this review. Instead a brief description of the most recent
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advances in the application of solution processed thin film coatings for energy
conversion and generation is discussed, namely in the areas of photo-catalysis and
photovoltaics.

The use of photocatalytic processes in the splitting of water for the
production of hydrogen as a fuel source has been under investigation for many
years.””® New techniques and methods in improving the efficiency are developed
through increased research of photocatalysts, electrode materials and device

22, 137-139

architectures. Metal oxide coatings have been reported to increase the

22, 138 \where the

stability of semiconductors for long term photocatalytic processes
variety of deposition methods available improves their functionality. TiO, is
commonly used both by itself and in conjunction with other materials for
photocatalytic applications,'?” 1314

One novel area which has the potential for improving the output of optical
energy generation devices is the process of combining two types of devices that both
harness energy from optical radiation. A common device architecture that uses this
method are tandem solar cells, where multiple cells are layered on top of one another
with each tuned to absorb different wavelengths, thus utilising more of the incoming
radiation.'*! However, recently there has been much research into the incorporation
of different types of devices so that two types of energy conversion can occur. The
schematic for a combined photocatalytic and photovoltaic device is shown in Figure
2.24 (a), where both chemical and electrical energy are generated from the incoming
photon radiation.’
In the device shown in Figure 2.24 (a), Abdi et al. combined an amorphous

silicon solar cell with a gradient doped tungsten BiVO,4 photoanode using a cobalt-

phosphate oxidation catalyst deposited through spray pyrolysis. The use of a
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common solar cell technology coupled with a state of the art photoanode and
photocatalyst resulted in a device with a solar-hydrogen efficiency of 4.9% at a
photocurrent of ~ 4 mA cm™.*' A novel aspect to the device deposition was related
to the deposition method for forming the gradient doped W:BiVO, electrode. The
state of the art electrode was deposited by altering the precursor concentration in-situ
during the spray pyrolysis stage. The use of the cobalt-phosphate oxidation catalyst

also increased the photocurrent to high levels as can be seen in Figure 2.24 (b).?'

-

@ ®==e
)
i‘\< : %

al Graphite

Electrolyte Ptcoil Co-Pi Gradient-doped FTO Glass ITO 2-jna-Si Ag/CrAl "
4 BO, ina-Si AgCrA Potential versus RHE (V)

Figure 2.24. (a) A schematic representation of a combined gradient-doped W:BiVO,
and amorphous-Si solar cell. (b) Photocurrent vs. voltage curve of un-catalysed and
Co-Pi-catalysed gradient doped W:BiVOy, electrodes. The black and red lines are for
devices deposited on TEC-15 with the blue line data deposited on conductive glass
substrates.”!

The use of metal oxide thin films in photovoltaics is commonplace, with
applications for different materials possible in each of the components, from the
TCO, active layer and charge extraction layers. Yip et al. described how the use of
all solution processed depositions and the incorporation of new materials and device
architectures could theoretically increase the efficiency of single and tandem solar

2 The charge

cells by ~10 % and ~15 % respectively over the next 10 years.
extraction layer is required, particularly in polymer solar cells, where the extraction

of the photo-generated charges needs to be facilitated.”" °” There are many options

available for use as the charge extraction layer, notably PEDOT:PSS, however, in
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recent years many different high bandgap transition metal oxides have been
investigated due to their more stable electrical characteristics. One of the most
notable transition metal oxides examined for this application is V,0Os with many
publications on its efficacy.” ** 14143

The deposition of VO materials has previously been discussed in this review
and demonstrates that V,0Os can be deposited through a large range of techniques.
Each of these methods can be adjusted and fine-tuned so that the desired thin film
morphology can be deposited. The effect of either V,Os or PEDOT:PSS hole
extraction layers on the power conversion efficiency of an organic solar cell under
ambient conditions is shown in Figure 2.25 (a).”” The data shows that a V,0s based
device has an increased lifetime over an equivalent PEDOT:PSS device which
completely degraded after 400 h in air with no photovoltaic activity recorded after
this time. This drop in efficiency was attributed to the degradation of the
PEDOT:PSS layers over time while the V,0s layers were more robust with a longer
life cycle. The power conversion efficiency for the V,0s charge extraction layers at
different thickness in the same organic solar cells is shown in Figure 2.25 (b). The
team discovered that the highest power conversion efficiency is possible at lower
V,0s thicknesses. Zilberberg et al. postulated that at higher thicknesses, the
increased optical absorption of the V,0s thin films in the absorption wavelength
range of the P3HT active material decreased the efficiency of the devices.”” When
the thickness of the V,0s layer was too large, the benefit of the material in
facilitating the extraction photo-generated charge carriers was compromised.

MoOy is another candidate as a charge extraction layer, which similarly to
V,0s can be deposited using a variety of solution processed methods. In Figure 2.25

(c) an organic solar cell incorporating a MoOy anode interfacial layer is depicted. A
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comparison was made by Yi et al. between a PAD solution processed MoOx thin
film to both evaporated MoOy and PEDOT:PSS. The UV-Vis transparency of the
different materials shows that the solution processed MoOx has the highest
transmission in the Vis-NIR range, and the highest photocurrent density of the three
types of material they investigated.'*® This improvement in the PAD deposited
MoOy thin film compared to the evaporated thin film is attributed to the higher
transparency at full surface coverage. The usability of solution processed methods in
depositing uniform metal oxide thin films over large areas is of the utmost

importance for their use in next-generation photovoltaic devices.
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Figure 2.25. (a) Power conversion efficiency of organic solar cells utilising either a
PEDOT:PSS or V,0s hole extraction layer in an ambient air atmosphere. (b) Power
conversion efficiency of the same organic solar cells with increasing thickness of
V,0s hole extraction layer. Also included is the efficiency with no V,0s layer.97 ()
UV-Vis Transmission of PEDOT:PSS, evaporated and spin-coated/PAD MoOy
(included optical image) thin films. Characteristic current density vs. voltage for the

three types of films used as interfacial layers in organic solar cells.'*®
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2.5.3 Miscellaneous Device Applications

As outlined in this review, significant developments have been demonstrated
for solution processed metal oxide thin film deposition for a range of applications
where optical, electronic, electrochemical and structural properties can not only be
controlled in terms of uniformity and quality, but offer alternative methods for
unique morphologies and compositions for a range of applications. The electronic
and optoelectronic applications discussed above are some of the most common
examples where solution processed methods are being applied. There are also a large
number of other applications where niche uses are being investigated. In this section
a brief overview of the use of solution processed methods in other thin film

applications is discussed.
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Figure 2.26. (a) Voltammetry of a number of conditioned thin films with differing Ni
contents for electrocatalytic testing with an integrated charge for the redox processes
as a function of Ni content. (b) Comparison of steady state Tafel measurements for
different thin films in 1 M KOH.""

The use of metal oxide thin films in photocatalytic processes was discussed
previously, however, their use in electrocatalytic devices is also important, and has
received renewed interest in the last couple of years. In a water splitting
electrocatalytic device, hydrogen and oxygen are produced through the electrolysis

of water. A large factor for increasing their efficiency is through correct electrode
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and catalyst choice, as is also the case in many photocatalytic processes. The use of
thin film electrocatalysts can have many benefits such as minimising the catalysts
effect on overpotential due to their thinness, controllable film composition and
morphology.147 In Figure 2.26, different thin film electrocatalysts were prepared and
their oxygen evolution reactions compared. Comparisons were made between the
different materials with conditioned cyclic voltammetry measurements and Tafel
measurements, showing that the NigoFey;0x was a more efficient electrocatalyst
than one of the best known electrocatalysts, IrO,, for the types of measurements
performed.'*” Interestingly, Trotochaud et al. were also able to show in-situ that the
layered hydroxide/oxyhydroxide were the active catalyst through a structural

transformation between oxide to hydroxide/oxyhydroxide.'*’

There are many types of sensors and sensing devices available, from thermal
measurements using liquid cells to electronic sensors which monitor the electrical
response of materials in different environments. Thin film sensors are particularly
useful due to their small size and the range of materials available. The thin film
sensor shown in Figure 2.27 (a) was composed of a spray deposited V,Os material
prepared at different pyrolysis temperatures. The sensing response curve for the
V,0s layers deposited at different temperatures was examined and shows that the
highest response and thus most sensitive layer is that heated to 300 °C."** One of the
factors that improved gas sensing responses of the V,0s thin films deposited at 300
°C was the smaller material grain size. With a smaller grain size and an increase in
surface area of the electrode, more of the surface is available for the sensing to occur
and thus the sensitivity increases.'*® Possible methods for further improvement of the
efficiencies may be the formation of mesoporous electrodes utilising the same

materials but with greater surface areas through inverted opal morphologies.'**"'*°
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Figure 2.27. (a) Sensing response curve as a function of ethanol concentration for
V,0s5 based thin film sensors deposited through spray pyrolysis at different pyrolysis
temperatures.'*® (b) Schematic of a proposed V,Os/porous Si/Si ethanol sensor.”

The incorporation of different VO’s into sensing devices is commonplace due
to the materials large range of oxidation states and its history as an industrial
catalyst. The different VO materials can be used in a variety of sensors as either the
main active material or for increasing the sensitivity, such as in the schematic shown
in Figure 2.27 (d) where the V,0Os is deposited on top of an amorphous silicon
electrode to increase the sensitivity for ethanol detection.”” The implementation and
extended use of VO materials can be expected to continue for implementation with

. 1, 151-153
state of the art sensors and materials.”

Solution processed methods are not limited to pure electrical or optical
applications, but can also be applied to areas such as energy storage. In Figure 2.28
(a) a metal-oxide-semiconductor (MOS) device for use as a capacitor was deposited
through solution processed techniques. The SEM images in Figure 2.28 (a) show two
different morphologies deposited using a dip-coating method on either glass or p-Si

154
substrates.

The change in surface morphology is common in these types of
depositions but can be adapted using many of the techniques discussed previously.

The BiFeO; capacitors deposited by Cetinkaya et al. showed stable insulation
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characteristics with a density interface states measurements equivalent to thin films

. . . . . 154
deposited using more expensive techniques such as sputtering.
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Figure 2.28. (a) SEM images of solution processed BiFeOs thin films deposited on
glass and p-Si substrates for use as capacitor electrodes.”>* (b) Schematic of a V,0s
free standing cantilever actuator'”® and (c) Generated stress (top) and corresponding
applied potential (bottom) as a function of time."*®

The electrochemical attributes of different materials are studied for
integration into energy storage, electromechanical sensors and capacitors. A novel
application for V,0s is demonstrated in the schematic of Figure 2.28 (a) where
standalone nanofiber sheet actuators were synthesised and tested.”>'*® The
nanofiber sheet actuators were synthesised from a sol-gel mixture dropped onto filter
paper and peeled away. The resulting standalone layer of entangled V,0s nanofibers
were tested by Gu et al. for electromechanical actuation by immersing in a LiCl
aqueous electrolyte. Upon insertion and removal of the lithium into the V,0s5 through
voltage sweeps the cantilever flexed either left or right as shown in the schematic.
The mechanical stress that the layer was experiencing during the flexing was
analysed by Gu et al. using a sophisticated optical technique.'*® The generated stress
and corresponding applied voltage is presented in Figure 2.28 (c). The structure of
the V,0s material in this case showed a lower voltage requirement than other

ferroelectric or electrostrictive materials, in part due to the ability of V,0s to insert
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Li-ions between the layers. Gu et al. theorised that the many uses and applications of
V,0s5 would lead to the materials incorporation into multifunctional devices which
would take advantage of their multifunctional properties, such as multicomponent
sensors.'”® The research group led by Baughman have investigated many other

materials utilising this effect for artificial muscle 21pp1ications.157'15 8

The possible electrochemical responses of many metal oxide thin films mean
that they are not limited to use in sensors and electronic or optics but can also be of
great benefit for battery technologies.'” "' An ideal thin film battery would have a
compact size while retaining high electrode surface area and a rapid

161-162 These attributes can be

charge/discharge cycle without capacity fade.*”
obtained through the use and incorporation of flexible electrodes and substrates with
thin film technologies. The capability of solution processed techniques in providing
a battery with these capabilities while also allowing simpler doping and composition
control is an area under intense research.'®"'** Pulverisation of the electrode during
charge/discharge cycles caused by the stresses of insertion/removal of Li is a
detrimental effect for Li-ion batteries, which tends to decrease the lifetime of
devices. By wrapping and moulding the electrode and keeping the thin film to a low
thickness a sufficiently high surface area can be formed. A thin film with sufficiently
low thickness can accommodate the stresses caused by the insertion/removal of the
Liion in the z direction which can result in a high degree of reversibility in the cycle

81
process.

The ordered mesoporous a-Fe,Oj3 battery electrode shown in Figure 2.29 (a)
was deposited from a liquid precursor through dip-coating onto various substrates
such as FTO or p-Si and utilised a diblock copolymer to structure the surface

165

morphology. ™ The cyclic voltammetry and associated stored charge vs. sweep rate
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relationship for the a-Fe,Os battery electrode is shown in Figure 2.29 (a) where the
increased sweep rates result in less stored charge. The SEM images show that there
is little large-scale degradation of the a-Fe,Os thin films after 200 cycles of lithium
insertion/removal.'® The findings by Brezesinski e al. demonstrated that thin films
of an inexpensive material such as a-Fe,Os can be cost-effectively deposited using a
di-block copolymer assisted solution processed technique and used to prepare a long

lifetime Li-ion battery.
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Figure 2.29. (a) Charging rates calculated from cyclic voltammetry at various sweep
rates for a-Fe,Os Li-ion battery electrodes. An associated cyclic voltammetry graph
for two different sweep rates after 5 cycles is included in the inset.'®® (b) Fabrication
schematic and corresponding optical images outlining the formation of a solution
processed free standing LTO/LCO Li-ion electrode. (¢c) Lamination process where
the free standing film is adhered to paper. (d) Schematic and (e) optical image of a
Li-ion paper battery prepared from the free standing LTO/LCO Li-ion electrodes.'®*

The preparation of a thin, flexible Li-ion paper battery is shown in Figure
2.29 (b — e) where the different layers are deposited through a doctor blade
technique. A carbon nanotube film is used as a conductive layer while the battery
electrodes consisted of either LisTisO;; (LTO) or LiCoO, (LCO) materials also
deposited using the same doctor blade technique.'®* As demonstrated in Figure 2.29

(a) both the carbon nanotube and active materials are deposited onto a stainless steel
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substrate and then peeled off forming a free standing film. This free standing film is
then laminated onto a paper substrate, Figure 2.29 (c), which is then prepared into a
flexible thin film battery schematically shown in Figure 2.29 (d). An optical image
of the final thin film battery is shown in Figure 2.29 (e). The final battery retained a
capacity of ~110 mAhg™" after 20 cycles. The work by Hu e al. is a proof of concept
for the realisation of an all solution processed flexible thin film battery for use in
applications where embedded power devices are needed such as smartwatches,

164
sensors and phones.

2.6 Conclusions and Outlook

This review discussed and highlighted aspects related to the formation of
metal oxide thin films. Specifically, solution processed techniques offer a wide range
of possible deposition routes, ranging from the common spin-/dip-coating methods
to the sophisticated printing and roll-to-roll depositions." Further development of
these techniques will be required for industrial scale deposition required for next-
generation applications that involve not only fully solution processable devices and
active materials, but coating of patterned structures and non-planar, even flexible,
materials.”* '*! As detailed in this review, many of the precursors and deposition
methods and parameters in solution processed techniques are interchangeable to
some degree, which facilitates scalability and flexibility in coating method,
composition, and sequential deposition, ease of doping or modification of chemical,
electrical and optical properties for example, and the comparative simplicity and

accessibility of the infrastructure.
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There is scope yet for many new material compositions through precursor
design. Analogous to the influence of precursor design, chemical interactions and
modes of decomposition also influence ALD; for example the rational synthesis of
precursors will need to consider control over volatility, decomposition, surface
interaction or immobilisation and wetting on the surface of interest. These
parameters are especially important in thin film technologies where capacitance,
optical transmission, absorption, dielectric constant and defects influence many
physical parameters which need to be controlled to a high degree of precision.
Polymer-assisted methods offer the possibility of mitigating dewetting phenomena
during some methods of coating and subsequent conversion to the active materials
from an inorganic precursor, sol or solution. Practically, understanding the evolution
and basis of dewetting processes during thermolysis or hydrolysis is important for
enhancing uniform surface coverage from dip-coated materials. Recently, several
reports have shown that dewetting of thin liquid polymer films could be suppressed
by the presence of “inclusions”, which are often nanoparticles.”® '®® Spinodal
clustering and nucleation dewetting effects are characterized by specific pattern
formation in liquid surface films that eventually solidify. This thesis also explores
this effect directly, and demonstrated how pinholes and other defects are minimized
in vanadium oxide thin films formed from liquid precursor due to the formation of
nanoscale crystallites of the oxide within the hydrolysing film, thus maintaining
uniformity within the deposit and avoiding dewetting. Dip-coating or spin-casting
liquid precursors and nanofluids can in principle be extended to improve the
consistency in sequential or iterative multilayer deposits of hybrid materials and
provides a liquid-based route for crystallized thin vanadium oxide films with exotic

thermal, electrical, and optical properties.
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The analytical techniques summarised in this review are not limited to
solution processed methods but serve as a means of directly comparing the
depositions to the currently employed techniques, such as sputtering, evaporation
and vapour assisted methods. Ultimately, any industrial deposition must involve
solution chemistry and the substrate/device geometry. There are challenges that still
remain for high speed coating of very large flat panels, and recent research has
tackled 3D deposition onto substrates with complex or tortuous geometries. These
deposition techniques are becoming increasingly important in photocatalysis,
photovoltaics, angle-independent absorber and hole-conducting layers in solar cells,
and in water splitting devices. Operational stability of solution processed films in
certain electrochemical systems also relies on uniformity in deposition, to avoid
pitting, corrosion and localised electric field-induced electrochemistry at grain
boundaries, or defects in thin films formed from liquid precursors. Such defects also
present reliability and integration challenges for TFT and other electronic devices.
New avenues of research that look specifically at methods for stabilization of drying,

hydrolysis or polymerizing thin films from liquids are thus of great importance.

For metal oxides, cross-linking between solution chemistry, inorganic
syntheses and the (opto)electronic characteristics required by ultra-thin device
materials may provide new avenues for non-conventional materials that may be
CMOS compatible. Materials systems including mixed metallo-organic precursor
systems, alkoxides, carboxylate precursors (long and short chain), and related offer
advantages during thermolysis akin to ALD precursors, where interaction with the
substrate, particularly complex geometrically shaped surfaces, may aid in positioning
of the precursors for eventual conversion to the desired oxide phase. In addition,

such phases may be converted to completely transparent films for uniform, well-
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adhered optical coatings, anti-reflection layers, graded-index sequentially deposited

coatings and other applications. This thesis also presents advancements in this

regard, using both the film and the substrate co-operatively during crystallization to

create a unique completely transparent thin oxide film.

For uniformity in electronic and photonic devices, solubility of all materials

in the solvent, i.e., formation of a stable one-pot solution for a range of coating

methods requires control of several critical parameters:

a)

b)

d)

The precursor solution must be stable for a long time, for storage and roll-to-
roll processing environments for example.

Precursor systems that are ‘pure’ after thermal treatment/pyrolysis, i.e. only
oxygen and the respective metal cation(s) remain to form the uni-, bi-, ternary
etc. oxide of choice.

Effects such as macrophase separation, unless wanted, must be avoided or
prevented during the drying/thermolysis conversion processes. This may
necessitate solution rheology control and the needs to prevent comet defect
and streaking during spin coating for example, and solidification at the nozzle
of an inkjet printing deposition method where pressure differences
corresponds to large temperature changes.

Crack and compositional non-uniformity formation during thermal
processing should be prevented, and extension to control of these effects on
substrate with flat surfaces and coatings on vertical sidewalls.

Once formed, the films should resist degradation during operation or

processing.
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In the future, solution processed oxide deposition may facilitate the
development of doped metal oxides that use substrate species or indeed the
controlled inter-diffusion of species between dissimilar coated layers for diffusional
doping, and this may be spatially isolated across a film. Such method could in
principle be extended to polar oxide materials with pyro- and piezoelectric
characteristics, high and low-k dielectric materials, nanocrystal embedded
dielectrics, and oxide memristors, and the ability to rationally control viscosity to
enable or optimize infilling of patterned surfaces or structures for optical coatings, or
hard-masks, high density multi TB/sq. inch. materials for magnetic recording etc. In
addition, halted dewetting of multiphasic solution processed materials, may provide
embedded materials systems that can approximate composites, providing routes for
thermoelectric materials whose phonon scattering and thermal conductivity reduction
is based on mesoscale scattering at point defects and compositional variations
including grain boundaries caused by phase separation within thin films. Solution
processable materials for Li-ion batteries and other composites for energy storage,
where mass loading, tap density, thickness and stable connectivity with the substrate
are very important, should also be possible with continued research and

development.
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Chapter 3

Experimental

Development and Characterisation of Solution Processed Vanadium Oxide and Transparent Metal Oxide Thin Films 90



3.1 Introduction

The experimental methods used for the fabrication of different V,0s thin
films are presented in this chapter. Synthesis methods for the different precursor
solutions and dilutions are outlined. Both dip-coating and drop-casting are used for
the controlled deposition of thin film and bulk film deposits. Many different
characterisation methods were used for examining the morphological, structural,
compositional and optical properties. The deposition and characteristion of

Si0,/V,0s thin films is outlined in this chapter.

3.2 Thin Film Preparation

3.2.1 V;0s5 Precursor Solution Preparation

Vanadium oxide precursor solution was prepared from an alkoxide based
precursor mixed with IPA. Additives were added to the precursor to affect the
resultantly deposited thin films. The alkoxide precursor vanadium (V)
triisopropoxide OV(OCH(CH3),)s was purchased from Sigma-Aldrich. The alkoxide
was mixed by volume with isopropyl alcohol (IPA) and the additives, such as PEG-
400 or H,O, at a number of different ratios. The different precursor solutions were
then referenced by their different dilutions. The dilution ratios between the IPA,
alkoxide and additive were altered in order to test the resulting thin film
characteristics. The IPA was kept at a larger dilution to the alkoxide and additive.

The alkoxide: additive dilution ratio was kept to a constant 10:1 ratio.

Due to the possible reactions, such as unwanted hydrolysis/condensation,
between the additive and alkoxide precursor that can occur when mixed prior to

dilution, the two solutions were pre-mixed with half of the IPA and then combined.
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The IPA/additive is added dropwise to the V,0s/IPA mixture. A schematic detailing
the preparation of the precursor solutions is shown in Figure 3.1. The desired
dilution of the solution is chosen and the correct volume of IPA is split between two
containers. The shelf life of the precursor solutions was extended through addition of
4 A molecular sieves and by sealing the container lids with Parafilm in-between

depositions. The containers were also stored in a desiccator box.

Combine Combine
Y 7
\\ Added
~_Dropwise
N7
Stirring

Addition of Molecular Sieves

Stored

Figure 3.1. Schematic detailing preparation of precursor solutions from alkoxide,
IPA and additive.

Both additives were chosen for the precursor solutions due to their respective
capabilities for affecting the thin film depositions. These additives were combined
with the alkoxide during the initial synthesis stage as shown in Figure 3.1. The two
additives were H,O and PEG-400 and were mixed by volume to synthesis the

precursor solutions.
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3.2.2 Deposition Techniques

Numerous substrates were used throughout this work with each being sized
and cleaned prior to deposition. For thin film depositions on Au substrates,
borosilicate glass cantilevers, 60 mm in length and 3 mm in width, were coated with
a 10 nm Ti adhesion layer and a 250 nm Au layer by high vacuum thermal
evaporation. The Au coated substrates were thermally annealed at 650 °C for 90 s
prior to deposition of the precursor to produce larger Au grains and prevent
delamination occurring during the thin film deposition. Optical grade ITO-coated
glass substrates were purchased from Sigma-Aldrich with a nominal ITO thickness
of 15 - 30 nm. Thin films were also deposited onto FTO coated glass with the FTO
~350 nm thick grown by atmospheric pressure CVD on a float glass line.
Borosilicate Thermo Scientific Microscope Slides with a thickness of 1 mm were
used as glass substrates for diffusion testing. An acetone, IPA, DI water wash
combined with sonication was used to ensure that the surface was clean of surface
contaminants prior to thin film deposition. A UV-Ozone treatment was performed
for 30 mins using a Novascan UV ozone system to further remove any contaminants
from the surface. The surface wettability of the thin films to the substrates can be
affected by the UV-Ozone cleaning directly after exposure: to ensure identical
deposition conditions, substrates were coated between 2 — 12 hours after UV-Ozone

treatment.

Thin films were deposited using two different methods. Uniform controlled
deposition was performed using a PTL-MMO1 desktop dip coater which is shown in
Figure 3.2 (a). A withdrawal speed of 150 mm/min (2.5 mm/s) was applied for thin
film depositions on ITO, Au and FTO substrates. Multiple coatings could be applied

by allowing sufficient time between layer depositions. The precursor solutions were
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kept sealed between depositions in order to limit the length of time with exposure to
ambient atmosphere. The back of the substrates were coated with polyimide tape to
ensure that only one side was coated, this was particularly important when
depositing on transparent substrates. The tape was applied prior to the UV-Ozone

cleaning step.

(b) Drop Casting

Precursor Solution
Dropped onto Substrate

Solvent Evaporation and
Hydrolysis

Solidification and Film
Formation
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Figure 3.2. (a) Image of dip-coating apparatus. (b) Schematic of drop-casting
deposition. (c) Schematic and optical image of the electrodeposition apparatus.
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The formation of unconstrained films was performed through drop-casting.
The films were deposited by dropping the liquid precursor directly onto the substrate
as depicted in Figure 3.2 (b). The liquid film spreads over the substrate during the
evaporation and hydrolysis stages. The formation of a rougher film with “bulk-like”
characteristics occurred due to the precursor solution being unconstrained and able to
form as an irregular surface. The liquid films formed into their preferred orientations
which resulted in an irregular and rough surface. The drop-casting technique allowed
for comparisons to be directly made to the dip-coating technique in preparing thin

films.

Na-SiO; thin films were prepared using an electrodeposition apparatus. A
schematic and corresponding optical image for the electrodeposition apparatus is
shown in Figure 3.2 (c). The electrodeposition technique employed was adapted
from that of Walcarious ef al.' The electrodeposition electrolyte was prepared by
first mixing 40 ml EtOH with 6 ml Tetraethyl Orthosilicate (TEOS) and then mixing
for three hours with a 40 ml aqueous solution of 0.1M Sodium Nitrate (NaNO3) and
10° M Hydrochloric Acid (HCL). The electrolyte was mixed prior to
electrodeposition. A second electrodeposition electrolyte was prepared without the
NaNOj; salt in order to deposit pure SiO; films and electrodeposition was employed

for ascertaining the salts effect on the SiO, deposition.

For electrodeposition an FTO coated glass substrate was used as the working
electrode with a platinum mesh counter electrode and calomel reference electrode.
The thin films were electrodeposited at a constant potential in the range —0.8 to —2.5
V, and all potentials were referenced to a Saturated Calomel electrodes (SCE). A Pt
mesh was used as the counter electrode. Custom 3D printed templates were made

using a MakerBot 2X system. Templated FTO substrates were used to form
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templated Na-SiO; thin films. Plastic 3D printed templates were secured to the front

of the FTO to ensure electrical contact with only the uncovered surface.

3.2.3 Post-Deposition Processing

After deposition a range of thin film processing methods were employed. A
combination of ovens and furnaces were used for annealing processing steps. A
Binder convection oven was used for annealing at and up to 300 °C with heating
rates of 1 — 10 °C/min possible, the convection oven allowed for ambient air to flow
through during the annealing. For annealing at higher temperatures with ambient air
flow a Lenton CSC-12 tube furnace open at both ends was used with temperature
ramp rates of 1 — 25 °C/min available. A Carbolite enclosed furnace, ECF 11/1438,
was used for high temperature anneals for which a constant flow of ambient air was
not required with temperature ramp rates of 1 — 25 °C/min available. For each type of
oven the ramp rate for heating could be adjusted and was chosen for the specific
sample being processed ranging from 1 °C/min for slow heating applications and 5
°C/min for faster controlled heating. The annealing times ranged from 10 h - 24 h
and were adjusted for consistency between comparable samples and depending upon
the type of experiment being performed. A further processing step involving UV-
Ozone treatment using a Novascan UV-Ozone system to remove any leftover surface
contaminants both pre- and post-thermal treatments was employed. A UV-Ozone
treatment was not used on thin films containing PEG to avoid photodegradation and

decomposition of the polymer prior to annealing.
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33 Analysis Techniques

A range of characterisation techniques were used for analysing the chemical,
structural, morphological, spectroscopic and optical properties of the thin films. The
specific details of each method for the work in this thesis are provided in the

following sections.

3.3.1 Atomic Force Microscopy

The surface topography and roughness of the prepared samples were
collected through atomic force microscopy (AFM). AFM is a sensitive surface
analysis technique which raster scans a sharp tipped probe over the surface of a
sample.” The probe is held at the end of a cantilever and the deflection of the
cantilever is measured using the reflected image of a laser beamed onto a sensitive
photodetector. The photodetector allows for the z-position of the cantilever, and thus
the probe tip, to be measured to a high resolution of ~ 0.1 nm. The x-y resolution of
an AFM is controlled using a microcontroller and the x-y resolution of many systems

is lower than that of the z resolution.

Scans were performed on a Park XE-100 AFM system in non-contact mode
with SSS-NCHR enhanced resolution tips, the XY and Z resolution are ~ 2 nm and
0.05 nm respectively. Using the AFM technique, thin film thicknesses can be
determined. To determine thicknesses samples were scribed with a scalpel blade and
AFM images were taken at the interface between the substrate and thin film surface
to determine the thin film thickness. For analysing the AFM images both XEI and

Gwyddion software packages were used, which provided numerical algorithms to
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analyse thin film surface topography attributes such as root mean square (rms)

roughness and thicknesses directly from the AFM data.

3.3.2 Electron Microscopy

The surface morphologies and topography of the thin films were studied
using scanning electron microscopy (SEM). In SEM a beam of electrons is focused
and raster scanned across the surface of a sample. Secondary electrons are released
from the surface through an inelastic scattering effect which are then detected and
used to prepare a high magnification image of the surface.>* An SEM has a high
depth of field and thus the images provide a highly detailed image of the sample
showing any surface discontinuities or structures on the surface. SEM images can be
used in conjunction with AFM topography images to fully characterise the surface of
a sample as the SEM can provide high magnification images over large areas and the
AFM shows high resolution surface topography of the same regions. The SEM
captures detailed images of sample surfaces for which AFM measurements would be
impractical or overly time consuming, such as on samples with non-planar
morphologies or a high peak to peak roughness. SEM analysis was performed on an
FEI Quanta 650 FEG high resolution SEM equipped with an Oxford Instruments X-
MAX 20 large area Si diffused EDX detector. Images were collected at an operating

voltage of 10-20 kV.

For atomic scale imaging, a transmission electron microscope (TEM) was
used. In TEM a focused beam of electrons travels through the sample.” If the
sample is thin enough, the beam interacts with the material allowing for high-
resolution images of the atomic structure to be reconstructed from the resulting

electron beam diffraction by the crystal structure of the material. Using selected
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apertures, electron diffraction patterns were also acquired from regions of interest. In
this work, the in-plane structure of the thin films was determined by HRTEM using a
JEOL 2100 high resolution TEM operating at 200 kV. To allow for the in-plane
structure to be examined, single layer thin films were dip-coated onto the surface of

15 nm Si3N4 — coated TEM grid windows.

3.3.3 Raman Scattering Spectroscopy

Raman scattering spectroscopy is a tool used for the measurement of
vibrational modes of phonons within a material.” In Raman spectroscopy
monochromatic light interacts with the material and information on the vibrational
modes of the sample is recorded through analysis of this scattered light. The Raman
Effect is an inelastic scattering technique where vibrational energy is exchanged
between the sample and the incident photon. In a Raman scattering event the light is
excited to a virtual energy level and then inelastically drops to an energy level other
than the ground state. Through analysis of the energy difference between the ground
and second state information on the vibrational modes of the material can be obtained
using a high resolution Raman spectrometer. The change of energy can be related to
the molecular vibrations and structure of the sample and is a highly selective technique
allowing for various chemical species and molecules to be distinguished. This
technique is a powerful method for site-specific measurements, particularly when

coupled with a microscope allowing for finer focusing of the site to be analysed.

There are nine characteristic Raman scattering modes for orthorhombic V,0s
as shown in Figure 3.3.® The symmetry mode assignments for orthorhombic V,0Os is
shown in Figure 3.3 and the various modes can be related to different V-O bonds

from both within the orthorhombic lattice and the connections between the V,0;s
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layers. Orthorhombic V,0Os is characterised by point group symmetry of D,y with 21
allowed Raman modes.® The 195 cm™. 147 cm™ and 105 cm™ vibrational modes
derive from the relative motion of the V,0Os unit cells along the x-, y- and z-axis
respectively. The mode at 995 cm™ corresponds to the short V=0 bond while the

remaining modes correspond to O-V-0, V-O-V and V-O stretching modes.’
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Figure 3.3. V,0s bond structure, bond lengths and associated Raman spectrum for
orthorhombic V,0s with the symmetry labelling used for each of the modes given.®

Raman scattering spectroscopy was collected with a Renishaw InVia Raman
spectrometer equipped with a 2400 lines/mm grating using a 514 nm 30 mW Argon
Ion laser, spectra were collected using a RenCam CCD camera. The beam was
focused onto the samples using either a 20x/50x objective lens. The laser power
density was adjusted to ensure that the thin film surfaces did not undergo sample

heating during the full spectral acquisition time.

3.3.4 Optical Spectroscopy
To study the optical properties of all thin films studied in this thesis, a range

of optical spectroscopy techniques were used to probe the transmission of the thin
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films in the UV-Vis-NIR wavelength ranges. The optical transmission measurements
were also used to examine the optical constants for each thin film. The optical
absorption edge, where the absorption increases in the optical region, was extracted

and correlated to the effective optical bandgap (Ey).

The E, value is estimated through the modified Davis-Mott relation,
ahv = A(hv — Eg)"
(Eq.3.1)
where a is the absorption coefficient of the thin films, 4 is a constant and E, is the
effective optical bandgap.'® The exponent  is related to the type of transition for the
material, where n = 1/2 for an direct allowed transition. A Tauc plot, [ahw]" vs. E
(eV), is used to estimate the E, value by extrapolating the linear region determined
1/n

where [ahw] ™ = 0. The refractive index (n) can be estimated from the Eg through

11-12 .
the Moss relation where,

nyoEy ~ 95 eV (Eq. 3.2)

Different optical setups were used to obtain the transmission spectra of the

thin films over the range of UV-Vis-NIR wavelengths and are presented in Figure
3.4. The optical transparency of the thin films can be measured over large and small
planar surface areas with site-specific measurements. To measure the thin film
optical transparency in the 200 — 1000 nm range with a 0.5 nm resolution over a
large planar area, a Thermo Scientific Evolution 60S UV-Visible spectrophotometer
illuminated with a Xenon light source was used with a custom sample holder as

shown in Figure 3.4 (a).
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Figure 3.4. Different optical transparency measurement devices for measuring over
larger planar thin film surfaces and site-specific areas. (a) Multi sample holder for
planar UV-Vis transparency measurements using custom 3D printed sample holders.
(b) Sample holder for planar transparency measurements using a connected UV-Vis
or NIR spectrometer. (¢) UV-Vis transparency measurement device for small area
site-specific testing through collimated beam focusing.

To examine the planar optical transmission from thin films in the NIR
wavelength range of 1000 nm — 2500 nm an OceanOptics NIRQuest256-2.5
spectrometer with a 9.5 nm spectral resolution was used in conjunction with the
sample holder shown in Figure 3.4 (b). An OceanOptics HL-2000 tungsten halogen
source was used for illumination for NIR transmission measurements and was
directed through the lens as shown and collected after interacting with the sample
held with the 3D printed holder. For UV-Vis transmission characteristics of smaller
regions of interest on thin films for site specific scans, tests were performed using
the optical setup shown in Figure 3.4 (c). The thin film samples were illuminated
with white light from a Halogen bulb, which was incident normal to the surface and
collimated to a beam diameter of ~1 mm. Spectra of the transmitted light were

collected using an Ocean Optics USB2000+VIS-NIR-ES CCD spectrometer in the

wavelength range 200 nm — 950 nm with a resolution of ~4 nm.
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3.3.5 X-Ray Diffraction

X-ray diffraction (XRD) was used to determine the crystal structure of the
drop-casted thin films. In XRD, a beam of X-rays is directed at a sample with the
resulting elastic scattering of the X-rays caused by the atomic arrangements of the
material being collected at different angles. By counting the number of X-rays
diffracted at each angle, Braggs law, nd = 2dsin@, can be applied to determine
the interplanar distance (d) of the crystal, where A is the wavelength of the X-rays
and 0 is the angle at which the diffracted X-rays were detected. The different XRD
patterns can be compared to the literature and online databases to determine the
composition and phases of the sample. Powder XRD analysis was performed using a
Phillips Xpert PW3719 diffractometer using Cu Ko radiation (40 kV and 40 mA)
scanned between 10° - 70°. Thin film X-Ray diffraction was performed with a

Philips X’pert equipped with a 6—6 goniometer. A Cu anode provided X-ray photons

with a wavelength of A = 0.15956 nm.
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Figure 3.5. Star XRD pattern for orthorhombic V,0s highlighting the peaks for
diffraction from individual crystal planes.
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The XRD pattern for the star pattern of orthorhombic V,0s is displayed in
Figure 3.5. The pattern is taken from PDF file 41-1426 for Shcherbinaite, the mineral
form of orthorhombic V,0s. Orthorhombic V,0s is part of the Pmmn space group

with cell parameters of a=11.516 A,b=3.5656 A, c=4.3727 A

3.3.6 X-Ray Photoelectron Spectroscopy

In the X-ray photoelectron spectroscopy (XPS) technique, the surface of a
sample is exposed to X-rays and the resulting kinetic energies of the released
electrons are measured which are released through the photoelectric effect.'®
Through analysis of the range of energies of the released electrons it is possible to
determine the core energy values of the elements comprising the sample. XPS is a
surface sensitive technique, where only the top nanometers to the surface of the
sample is probed. In this work two types of XPS systems were used. XPS spectra
were acquired on an Oxford Applied Research Escabase XPS system equipped with
a CLASS VM 100 mm mean radius hemispherical electron energy analyzer with
multichannel detectors in an analysis chamber with a base pressure of 3.0 x 107
mbar. Survey scans were recorded between 0-1100 eV with a step size of 0.7 eV,
dwell time of 0.5 s and pass energy of 100 eV. Core level scans were acquired at the
applicable binding energy range with a step size of 0.1 eV, dwell time of 0.5s and
pass energy of 20 eV averaged over 10 scans. A non-monochromated Al-Ko X-ray
source at 150 W was used for all scans. All spectra were acquired at a take-off angle
of 90° with respect to the analyzer axis. XPS spectra were also collected on a
Thermo Electron K-Alpha spectrometer at the Centre de Spectroscopie at the Institut
Lavoisier de Versailles in France, using a monochromatic Al K, X-ray source

(1486.6 eV). Core level spectra from 100 scans were referenced to the C Is core-
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level peak at 284.3 eV. The XPS spectra were processed using a Shirley background
correction followed by peak fitting to Voigt profiles.'> The Shirley correction was
employed to remove the background due to photoelectrons which experienced
energy loss. The FWHM were allowed to vary within reasonable value ranges in

order to achieve best fit.
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Abstract

Solution processed metal oxide thin films are important for modern optoelectronic
devices ranging from thin film transistors to photovoltaics and for functional optical
coatings. Solution processed techniques, such as dip-coating, allows for thin films to
be rapidly deposited over a large range of surfaces including curved, flexible or
plastic substrates without extensive processing of comparative vapour or physical
deposition methods. To increase the effectiveness and versatility of dip-coated thin
films, alterations to commonly used precursors can be made that allow for controlled
thin film deposition. The effects of polymer assisted deposition and changes in
solvent-alkoxide dilution on the morphology, structure, optoelectronic properties and
crystallinity of vanadium pentoxide thin films was studied using a dip-coating
method at a speed within the fast-rate draining regime. The formation of sub-100 nm
thin films could be achieved rapidly from dilute alkoxide based precursor solutions
with high optical transmission in the visible, linked to the phase and film structure.
The effects of the polymer addition was shown to change the crystallized vanadium
pentoxide thin films from a granular surface structure to a polycrystalline structure
composed of a high density of smaller in-plane grains, resulting in a uniform surface

morphology with lower thickness and roughness.

Development and Characterisation of Solution Processed Vanadium Oxide and Transparent Metal Oxide Thin Films 108



4.1 Introduction

Metal oxide thin films are an integral part of modern electronic devices and
see use in energy storage,'” supercapacitors,”” field emission devices,®’
photovoltaics,8 thermochromics *'' and as components of the working electrodes in
sensing devices."”"® The deposition methods for producing uniform and
stoichiometric thin films in current integrated circuit (IC) devices relies heavily upon
methods such as chemical/physical vapour depositions'® and sputtering techniques'
which can have low sample throughput and high deposition times compared to

comparative solution based techniques.

Thin films deposited from solution processed techniques, such as ink-jet
printing, spin coating and dip-coating, use a low-cost liquid precursor solution to
form morphologically/compositionally uniform thin films.'® The increased interest in
solution processed methods is mirrored by an increase in the development of
analytical techniques to correlate precursor and solution changes to their effects on
the composition, structure and morphology of the resultant thin film. Better
understanding of the factors that affect thin film materials deposited through solution
processed techniques is critical for their future uses within modern device

infrastructures where the nanoscale characteristics are increasingly important.

The interaction between the substrate and precursor influences the
homogeneity of the thin film, where a match can enable epitaxial growth of the

desired thin film.'”'®

Dip-coating is a widely used solution processed deposition
technique which is an alternative to the more costly deposition methods. In dip-
coating, through both substrate and precursor selection, a fine control over the thin

film thickness and morphology is possible."” Dip-coating techniques continue to be

improved,” with various methods devised for producing thin films with different
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characteristics such as: optical constant gradation from a single coating through dip-
coating acceleration®' and adjustments to the precursor in-situ resulting in polarity

gradients within the thin film.**

The precursor should complement the chosen deposition method and the
desired resultant thin film whilst avoiding undesirable reactivity that might alter the
final phase.” Polymer assisted deposition (PAD) can be utilized to further influence
the characteristics of the thin film through the addition of a polymer to the precursor
as an additive.'™ ** Avoiding gelation or demixing of constituent inorganic and
organic phases during preparation, hydrolysis and film crystallization® are key
requirements for uniform and single phase deposition the thin films. Choosing the
appropriate precursor and additive is a key consideration for the formation of metal

oxide thin films from solution processed techniques.

For dip-coating techniques, the withdrawal speed influences the formation of
the resulting thin films: a low deposition rate produces thin films with a low sample
throughput, by increasing the deposition rate, sample throughput is improved but the
resultant thin films will be thicker. At dip-coating speeds below ~0.1 mm/s, known
as the capillary regime, the formation of the thin film occurs through evaporation at
the capillary/air interface and is dependent upon the evaporation of the solvent to
form the thin film.?' Dip-coating speeds at 1 mm/s or above are within the draining
regime and at these speeds the formation of the thin film follows the Landau-Levich-
Derjaguin model, where gravity-mediated drainage affects the liquid film from

which the resultant solid thin film forms after solvent evaporation.**?’

At deposition speeds within the draining regime, different methods are
proposed for increasing the control over the thickness and morphology of the thin

films. To prepare thin films with a low thickness and a uniform surface morphology
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whilst retaining higher sample throughput using a dip-coating technique, methods
must be employed to counter the drawbacks of the draining regime.*®* One such
method is to utilise a combination of an alkoxide precursor with the application of a
PAD technique that influences viscosity, the nature of the precursor and its

conversion to a (uniform) oxide.

For PAD techniques, the choice of polymer additive in the solution precursor
must a) prevent demixing at any stage during deposition, b) set the viscosity to
maintain uniform coating, c) prevent the incorporation of impurities into the film
during clean calcination or thermal treatment, and d) provide ordered, continuous or
even epitaxial films to the underlying substrate. Challenges for sol—gel processing
methods for reactive and multivalent metal-oxides include the identification of a
system in which the solvent and organometallic precursors are compatible. Attempts
have been made where polymers were added during sol preparation to increase the

30 .
However, the formation and

formation of crack-free critical thin films.
understanding of thin films with controllable phase, crystallinity, uniformity and

coverage by simple polymer addition remains a significant challenge for solution

based depositions of important oxides.

In this chapter, a combination of techniques was chosen for their
compatibility in studying the composition and morphology of solution processed
V,0s thin films and provides a mechanistic understanding for polymer-assisted

formation and crystallization of V,0s thin films from liquid precursor solutions.
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4.2 Experimental
4.2.1 Precursor Synthesis.

Four types of precursor solutions were prepared to produce V,0s thin films
where the dilution of the alkoxide to the solvent and also the effect of two different
types of additives to the precursor could be studied. For preparing the low and high
dilution precursors, the IPA was mixed by volume with the vanadium
oxytriisopropoxide precursor and the chosen additive at a volume ratio of 1000:10:1
and 250:10:1 (IPA : Alkoxide : Additive) respectively. Deionized water was added
as an additive to the precursor solution to aid the hydrolysis and was replaced by the
same liquid volume of PEG-400 in the polymer-assisted deposition (PAD) precursor
solutions. Four types of precursor solution were prepared: a low concentration
dilution (LCP) and high concentration dilution (HCP) solution where the additive
was deionized H,0, the precursor solutions prepared using PEG-400 as an additive

were a low (LCP-PEG) and high (HCP-PEG) dilution mixture.

4.2.2 V;0s5 Thin Film Preparation.

Drop-casting technique was used to prepare bulk-like samples of the
materials while dip-coating at a constant withdrawal rate of 2.5 mm/s was used to
deposit uniform thin films. All samples in this chapter were prepared on high quality
ITO-coated glass substrates with a nominal ITO thickness of 15 - 30 nm. The
substrates were cut to be a uniform size of 12.5 mm in length and 5 mm in width.
Crystallization was performed in a convection oven ramped up to 300 °C at a rate of
1 °C/min and held for 14 hours. For thermal treatments of the drop-casted samples at
450 °C a tube furnace was used with a ramp rate of 1 °C/min and heated for 14

hours.
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4.2.3 Characterization Techniques

Surface morphologies were examined using scanning electron microscopy
(SEM) and atomic force microscopy (AFM). Samples were scribed with a scalpel
blade and AFM images were taken at the interface between the substrate and thin

film surface to determine the thin film thickness.

The phase of the films post-crystallisation was tested using Raman scattering
spectroscopy collected with a Renishaw InVia Raman spectrometer at 514 nm. XRD
of the drop-casted samples was performed using a Phillips Xpert PW3719

diffractometer using Cu Ka radiation (40 kV and 40 mA) scanned between 10° - 40°.

UV-Vis transmission spectroscopy was performed by illuminating samples
with white light from a Halogen bulb incident normal to the sample surface and
collimated to a beam diameter of ~1 mm. Spectra of the transmitted light were
collected using an Ocean Optics USB2000+VIS-NIR-ES CCD spectrometer in the
wavelength range 200 — 950 nm. A baseline of the corresponding ITO substrate was

taken before each scan.

The in-plane structure of the thin films was determined through HRTEM
using a JEOL 2100 high resolution TEM at 200 kV. Single layer thin films were dip-
coated onto the surface of 15 nm coated SisNs TEM grid windows. Thermal

treatments were performed in a conventional oven at 300 °C in air for 14 hours.

4.3 Results

4.3.1 V,0s5 Drop-Casted Deposits

By drop casting onto the ITO substrate, the bulk-like properties of the

precursor were studied. In the drop-casting test, the LCP and LCP-PEG precursors
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were dropped onto the substrate and the resulting deposits were studied both pre- and
post-thermal treatment. The precursor was dropped onto the substrate as a liquid and
hydrolysed slowly due to the large amount of precursor present and the need for the
solvent to evaporate, resulting in a slow rate of hydrolyzation. During the initial
hydrolysis stage, the liquid precursor was able to flow unconstrained on the substrate
prior to solidifying and forming a solid deposit. The effect of increased concentration
on the drop casted samples was found to hasten hydrolysis of the deposit, the
morphology of the deposit was found to be dependent instead upon the constituents

of the precursor.

(a) As-Deposited

(b) As-Deposited

and thermally treated drop-casted films of VO deposits formed from (a) LCP and (b)
LCP-PEG precursors. SEM images of each of the deposits formed at both a thermal
treatment of 300 °C and 450 °C for 14 hours respectively, is shown.

The drop-casted deposits were thermally treated at two different
temperatures, 300 °C and 450 °C, under ambient conditions. The deposits were

thermally treated at 300 °C as it is the temperature at which the thin films
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crystallized to orthorhombic V,0s without subsequent damage to the film which was
found to occur at higher temperatures, where the thin films would experience
delamination and surface cracking at temperatures higher than 300 °C. A thermal
treatment at the increased temperature was performed to correspond to the common

crystallising temperatures from the literature.'> !

Surface SEM images of the as-deposited and post-thermally treated LCP and
LCP-PEG samples highlighting the differences in surface morphology at both
crystalizing temperatures are shown in Figure 4.1 (a, b) respectively. The
morphology of the as-deposited deposits is shown to be affected by the additive. The
morphology of the as-deposited surfaces for the LCP and LCP-PEG samples differ.
The LCP samples form a smoother surface than the LCP-PEG samples which has a
rough and irregular morphology. After thermal treatment at 300 °C (the temperature
used to crystallise the corresponding thin films) the morphology of the LCP samples
roughens slightly with the formation of surface defects in the form of pinholes due to
the densification of the sample during the thermal treatment. The morphology of the
LCP-PEG samples heated at 300 °C however undergoes a larger change which

results in an increased surface roughness.

After thermal treatment at 450 °C both samples show the formation of
different structures of VO. The surface of the LCP samples roughens further with
increased temperature and also shows the formation of rod-like structures on the
surface. The same rod structures are seen in the corresponding LCP-PEG samples,
however, the length of the rod structures is larger in the LCP-PEG samples. There is
also the formation of crystallites on the surface of the LCP-PEG samples heated at
450 °C. The rougher morphology of the thermally treated LCP-PEG sample is

attributed to the demixing and removal of the PEG during the thermal treatment as

Development and Characterisation of Solution Processed Vanadium Oxide and Transparent Metal Oxide Thin Films 115



the VO crystallizes. The PEG demixes from the as-deposited stoichiometric deposit
as the temperature increases and is then removed as the temperature further
increases. During the removal process, the surface of the crystallising V,0Os fractures,
resulting in the surface morphology seen in Figure 4.1 (b). Crystalline rods are a
common morphology for orthorhombic V,0s,** however, the size variations of the
rods and other crystallites seen on the surface may be indicative of the presence of
other forms of VO which are to be studied using XRD and Raman scattering

spectroscopy.
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Figure 4.2. XRD patterns of LCP and LCP-PEG drop-casted films thermally treated
at 300 °C and 450 °C for 14 hours. The indexed XRD patterns for a variety of VO
oxidative states are highlighted.
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Figure 4.2 shows the XRD patterns of the drop-casted deposits after thermal
treatment. XRD analysis of the deposits after thermal treatment at 300 °C shows the
formation of predominantly orthorhombic V,Os for the LCP deposit with small
amounts of tetragonal V,0s also found in the LCP-PEG deposit. After thermal
treatment at 450 °C both the LCP and LCP-PEG deposits show the formation of

orthorhombic and tetragonal V,0s with small amounts of VO3 also apparent in the

deposits.
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Figure 4.3. Raman scattering spectroscopy of drop casted deposits of (a) LCP and
LCP-PEG thermally treated at 300 °C showing the formation of V,0s. (b) Two
regions from the LCP deposit thermally treated at 450 °C showing the deformation
of regions the V,Os vibrations due to the presence of small quantities of different VO
phases.

The Raman spectra for the LCP and LCP-PEG deposits treated at 300 °C are
shown in Figure 4.3 (a). The Raman spectra show the formation of orthorhombic
V,0s. The Raman scattering spectra for two regions of the LCP deposits formed at
450 °C are presented in Figure 4.3 (b) and show the formation of predominantly

orthorhombic V,0s with some areas exhibiting some deformation to the highlighted
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regions due to the presence of some other vibrations due to different VO phases, in

this case most probably that of tetragonal V,0Os.

As seen in the SEM images in Figure 4.1, the LCP-PEG deposits underwent a
large surface change in different regions of the deposit during thermal treatment at
450 °C with the formation of long crystalline rods and crystallites. The Raman
scattering spectra for three regions on the surface of the deposit is presented in
Figure 4.4 (a). The Raman spectra for region one is that of orthorhombic V,0s and is
the dominant spectrum found in the deposit, however, areas such as region two and
three are interspersed through the surface and the vibrations differ from those of
orthorhombic V,0s. Figure 4.4 (b) is a deconvolution of the Raman scattering
spectrum for regions two and three. The corresponding vibrations which make up the
spectra were extracted and used to help determine the VO phases which are present.
The vibrations from the deconvoluted spectra were not correlated to one VO phase in
particular, the vibrations of both region two and three were instead attributed to the

vibrations from a combination of V013, V.03 and VO, respectively.3 3-34

The presence of other phases of VO in the XRD spectra is attributed to the
crystallization of the disordered as-deposited material. The disorder in the material
and likely facilitates crystallization at different rates forming small amounts of
different phases of VO. The lack of evidence for different phases of VO in the
Raman scattering spectra shows that the amounts of the other VO phases in the

deposit are minimal and are more easily detected in a larger area by XRD.

Morphological and structural analysis of the drop-casted V,0s samples
provided information on the formation of other phases within the samples at different
temperatures. Low concentration solution precursors were used for analysis of the

drop-casted V,0s samples as the technique facilitates the formation of bulk-like
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deposits regardless of concentration due to the unconstrained nature of the deposition
method. At the lower 300 °C crystallising temperature, the drop casted samples
showed that traces of other VO phases can form in the samples; this was applicable
to the corresponding thin films for which the smaller amount of other VO phases

proved to be difficult to quantify.
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Figure 4.4. (a) Raman scattering spectra and image of the different regions of the
LCP-PEG samples thermally treated at 450 °C showing the varied spectra found at
each region. (b) Deconvolution of the Raman scattering spectra for region 2 and 3 to
characterize the contributing vibrations of the spectra.
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4.3.2 Thin Film Characteristics

Alterations to the IPA/alkoxide dilution ratio and the effect of PAD through
PEG addition to V,0s precursor solutions for thin film solution processed
depositions were studied by preparing four precursor solutions and depositing
through a dip-coating technique. Each of the solutions was a dilution mixture of
V,0s5 alkoxide and IPA with either deionized H,O or PEG-400 as an additive. Four
types of precursor solution were prepared: a low concentration dilution (LCP) and
high concentration dilution (HCP) solution where the additive was deionized H,O,
the precursor solutions prepared using PEG-400 as an additive were a low (LCP-

PEG) and high (HCP-PEG) dilution mixture.
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Figure 4.5. AFM surface images of as-deposited stoichiometric and post-thermally

treated orthorhombic V,0Os films dip-coated from (a) LCP (b) LCP-PEG (c) HCP

and (d) HCP-PEG solutions.

AFM surface images of the as-deposited and post-thermally treated dip-
coated thin films formed from LCP, LCP-PEG, HCP and HCP-PEG precursors are
shown in Figure 4.5 (a-d) respectively. Corresponding SEM images of the surfaces
can be seen in Figure 4.6. The average RMS surface roughness for each thin film
obtained from AFM measurements is summarized in Table 4.1. The as-deposited
LCP and HCP thin films have a low RMS roughness value of 0.2 nm and 0.4 nm

respectively that increases to 7.8 nm and 4.8 nm after thermal treatment at 300 °C for
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14 h. The increase in surface roughness is expected and occurs during crystallization
and densification of the thin film coupled with the formation of crystallites on their

surfaces during thermal treatment.

The thin films formed from the PEG-containing solutions exhibited a more
uniform surface morphology to those without PEG which can be prone to pin-hole
development. Factors which affect the formation of pinholes were shown to be both
environmental and chemical which can be adjusted through changes to the
deposition conditions and through PAD processes (see Chapter 5). After thermal
treatment, the LCP-PEG thin film surface roughness decreased from 1.2 nm to 0.2
nm, with a corresponding reduction in the density of observable surface crystallites.
The as-deposited HCP-PEG samples had a high roughness of 8.7 nm which rose to
23.1 nm after thermal treatment. This increase was evident in both the AFM and
SEM images of Figure 4.5 (d) and Figure 4.6 (d) respectively; where the surface of
the thin films was seen to be covered by large crystals of V,0s with evidence of

surface cracking and void formation.

Thermal
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Thermal
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Figure 4.6. SEM surface images of as-deposited stoichiometric and post-thermally
treated orthorhombic V,0s films dip-coated from (a) LCP (b) LCP-PEG (c) HCP

and (d) HCP-PEG solutions.

Development and Characterisation of Solution Processed Vanadium Oxide and Transparent Metal Oxide Thin Films 121



Raman scattering spectroscopy analysis in Figure 4.7 (a) confirms the
formation of crystalline V,Os after thermal treatment for each of the thin films due to
the presence of the vibrational frequencies characteristic of orthorhombic V,0s.”
Additional vibrations seen at 168 cm”, 845 cm”, 880 cm™ and 935 cm’ are
attributed to small amounts of V40,3 present in the samples due to a displacement of
one of the vanadyl-oxygen bonds in the orthorhombic crystal, which can be caused
by pseudosymmetry breaking in the layered orthorhombic structure.’® The
vibrational frequencies attributed to these phases is more distinct in thin films
formed from the solutions with a high IPA/alkoxide dilution. The peaks at 848 cm™
and 936 cm™' were previously assigned by Su ef al. to a mode of VO, and the peak at
167 cm™ interpreted as a VO, layered structure.’’ Several reports interpret these
symmetric and asymmetric modes as inherent to curvature in the crystal unit cell
from VOy nanotubes (VONTSs), or a phase seen in VONTs at low annealing
temperatures before the nanotube structure is decomposed and re-arranged to form
V205.38'41 One report does demonstrate the link between these modes and the

corresponding XRD pattern, suggesting a mixed phase of VO3 and V,05.*°

The V-O-V in-plane mode depicted in Figure 4.7 (a) can theoretically exhibit
an anti-phase stretch with By, symmetry. This mode is a pseudo centro-symmetric
bending in pristine orthorhombic, layered V,O,,.1. This mode is predicted at ~848
cm™ when the centro-symmetry is broken and the resulting Raman intensity greatly
increases. Higher intensity modes at 881 cm™ and 935 cm™ are not predicted based
on distortions to the V-O-V and V-O bonds in the D, space group of orthorhombic

V,0s5 and may arise from VO in another phase such as V¢O,3 as described above.
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Figure 4.7. (a) Raman scattering spectroscopy of orthorhombic V,0s thin films
formed from different precursor solutions. Vibrations seen at 168 cm'l, 845 cm'l,
880 cm™' and 935 ¢cm™ are attributed to the formation of small amounts of V403 in
the thin films due to a vanadyl-oxygen bond displacement. (b) Thickness profiles of
a scribed portion of LCP and LCP-PEG thin film with the associated AFM image
(inset). (c) Thickness of as-deposited and post-thermally treated two layer thin films
of V,0s5 formed from each solution. The percent decrease of the thin film due to
crystallisation at 300 °C for 14 h is provided.

To specifically confirm the resultant phase formation in thin films from PAD
dip-coating, thicker drop-casted films were also prepared to examine the bulk-like
behaviour of the precursor solutions, i.e. to probe if the crystal structure is
representative of the solution composition or influenced by the crystallization
mechanism during shear thinning or Marangoni-like instabilities from surface
tension variations within the nanofluid precursor solutions. Drop-cast samples allow

a comparative bulk-like examination of the final crystal phase and composition. The
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liquid films hydrolyze to form a solid amorphous thin film of stoichiometric VO
which contains the additive, H,O or PEG, present in the precursor. The drop-casted
samples show the formation of predominantly V,Os after thermal treatments
identical to that of the thin films. Drop-casted deposits treated at 450 °C showed the
formation of tetragonal V,0s and monoclinic V¢O;3. Regions on the surface of the
deposits with varied morphologies were noted which is indicative of the various
phases of VO present. Mendialdua ef al. confirmed through detailed XPS analyses of
various VO phases that if carbon contaminated V,0Os is heated at 300 °C in UHV, it
reduces to V409 and subsequently to V403 if further heated to 500 °oC.#2

The thicknesses of the thin films formed from different precursor solutions
were studied to examine the effects of concentration and additive changes on the as-
deposited and crystallised film thicknesses. Samples were prepared with two layers
of as-deposited VO thin films deposited in a staircase configuration using iterative
dip-coating, allowing for the thickness of the single and double layers to be
measured using AFM. Figure 4.7 (b) shows two examples of the AFM images and
corresponding line profiles for two thin film thickness measurements. The
thicknesses of the as-deposited VO first layer on ITO were generally larger than each
subsequent layer of VO. The as-deposited first layer thicknesses were 14.3 nm, 39.6
nm, 29.9 nm and 69.3 nm respectively for the LCP, HCP, LCP-PEG and HCP-PEG
precursors. An increase in the alkoxide-IPA ratio resulted in an increase in the
thickness of each thin film. The HCP film thicknesses were 2.4 — 2.8x greater than
LCP thin films. An increase in thickness by a factor of 1.6 — 2.1x was also found
between the LCP-PEG to that of the LCP films. The HCP-PEG thin films are
thickest due to the increase in concentration and the addition of PEG which resulted

in a rough, irregular surface. The thickness of single layers of crystallized V,Os
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could not be reliably measured in the LCP and LCP-PEG samples due to the
tendency of the thin films to crack during the scribing step due to the thinness of the
single layers; therefore, crystallised thickness effects was studied for double layers of

the thin films which could be reliably measured after thermal treatment.

For uniform coverage with good interfacial adhesion to the substrate and on
preformed films in iterative or multilayer deposits, the mechanism of crystallization
from a nanofluid precursor-polymer mixture is important (see Chapter 5). The
crystallization of the thin films was studied by comparing the as-deposited thickness
to the thermally treated thickness of double layer thin films of each solution. Figure
4.7 (c) presents the total thicknesses of two successively dip-coated thin films (as-
deposited and thermally treated) from LCP, HCP, LCP-PEG and HCP-PEG

precursor solutions.

4.3.3 Optical Transmission of Uniform Dip-coated Films

The optical transmission of the polymer-free and PAD amorphous and
crystallized thin films is shown in Figure 4.8 (a). All films, at low or high solution
dilutions and with or without polymer addition, show a decrease in optical
transmission after thermal treatment and crystallization. Thin film densification and
additive removal occurs during the thermal treatment and crystallization step. Figure
4.8 (a) shows that the as-deposited LCP-PEG thin films have a higher transmittance
in the visible region (>80-95%) beyond their respective absorption edges, in spite of
being 1.6 — 2.1x thicker than LCP thin films. Uniform mixing of the PEG-blended
solution decreases the opacity of the thin films prior to crystallisation, and based on
microscopy analyses (vide infra), are inherently more uniform, preventing scattering

at wavelengths greater than the absorption edge. These thicker films are largely
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composed of the PEG-400 polymer with amorphous V,0Os inclusions and thus are
more transparent than thin films that are composed of the amorphous V,Os
inclusions alone. Drude absorption beyond the plasma frequency is not a
contributory factor in the visible frequency range for these films, and since the

thickness is sub-wavelength (less than A/30 at 650 nm for LCP and LCP-PEG).
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Figure 4.8. (a) UV-Vis transmission spectroscopy of as-deposited and post-thermally
treated V,0s thin films formed from both low and high dilution solutions
with/without PEG. [Arrows indicates change in transmission spectra between HCP
and HCP-PEG thin films] (b) Plot of [ahw]* versus photon energy for the as-
deposited and thermal-treated thin films. For the thin films which exhibit the
secondary energy gap, the values are shown in red.

As the effect of substrate interface reflections is taken into account by
referencing (subtracting) the transmission of the substrate alone from that of the
coated substrate, the differences in transmission are thus dominated by the
reflectivity caused by crystallization (reduction in void content and increase in

refractive index) and by PEG removal in polymer-assisted deposited thin films.
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Frequency-dependent thin film interference oscillations are not found in the visible
range while the drop in transmission is characteristic of these compact crystalline

thin films.

The effective optical bandgap (E;) of the VO thin films after thermal
treatment was calculated by employing the modified Davis-Mott relation in Figure
4.8 (b) and presented as Tauc plots.”” The absorption coefficient is related to the

band-gap through the relation:

ahv = A(hv — Eg)" (Eq. 4.1)
where a is the absorption coefficient of the thin films, 4 is a constant and E; is the
effective optical bandgap. The exponent 7 is related to the type of transition for the
material, in this case n = 1/2 for a direct allowed transition, determined where [ahw]*
= 0. The index step change from glass to ITO has been accommodated in the

effective gap fits in Figure 4.8.

Table 4.1. Precursor solution and thin film data for orthorhombic V,0s thin film
samples prepared in this work. The refractive index of ITO is 1.848 at 650 nm. r
values calculated at 650 nm. Note, the transmission values in Figure 4.8 have the
ITO interface background subtracted.

- Calc. E,
Precursor Avg. Thin Film | Avg. Second Layer Effective Interfacial
. (eV)
Solutions RMS Roughness Thickness n reflectance, r
(nm) (nm) [£0.01 eV]
As- Thermal As- Thermal As- Thermal As- Thermal As- Thermal

deposited Treated deposited Treated deposited Treated deposited Treated deposited Treated

LCP 02 7.8 241 151 247 218 249 257 029 031

LcP-PEG 1.2 | 02 394 167 244 211 250 259 029 032

HCP 04 48 | 60.7  46.77 262  2.69 245 244 028  0.27

HCP-PEG| 8.7 | 23.1 |157.1 683 259 249 246 248  0.28  0.29

Development and Characterisation of Solution Processed Vanadium Oxide and Transparent Metal Oxide Thin Films 127



A lower indirect optical transition energy is found in PEG-containing thin
films: the effective bandgap values for the LCP and HCP thin films are 2.18+0.01 eV
and 2.69+0.01 eV, while those for the LCP-PEG and HCP-PEG films are 2.11+0.01
eV and 2.49+0.01 eV respectively. An increase in the dilution of solutions for LCP
to HCP and LCP-PEG to HCP-PEG thin films is correlated with a blue-shift in the

effective optical bandgap by 0.51+£0.01 eV and 0.38+0.01 eV respectively.

Transmission intensity effects of nano-inclusions or from discontinuities in
any of the films is discounted as the primary reason for the shift in absorption, due to
sub-wavelength sizes and Rayleigh scattering from solidified features in a solid film
20-100 nm in thickness is less likely to influence the optical transmission. LCP and
LCP-PEG films on ITO glass comprise two interfaces with their individual refractive
index contrast. In order to explain contributory reasons to reduction in transmission
intensity after crystallization and densification in uniform films pre- and post-
heating, reflection losses during transmission at two interfaces is considered, where
the film is as-deposited, mixed with PEG (and thus thicker), or crystallized and more
dense. Thus from wave optics, the reflectivity is related to the modulus of the electric
fields via the three-phase Fresnel equations for light reflection at the ITO-VO

interface (7) and that at the VO thin film-air interface (), and can be expressed as
Rij = |Ry;| exp[-2(5; + &;)] (Eq. 4.2)
where,

Ri;| = [(ni = n;)/(ni + ;)] (Eq. 4.3)

and the phase thickness of each layer in the film-substrate system is
6i = 27'[7’]1' CoS Hldl//l (Eq 44)

where 6; is the angle of refraction and d; is the actual layer thickness. As with
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antireflection coatings for instance, the changes in refractive index of each film
reported here (at thicknesses much less than A/4) should affect the total
transmittance, and measured values are thus related to thickness and effective index
based on phase and structure. The reflectance from each interface of the two-film
systems for each type of thin film prepared that reduces total transmittance,
7 = [MairMiro — Mo/ MairMiro + NHol? (Eq. 4.5)

are summarised in Table 4.1. Using Mott theory, the effective bandgaps from Figure
4.8 were related to the refractive index according to
NyoEg ~ 95 eV (Eq. 4.6)

and the values are shown in Table 4.1. Since the ITO transmittance and reflectance
are subtracted as background in Figure 4.8 (a), the variations in transmission at 650
nm, are influenced by effective index contrast reflectance at the VO-air interface, as
the reduction in thickness of the film (with and without PEG and pre- and post-
heating) does not account for the decrease in optical transmission at wavelengths

where band edge material absorption does not occur.

4.3.4 In-Plane HRTEM of PAD Processes in Oxide Thin Films

Thin films were dip-coated from the LCP and LCP-PEG precursor solutions
onto the surface of the Si3N4 TEM grids, allowing examination of in-plane crystal
structure by HRTEM, high resolution AFM and Raman scattering spectroscopy. A
schematic of V,0s dip-coated onto a SizsN,4 coated TEM grid is shown in Figure 4.9
(a): the in-plane structure of the films can be probed by HRTEM without
complications from separate entities of material overlapping in projection as found in

TEM samples prepared through exfoliation methods.
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Figure 4.9. (a) Schematic of SisN4 membrane TEM grids with dip-coated V,0s thin
films for investigation of their in-plane structure. In-plane TEM images and
corresponding AFM images of as-deposited stoichiometric V,0s thin films dip-
coated from (b) LCP and (c) LCP-PEG solutions.

Single thin film layers deposited from the low dilution concentration
solutions were formed on the Si3N4 TEM grids so that the effect of PEG on the in-
plane crystallization could be examined. HRTEM and high resolution AFM (inset)
images for the LCP and LCP-PEG as-deposited thin films are shown in Figure 4.9
(b, c) respectively. There is no evidence of crystalline structure evident prior to
thermal treatment in the HRTEM images for either deposit as expected from the
XRD and Raman scattering spectroscopy performed previously in this work. The as-
deposited thin films are amorphous as they are formed from un-heated vanadium
alkoxide precursor which does not crystallise until thermally-treated. High-resolution
AFM images show that the amorphous LCP and LCP-PEG films have a granular
surface morphology where the individual features are composed of inclusions of
stoichiometric amorphous V;0s. The LCP-PEG samples appear to have
comparatively larger individual inclusions. These larger inclusions are attributed to

the continual coarsening of hydrolyzing alkoxide into solid V,0s and the
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development of instabilities in the PEG that are retarded by the increasing density of

inclusions with time.

Figure 4.10. Post-thermal treated in-plane HRTEM images and corresponding FFT
or diffraction patterns of orthorhombic V,0s thin films formed from (a-c) LCP and
(d-f) LCP-PEG solutions. Thin films formed from LCP precursor solutions show the
formation of grains of orthorhombic V,0s with defined grain boundaries. Thin films
formed from LCP-PEG precursors have a polycrystalline orthorhombic V,0s
structure.

The V,0s coated grids were thermally treated for 14 hours at 300 °C and the
HRTEM and AFM analyses were repeated. Figure 4.10 (a-c) shows the HRTEM and
related fast Fourier transforms (FFT) patterns for the thermally treated LCP samples,
while Figure 4.10 (d-f) shows the corresponding images for the LCP-PEG samples.
The LCP thin film crystallization results in individual crystalline grains of
orthorhombic V,0s in a patchwork arrangement; the different grains indexed to
orthorhombic V,0s are highlighted in Figure 4.10 (a-c). The HRTEM in Figure 4.10

(a) is reshown in Figure 4.11 without the colour coding of the V,0s grains.
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Figure 4.11. (a) TEM image of the different crystalline grains of the LCP thin films
thermally treated at 300 °C on a Si3N4 coated TEM grid (b) corresponding TEM
image without the grains highlighted.

The LCP-PEG thin film shown in Figure 4.10 (d) has a pockmarked
morphology in the HRTEM images where the presence of individual crystalline
grains is not apparent as found with the LCP thin films. In such films, the removal of
the polymer results in high density, small grains that form a polycrystalline film
(Figure 4.10 (e, 1)), which from Figure 4.5, is uniform and of low surface roughness.
Polycrystalline orthorhombic V,0s is also found at higher magnification (Figure
4.10 (f)), and single crystalline grains are not characteristic of calcined PAD V,0s
thin films at atomic resolution. The data confirm that polymer-assisted synthesis
using PEG-containing precursors alters the hydrolysis and gelation point of the
nanofluid, forming high density grains within the structure. Regions of the thermally
treated LCP-PEG thin films exhibited a porous morphology as seen in Figure 4.12.
These regions are small and interspersed on the sample and show an increase in the
porosity of the thin films due to the effects of the PEG on the hydrolysis and gelation

point of the nanofluid stage.
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Figure 4.12. (a, b) TEM images of different regions of the LCP-PEG thin film
deposited onto SizN4 TEM grids. These regions show the formation of porous thin
films of the V,0s attributed to the effects of the PEG on the crystallization of the thin
film.

The high-resolution AFM images of the thermally-treated LCP and LCP-
PEG thin films on the Si3N4 TEM grids are shown in Figure 4.13 (a, b) respectively.
The single crystalline grains of V,0s for the LCP thin films are seen in Figure 4.13
(a) as found in the corresponding HRTEM images. The pockmarked and smaller
polycrystalline structure of the LCP-PEG thin films can be characterized from Figure
4.13 (b) due to the presence of smaller structures and a similar surface morphology

as seen in the HRTEM images.

Raman scattering spectroscopy was performed on the V,0s thin films
deposited on the SizN, coated TEM grids after thermal treatment. Figure 4.13 (c) is
an optical microscopy image of the surface of the grids showing the thin films

deposited onto the SisN4 window and the surrounding regions. The Raman scattering
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spectra shown in Figure 4.13 (d) confirm the formation of orthorhombic V,0s for
both the LCP and LCP-PEG thin films after thermal treatment. The low intensity of
the vibrational modes is attributed to the thinness of a single dip-coated film on the

Si3N4.
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Figure 4.13. AFM surface images of (a) LCP and (b) LCP-PEG orthorhombic V;,0s
thin films deposited onto Si3sNs TEM grids after thermal treatment. (c) Optical
microscope image of a thin film of V,0s on a Si3N4 coated TEM grid. (d) Raman
scattering spectroscopy of the thin films formed on SizN4 windows. The vibrational
contributions from the underlying Si substrate are highlighted by asterisks (*).

4.4  Discussion

As described by Sanchez et. al. the role of chemical modifications to
alkoxide based liquid solutions is to affect the hydrolyzation and condensation
reactions such that the resultant solution is adjusted and improvements to the

deposition of the solid materials can be made.** Both the H,O and PEG-400
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additives can have different effects on the formation reaction of the alkoxide based
precursor due to their specific chemistry. The low volume of the H,O additive is
insufficient to fully hydrolyse the precursor solution. The addition of the H,O is to
facilitate the triggering of the hydrolysis of the liquid thin film in the initial stages of
the deposition stage, so that the solid thin film has increased adhesion to the surface
of the substrate during its formation. The source of H,O reactant for the hydrolysis
of the deposited liquid film for forming a solid thin film comes from the deposition
environment after the initial dip-coating. The role of PEG-400 as an additive is to
form a mixed vanadium-PEG alkoxide derivative in the liquid solution; during the
formation reaction with environmental H,O the effects of the polymer on the
hydrolyzation and condensation alters the morphology of the resultant thin film.**
The effect of the PEG additive on the thin films can be considered in terms of the
chemistry of the solution but must also be considered mechanistically in the method
it mixes and demixes within the as-deposited thin film before and during thermal
treatment. The different alterations to the precursor solution affect the structural,
morphological and optoelectronic properties of the thin films in a variety of ways as

shown in the results above.

The roughened surface morphology seen in the HCP-PEG thin films is
attributed to the higher concentration of PEG and alkoxide within the as-deposited
thin film. During the thermal treatment, the PEG demixes and carbonizes, while the
amorphous VO crystallizes into orthorhombic V,0s. The as-deposited AFM images
in Figure 4.5 and for the HCP-PEG films show an already roughened surface where
the PEG has non-uniformly spread through the thin film during the deposition
process. As the temperature further increases, the demixed PEG is removed from the

film and results in surface fracturing and the formation of nanoscale sub-wavelength
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voids in the solidifying V,0s. Uniform films before and after thermal treatment are
possible from LCP-PEG thin films where an optimum dilution between the IPA,
alkoxide and PEG allows for decomposition and removal of the PEG additive while

the crystallizing V,0s forms a coherent thinner thin film (Figure 4.5 (b)).

The relative thickness reduction for PEG-containing solutions is consistently
highest after heating at 300 °C for 14 hours. Using the high dilution concentration of
alkoxide increases the rate of hydrolyzation compared to LCP-PEG thin films where
the PEG spreads uniformly through the film. Consequently, AFM and thickness
measurements indicate that discontinuous demixing and subsequent PEG
decomposition affects the overall uniformity. Crystallized film uniformity is
improved through a PAD technique with the addition of PEG, but with lower

IPA/alkoxide concentration.

The processes which control the formation of alkoxide based thin films dip-
coated within the draining regime were examined so a greater understanding of thin
film formation could be examined. At dip-coating rates within the Landau-Levich-
Derjaguin draining regime, Faustini ef al. reaffirm that thin film thicknesses can be
constrained, with minimal variation, for relatively fast deposition rates of ~1-10

21,27
mm/s.”

The formation process for thin films deposited using fast- and slow-rate dip-
coating are shown in Figure 4.14. At fast-rates, the liquid film is deposited on the
surface of the substrate prior to the evaporation, hydrolysis and subsequent formation
of the solid thin film. At slow-rates for dip-coating, the same evaporation, hydrolysis
and solidification processes occur whilst the substrate is still being withdrawn from
the precursor. Capillary action affects the formation of the thin film as it is still in

contact with the meniscus of the liquid.
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The thickness of a liquid coating that remains on the surface of a substrate at
high speed withdrawal rates is dependent upon gravity induced drainage which
dominates over capillary and meniscus effects. Therefore, the thickness of the liquid

coating is related to the drainage balancing surface tension such that

h
PIRY [~ u (Eq. 4.7)

where u is the withdrawal rate, 4 is the liquid thin film thickness, y is the surface
tension, # is the viscosity, p is the solution density and g is the standard gravity. At
faster deposition rates that initially overcome gravitational forces (>1 mm/s), the

thickness of  the liquid film can be approximated with

h ~ D [U]?/3 (Eq. 4.8)

where D can be calculated using constant values of the deposited liquid,”" *°
_ 094p2/3

= e (Zg)l/z (Eq. 4.9)

For each precursor solution studied in this work, the low molar volume fraction of

the alkoxide and additive at both concentrations approximates to that of the density
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of the main component, IPA. The impact of the alkoxide and additive on the wetting
characteristics of the IPA is also negligible due to their small comparative overall
volume within the solution. Therefore, the thickness of the IPA film at a withdrawal
speed of 2.5 mm/s can be approximated by using the constants for IPA. Using
literature values for IPA (y = 2.212x107 kg/m, p = 786 kg/m’, n = 2.3703x107
kg/ms) an estimate for the static liquid film thickness prior to drainage and formation
of the solid thin film through hydrolysis formed at high withdrawal rate of 2.5 mm/s
is9—10 um.

To account for the transition from a liquid to solid thin film through
evaporation processes, a material proportion constant (k) term can be introduced

such that:

h ~ kD [U]?/3 (Eq. 4.10)
The k term is specific to the initial precursor in each case and is a volume proportion

constant for the material mixture within the liquid solution and defined by

cM
ap

k = (Eq. 4.11)

where C is the inorganic precursor concentration, M is the inorganic material molar
weight, o is the fraction of the material in the film and p is the density of the
inorganic material.*® (Note: o; was originally calculated by Faustini ez. al. through
comparison of the initial and final refractive index of the material.*' As the value is
given as “the fraction of material in the liquid film”, the percentage amount of the
vanadium oxide and additive was calculated through their respective molar masses

within each precursor and used in calculating the kg value)

An estimate for an equivalent k value (kg) for the LCP and HCP precursors is

0.76 and 0.79 respectively. A k value can be calculated (kc) for each solution using
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the experimentally obtained thin film thickness; the kc for the LCP and HCP
precursors is 1.69x10~ and 4.08x10~ respectively, which is two orders of magnitude
lower than that of the estimated kg. The kg and k¢ values for the different precursors
is shown in Table 4.2. The k¢ value is two orders of magnitude smaller than kg. It
can therefore be assumed that the solid thin film which results from the initial liquid
thin film cannot be calculated through a simple relationship between the “solid”
materials in the precursor; instead, the thin film forms through the evaporation and
phase change that occurs after deposition during this time. The experimentally

calculated kg value incorporates this process for each precursor.

Table 4.2. Calculated k values for each of the precursors:

Precursor kg Kkc kc/ Kg
LCP 0.76 1.69x107 452.94
LCP-PEG 0.76 3.52x107 214.17
HCP 0.79 4.08x107 195.35
HCP-PEG 0.77 7.13x107 106.94

Typically, k is cited for sol-gel systems with a large volume fraction of
inorganic material. In the present case, the molar volume fraction of inorganic V-O
species in each solution is several orders of magnitude smaller than that of the IPA.
Also, unlike many sol-gel systems, thin films formed from alkoxides and
carboxylates do not form through evaporation of the solvent alone, but also convert
from one compound to another when transitioning from their liquid film phase to a

solid thin film phase due to hydrolysis and condensation effects. To explain the
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difference in the estimated and calculated k values the formation processes of the

thin film were examined optically during deposition.
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Figure 4.15. Optical images of a glass substrate being dip-coated over time. The
formation process from a liquid solution film to a solid stoichiometric V,Os thin film
through a combination of evaporation, hydrolysis and solidification is shown
optically and schematically.

The formation process of the V,Os thin films during deposition is
demonstrated in Figure 4.15, where the initial liquid film is first deposited onto the
substrate using fast-rate dip-coating to an estimated thickness of ~9.7 pm. The solid
V,0s thin film forms through the evaporation of IPA and the subsequent hydrolysis
of the alkoxide and additive into a solid thin film; a process which begins at the top
of the deposit and proceeds down the substrate over time. This formation process is
shown in the optical image of Figure 4.15 and the accompanying movie hosted

online (http:// www.nature.com/article-assets/npg/srep/2015/150630/srep11574/extref/srep11 574-s2.m0v) .

The change in thin film thickness occurs during the short hydrolyzation and
condensation step after IPA evaporation. The liquid/solid phase change of the

alkoxide precursor is the mechanism through which the solid thin films are formed
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after the initial liquid film is formed; the estimated k& value does not take this change
into account resulting in a lower estimated thin film thickness. The experimental
results provide an empirical value for £ which takes into account the phase change
processes for each of the precursors. It is due to this phase change process which is
characteristic to the alkoxide based precursor solution which allows for thin films
with nanometre scale thicknesses to be deposited at a dip-coating rate of 2.5 mm/s

which is within the Landau-Levich draining regime.

The effects of the PEG additive within the thin film pre- and post-thermal
treatment is shown to influence the long range order of the deposit and therefore the
optical characteristics of the thin film are affected. The higher dilution concentration
of alkoxide/PEG to IPA in the HCP-PEG thin films and the influence of PEG
addition respectively results in a different morphology, surface roughness, thickness
(see Figure 4.5 and Figure 4.7) and optical transmission characteristic for the HCP
and LCP-PEG thin films. The profile of the transmission spectra for the HCP-PEG
thin films in Figure 4.8 (a) shows extra features, indicated by an arrow, when
compared to the spectra for the corresponding HCP thin film, particularly after
thermal treatment. During deposition, the PEG does not have sufficient time during
the hydrolyzation step to spread homogenously throughout the thin film; instead the
PEG clusters around the amorphous V,0s inclusions resulting in a rougher surface
morphology as shown in the AFM data above. The rougher morphology
subsequently allowed for selectively higher PEG decomposition during the thermal
treatment resulting in the formation of voids and surface fracturing as was also

observed for the drop-cast films shown in Figure 4.1 (b).

This change is attributed to an increase in disorder within the thin films from

the higher IPA:alkoxide dilution which resulted in a more densely packed thin film
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with a higher optical conductivity. The thin films crystallise from amorphous
deposits, but optical data is acquired at room temperature, thus no insulating phase
transition accounts for a change in optical conductivity and transparency. The
presence of other phases of reduced vanadia may explain absorption due to intra-
bandgap states; the exact reason is as-yet unclear. The films formed from these
precursors can comprise some VsO;3 and tetragonal V,0s altering the total

absorbance of the thin films.

Oxygen emission at temperatures >300 °C is known to occur in V,0s, and in
the present case of thin films from PAD methods, other phases such as tetragonal
V,0s5 and monoclinic V¢O;3 result from vanadyl oxygen vacancy formation in
orthorhombic V,0s. Creating donors due to oxygen vacancies can increase optical
conductivity (n = [donors] — [acceptors]), and lower transparency (or at least shift the
onset of absorption to the red due to a Burnstein-Moss shift). Based on HRTEM
analysis of the crystallization mechanism and the densification of nanoscale
crystallites of V,0s during thin film formation, the reduction in optical transparency
is likely caused by changes to the optical constants by an increase in the effective
refractive index. Our measurements confirm that inherent porosity and voids of non-
V,0s regions define an effective medium with a lower effective index**’. These
thin film optical coatings with uniform coverage provide higher transmission without
undergoing a metal-insulator transition (MIT) due to a phase change, but alter optical
constants due to the nanofluid-like composite structure of the coating prior to
crystallization and densification. In trying to explain MIT effects in V,0s thin films*®
the structure of the film and void content, which can significantly alter optical

constants and provide high grain-density resistance paths for conduction should be
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considered, as it defines the optical conductivity and transparency of conductive thin

films.*

While the amorphous as-deposited films (with and without PEG) have optical
transitions indicated by extrapolation from a single linear region in Figure 4.8 (b),
the crystallized thin films show two linear regions at energies higher than the Urbach
tail, suggesting absorption contributions from multiple VO phases. For the thin films
which exhibit this lower energy gap the absorption edge and value are highlighted in
red in Figure 4.8 (b). The energy difference between the higher and lower energy
region in the crystallized thin films is larger for the films from high-dilution

precursors.

The thermal processes that lead to different thickness, uniformity, roughness
and crystallinity of the V,Os thin films after thermal treatment were further studied
by dip-coating onto SizNs TEM window grids. Analogous to liquefied polymer
films, dilution which alters the molecular weight of the overall precursor also alters
the viscosity, density of V,0Os formation and thus processes and forces associated

5051 The dynamic formation of V,0Os inclusions

with dewetting and phase separation.
during hydrolysis is similar to nanoparticle covered and nanoparticle-embedded
polymer films, where the nanoparticles prevent dewetting and control the
development of patterning and roughness development during solidification.’*>*
Embedded nanoscale inclusions can potentially enhance the stability of films formed
during polymer-assisted deposition, yet the process of oxide formation during film
growth under faster withdrawal speeds that negate dominant effects of meniscus and

drying fronts at the air-liquid interface (hydrolysis occurs affer the dip-coating in the

‘draining’ regime, which defines the thickness) has not been investigated.
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In-plane HRTEM, AFM and Raman scattering spectroscopy showed that the
presence of PEG in the as-deposited thin films of VO does not impede the formation
of orthorhombic V,0s after a thermal treatment at 300 °C. The effect of the removal
of PEG from the LCP-PEG samples was only evident in the formation of a
pockmarked structure which was visible by HRTEM imaging shown in Figure 4.12.
The comparison between the surface morphology of thin films produced from a low
dilution solution with/without PEG addition shows that the surface morphology of
these thin films differs in their smoothness as shown by AFM. Thin films formed
without the addition of PEG have a surface composed of single crystalline grains of
V,0s5 with well-defined in-plane grain boundaries on the atomic scale. Thin films
prepared with the addition of PEG are composed of a polycrystalline V,0s due to the
heterogeneously mixed polymer in the as-deposited thin films necessitating the

formation of small crystal grains.

4.5  Conclusions

Thin films of V,0s of varied surface morphologies and characteristics were
deposited using fast-rate dip-coating such that the effects of PAD and dilution
changes between the alkoxide/additive pair and the IPA solvent of an alkoxide based
precursor were studied. Alterations to the precursor solution were shown to have
significant effect on the thin film morphology and structure both pre- and post-
thermal treatment. The optical properties, including conductivity and transparency
associated with non-uniform demixing of polymers within the thin films, was also
examined for the resultant amorphous as-deposited thin films and shows that
uniform mixing of the polymer additive within the amorphous film is required to

maintain long range order. The production of thin films by single dip or iterative dip
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coating at high rate with sub 100 nm thicknesses is possible due to the phase change
of the alkoxide based precursor during hydrolysis and condensation after the

formation and subsequent evaporation of the carrier solvent film.

Thin films containing discontinuities that contribute to higher roughness via
demixing/dewetting effects can form surface cracks and surface-bound crystallites
when crystallized. The presence of other phases of VO was also found for these
samples and was attributed to pseudosymmetry breaking in the layered orthorhombic
crystal structure: the small proportion of extra phases of VO are likely contributors
to additional absorption in the transmission spectra as the thickness and
discontinuities are sub-wavelength and do not contribute to significant scattering.
Samples deposited from a low dilution precursor solution with the addition of PEG-
400 for PAD effects produced the most uniform thin films of orthorhombic V,0s
with a low surface roughness both pre- and post-crystallisation. In these thin films, a
significant presence of other VO phases was not found through either Raman

scattering or UV-Vis spectroscopy.

Using a combination of HRTEM, AFM and Raman scattering techniques, the
effects of PAD on the crystallisation of V,0s thin films were studied in an in-plane
configuration. PAD effects on the V,0s thin films were shown to alter the
crystallisation mechanism such that a polycrystalline structure composed of small
high density grains was formed as opposed to a larger granular structure which forms
without PAD effects. The smaller grains of the thin films formed through PAD
processes are attributed to the heterogeneous mixing of PEG within the as-deposited
thin film resulting in smaller crystal grains forming during thermal treatment. The
small crystal grains were shown through in-plane HRTEM and AFM to result in a

uniformly smooth surface morphology with a low rms roughness.
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The study of the type formation characteristics and subsequent analysis of
alkoxide based fast-rate dip-coated thin films in this work indicates a promising
method for optoelectronic oxide material deposition in thin film transistors,
functional coatings and as oxides for electronic devices that are processed on flexible
substrates or plastic electronics (amorphous room-temperature oxides, or crystallized
films on polyimides for example). The applications of the PAD process is potentially
a useful solution-processable low cost approach for controlling the types of thin
films that can be deposited. By cataloguing the effects of the precursor alterations,
unwanted thin film attributes such as roughness can be systematically removed, or
enhanced for influencing light-matter interactions as desired. This particular
approach does not necessitate new precursor development and outlines how the
rheology and chemical conversion characteristics of precursor solutions can provide

a range of uniform thin films.
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Chapter 5

Optimizing V205 Dip-Coated Thin Film

Depositions
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Glynn, C. et al. Optimizing Vanadium Pentoxide Thin
Films and Multilayers from Dip-Coated Nanofluid
Precursors. ACS Appl. Mater. Interfaces 6, 2031-2038
(2014).
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Abstract

Using an alkoxide based precursor, a strategy for producing highly uniform
thin films and multilayers of V,0s is demonstrated using dip-coating. Defect free
and smooth films of V,0s on different surfaces can be deposited from liquid
precursors. The formation of pinholes due to heterogeneous nucleation during
hydrolysis as the precursor forms a nanofluid is shown. Using knowledge of
instability formation often found in composite nanofluid films, and the influence of
cluster formation on the stability of these films, it is shown how polymer-precursor
mixtures provide optimum uniformity and very low surface roughness in amorphous
V,0s5 and also orthorhombic V,0s after crystallization by heating. Pinhole and
roughness instability formation during the liquid stage of the nanofluid on gold and
ITO substrates is suppressed giving a uniform coating. Practically, understanding
evolution pathways that involve dewetting processes, nucleation, decomposition or
hydrolysis in complex nanofluids provides a route for improved uniformity of thin
films. The method could be extended to improve the consistency in sequential or
iterative multilayer deposits of a range of liquid precursors for functional materials

and coatings.
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5.1 Introduction

In Chapter 4, the preparation of solution processed V,Os thin films was
examined. In this chapter, the formation of defects within these thin films and
methods for halting their formation is studied. Thin films grown from liquid
precursors or solutions are often subject to sol-gel processes that influence
uniformity." Thin films, hybrid films and nanocomposite derivatives are important
since their mode of processing often mimics that of polymer films, and often possess
the properties of both the inorganic and organic phases. These different levels of
complexity make controlled assembly or uniformity over a large dimension a major
challenge of modern materials chemistry.” Thin films of alternative composite
materials, those formed by the addition of nanoparticles of inorganic species to
polymer films, i.e. nanofluids, offer the possibility of creating materials with features
on the nano/microscale’ with tunable properties due to nanoparticle-matrix, and
nanoparticle-nanoparticle interactions.*” While there has been significant research
on the stability of thin polymer films, on particle aggregation, and the controlled
assembly of monolayer and assemblies of nanoparticles®, the knowledge of the
stability of films of hybrid materials, those where inorganic units are formed in situ
by molecular precursors, s still being developed.’

Hybrid thin films, and indeed many physical and chemical vapour deposited
thin films, rely on a high degree of uniformity and low roughness, and such degrees
of morphology and composition control are difficult to produce in dip-coated or
spin-cast liquid precursors due to their sensitivity to dewetting on various substrates.
This difficulty is compounded by complications arising from the chemical
decomposition and phase changes during hydrolysis or pyrolysis, which can often

lead to a high density of inorganic units within the originally liquid film. Many of
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the classical inorganic solid state materials are formed using solid precursors and
high temperature processes, which are often not compatible with the presence of
organic groups because they are decomposed at elevated temperatures.” In some
cases, this decomposition can prove useful when forming a metal oxide from a more
complex organometallic or related derivative, and subsequent incorporation of
polymeric/organic species can then influence growth.

Dewetting effect of liquids on surfaces can limit the spreading uniformity of
liquid precursors, and applies to deposition on planar and non-planar substrates; the
phenomenon is found with oil on a hot pan to more complex examples such as spin
cast polymer films that are heated.'” Research into bottom-up deposition methods is

important for complex oxide films''™"'?

, and directed self-assembly and block
copolymer based techniques” augment well-known processes involving sol-gel or
molecularly engineered clusters such as organometallic, covalently or coordinatively
designed precursors to help in the design of new functional materials, assemblies,
arrays or coatings.'*'°

Several reports have shown that dewetting of thin liquid polymer films could
be suppressed by the presence of ‘inclusions’, typically nanoparticles or small
additives, with the resulting polymer film exhibiting spinodal character.” ' Spinodal
clustering and nucleation dewetting effects are characterized by specific pattern
formation in surface films that are defined by a definite wavelength in their

c . 16,18
distribution. ™

This wavelength is indicative of a perturbative instability that forms
within the liquid resulting in a random orientation of features, where each feature is
equidistant in all directions from the next-nearest neighbour.'’ These effects are

likely in liquid alkoxides and similar precursors® that solidify in time to form

another phase that is amenable to a thin film deposit. Recent papers identified
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definite control over polymer film smoothness and patterning by using Au
nanoparticle networks on the surface of films, or Cg fullerene structures within
PMMA films, or even by the addition of colloidal quantum dot nanocrystals within

510172122 1y a]] cases, beading of the polymer into

polymer films as a composite.
typical Voronoi tessellations is prevented and several models have been advanced to
explain these effects.’

During alkoxide hydrolysis, a system that is chemically well understood, the
solidification during oxide formation is as a result of an ever increasing density and
association of oxide entities within a liquid that increases in viscosity until a solid
film forms.”® Such a system is reported upon and shows that these effects are not
only similar to nanoparticle-loaded liquid polymer films that do not fully dewet a
surface, but help to understand the underlying process that defines the hydrolysis of
an alkoxide of vanadium to vanadium oxide, and influences the resulting

24-25
1.

morphology of the nominally layered materia The production of devices from

thin films of amorphous metal oxides has been recently studied and new techniques
are always being examined for their synthesis.***

It is demonstrated that the well-known alkoxide of the transition metal
vanadium, in liquid form on a surface to which it wets, undergoes a mechanism of
competitive nucleation dewetting and solidification via hydrolysis that influences
and defines the final structure and morphology of the film.?**

The potential similarity to polymer-NP composited films inspired the search
for the underlying mechanism of this classic phase formation process and to develop

a protocol allowing optimization of the uniformity of thin films from liquid based

precursors that solidify through hydrolysis. The addition of polyethylene glycol
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(PEG) or an increase in the viscosity of the alkoxide mixture can minimize pinhole

formation and non-uniformities in coated thin films.

5.2 Experimental

5.2.1 Substrate Preparation and Deposition

Two of the solution processed deposition techniques were used for preparing
the samples studied in this chapter. Drop casting was used to deposit irregular bulk-
films of V,0s while dip coating was used to form uniform thin films. Thin films
were dip-coated onto both Au and ITO coated glass substrates due to their
prevalence as current collectors for applications involving V,0s. A precursor
solution composed of IPA : Alkoxide : HO prepared at a ratio of 1000:10:1 was
used for the depositions which formed surface pinholes. A withdraw rate of 2.5
mm/s was used for depositing the thin films in this work. The Au substrates were
composed of borosilicate glass cantilevers, 60 mm in length and 3 mm in width,
coated with a 10 nm Ti adhesion layer and a 250 nm Au layer. The Au coated
substrates were thermally annealed at 650 °C for 90 s prior to deposition of the
precursor to produce larger Au grains and prevent delamination of the Au occurring
during the thin film deposition. The growth in grain size due to annealing is shown
in Figure 5.1 (a,b). The ITO coated glass was cleaved into strips 25 mm in length
and 3 mm wide for direct comparison to the Au substrates. Multiple coatings were
performed through dip-coating to produce thin films with a desired thickness. To
examine the changes between subsequent layers, “staircase” samples (see Figure 5.2)
were prepared by successively dip-coating thin films with shorter film lengths on top

of underlying layers such that the morphology of each successive layer could be
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examined on a single sample. After deposition, the samples were UV-Ozone treated

for 30 minutes.

annealed
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Figure 5.1. SEM mags of Au substrate (a) un-annealed and (b) annealed,
illustrating the increase in the grain size.

5.2.2 Characterisation and Analysis Techniques

The films were characterised using Raman scattering spectroscopy collected
with a Renishaw InVia Raman spectrometer at 514 nm. XRD of the drop-casted
samples was performed using a Phillips Xpert PW3719 diffractometer using Cu Ka
radiation (40 kV and 40 mA) scanned between 10° - 40°. Surface morphologies were
examined using SEM and AFM. XPS spectra were acquired on an Oxford Applied
Research Escabase XPS system.

Structure factors used for examining the spatial arrangment of pinholes
within films were acquired by carefully thresholding digital images and obtaining
fast Fourier transforms (FFTs). Random distributions of features without any
definitive wavelength in position give a decaying intensity from the maximum

intensity (000) central mode.
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5.3 Results and Discussion

5.3.1 Surface Pinhole Formation

Thin films of V,0s were prepared using two deposition techniques: Drop
casting and dip coating. During drop casting, the precursor is dropped onto the
substrate to initiate the hydrolysis step, and is unconstrained. The length of time for
the hydrolysis step to completely form a V,Os solid film is dependent upon the
alkoxide concentration. While still in liquid form, the precursor can spread across the
surface of the substrate (unlike the case of dip-coating) until the hydrolysis is
complete. Unlike most transition metal alkoxides that form particulate structures, the
layered molecular structure of vanadium oxide allows a dominant layering of the

25, 30

crystal structure parallel to the substrate. Recently it has been shown that dip-

coating of vanadium alkoxide precursors can result in surface cracking of the thin
films.”

During dip-coating the substrate is drawn from the precursor at a controlled
rate with the hydrolysis occurring once exposed to air. The hydrolysis of the
alkoxide to its oxide after dip-coating occurs rapidly so that an amorphous V,Os thin
film is formed and the increased dewetting and beading normally experienced by the
drop casted liquid thin films is prevented.

Figure 5.2 (a) is an SEM image of the surface of a thin film of as-deposited
V,0s5 on an Au substrate. The sample was deposited in a staircase configuration,
depicted in the schematic in Figure 5.2 (a) which is composed of iterative dip coats
after hydrolysis has occurred to form a multi-layered deposit. The low magnification
SEM image shows the film surface and interfaces for the Au substrate and the first
two successive layers of V,0s. The interfacial regions are highlighted for visual aid.

Each successive layer thickness of V,0Os is measured to be 15 — 18 nm. The AFM
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insets show the surface morphology of each of the surfaces respectively. The first
dip-coated layer of V,0s on Au exhibits a similar morphology to the Au grains while
the AFM image shows the formation of pinholes on the surface of layer 2. The AFM
surface image of layer 2 is that of a typical V,0s film formed on top of a previously
formed V,0s film on an Au substrate, i.e. the second, third, etc. layers. Small 25 — 35
nm diameter pinholes, which are between 6 and 10 nm deep, were revealed by AFM
analysis. These features are characteristic of oxide thin film formation from liquid
alkoxide precursors based on our examinations. The pinholes are only apparent on
the AFM image; their shallow depth and the secondary electron intensity from the
underlying Au substrate beneath the film reduce the visibility of small defects in the

V,0s film from SEM images as can be seen in Figure 5.3.
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Figure 5.2. (a) AFM and SEM images of as-deposited V,0s film on an Au substrate
with the interfaces highlighted between each successive layer. AFM images showing
the morphology of the (i) Au substrate, (ii) first layer of V,Os film and (ii1) second
layer of V,0s film with formation of pinholes visible. The schematic architecture of
a ‘staircase’ thin film sample. (b) AFM and SEM images of V,0s drop casted on
glass. (c) AFM image of dip-coated V,0s film on an ITO substrate. Pinholes of
different distributions and sizes are present in these samples compared to films
formed on Au substrates. The unit for the AFM sidebars is in nm.
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The as-deposited surface images from AFM and SEM for drop casted films
on glass are shown in Figure 5.2 (b). Due to the increased hydrolyzation time
involved in drop casting (compared to dip-coating of thinner films), V,0Os films
formed on different substrates by drop casting share similar morphologies. Both
surface bound hillock features and pinholes are present in the thicker drop casted
film in Figure 5.2 (b) as seen from both the top down and AFM images, confirmed
by SEM showing the presence of hillock features on the surface. The surface
roughness of the drop casted film from the AFM images displays a labyrinthine
topology that is similar to spinodal instability (buckling and undulations) effects'" **

seen in polymer thin films, and that such features of fully hydrolysed amorphous

V,0s films are seen when thicker drop cast films are examined."’

Sbm

a ; >
Figure 5.3. (a-c) SEM images of thin films of V,0s deposited on an Au substrate
highlighting the visibility of the Au grains beneath the V,0s.

5.3.2 Pinhole Formation Analysis
The formation of pinholes that are similar to nucleation dewetting effects in

composite liquid polymer films, is also observed on dip-coated V,Os thin films
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formed on ITO substrates shown in Figure 5.2 (¢). The pinholes formed on the ITO
have a characteristically larger size and shape compared to those formed on the
rougher, granular Au surface. The pinholes formed on ITO have a lower spatial
distribution on the thin film surface compared to those on Au. The pinholes on ITO
are also formed from the first layer and maintained in subsequent dip-coated layers.
As-deposited amorphous V,0s thin films deposited on ITO also contain hillocks of
material on their surfaces, as seen in Figure 5.2 (c); hillock formation is a common
trait between the thin films formed on both Au and ITO substrates. It is not entirely
clear from measurement of multilayer deposition if the movement of material during
pinhole formation is related to the density and size of hillocks, but typically, their
density and position is not spatially correlated to the distribution of the pinhole

features in the first and subsequent layers.

Table 5.1. Total percentage area coverage and average size of pinholes on the
surface of thin films of V,0s deposited onto Au and ITO substrates.

Substrate Percentage of Total Area Average Size
(%e) (nm)
Au 7.0 25.1
ITO 7.9 111.5

The Au substrates are measured to have a greater rms roughness (5.43 nm)
than the transparent ITO substrates (2.03 nm). The roughness of the amorphous thin
films formed on the Au and ITO substrates are 2.61 nm and 0.68 nm respectively:
for both types of films the rms roughness of the amorphous thin films is less than

that of the respective metal or ITO substrates.
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Figure 5. 4 AFM images, topology and depth proﬁles for plnholes formed on (a) Au
and (b) ITO substrates. The schematic illustrates the various phases of film
hydrolysis: (1) dip-coating of liquid precursor that (2) develops a hydrolysed wetting
layer to the surface with the continual formation of oxide clusters within the
hydrolysing films which leads to the formation of (3) a roughened, pinhole-
containing solid film.

During the hydrolysis step, the liquid film forms clusters of hydrolysed
amorphous V,0s which are suspended in the liquid precursor until hydrolysis is
complete and the solid film has formed. This effect may be described as a thin film
mixture where the solvent and solute are the liquid precursor and hydrolysed
amorphous V,0s respectively, similar to Class I hybrid nanocomposite blends. The
deposit is somewhat analogous to network modifiers in sol-gel processes involving
blends of molecular building blocks, but here, these building blocks form in-situ
during the chemical change.’ Similar systems have been examined in the case of
thin polymer films containing mixtures and suspensions.” Recently, a gradient
dynamics description was proposed for films of mixtures and suspensions involving

a concentration-dependent wettability for liquid films containing suspensions.” The

model details an ability of a film containing a suspension to modulate its thickness
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and concentration simultaneously, giving rise to feature formation. In the present
case, the increasing viscosity during hydrolysis to a solid oxide from its alkoxide
complicates the comparison to particle-loaded liquid polymer films, but motivated
the experimental investigation into improving the uniformity in thin film formation
by supressing instabilities that can form in the thin film in its liquid state prior to
solidification by hydrolysis.

Figure 5.4 (a-b) shows the morphological characteristics of the two types of
pinholes formed on Au and ITO substrates respectively. The pinholes formed on Au
substrates are generally smaller (in width) but consistently deeper (6 — 9 nm),
compared to shallower (3 — 5 nm) pinholes in V,0s films on ITO. On ITO the
pinholes are predominantly non-circular with a significantly larger width to those on
Au. As the precursor hydrolyses and solidifies after deposition, the form of
dewetting process, including instabilities caused by lateral variations in nanoscale
oxide cluster density throughout the films, thickness variations and changes in
material parameters during hydrolysis to it oxide form, are halted by solidification
leaving a solid film with a random distribution of pinhole defects. These defects are
also observed on secondary, tertiary and further sequential layers of the thin film

multilayer.

Figure 5.5. Example of technique for acquiring FFT images of pinhole distribution
on the surface of V,0s thin films. (a) AFM image of pinholes on a V,0s film, (b)
Thresholded binary image of pinhole distribution, (¢) FFT of thresholded image
illustrating the average distribution of the pinholes on the surface.
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The distribution of the pinhole diameters formed on Au is shown in the
graph for Figure 5.6 (a), the pinholes form in varying sizes with an average diameter
(longest axis) of 27.3 nm. Statistical analysis of AFM images shows that the pinholes
cover less than 8% of the total surface area for both types of substrates (this
information is summarized in Table 5.1).

The distribution of the pinholes on Au was examined using Fast Fourier
Transforms (FFT) of the AFM data. The FFTs were performed to ascertain any
periodicity in the distribution of the pinholes, the method used in calculating the
FFTs of the pinholes is outlined in Figure 5.5. The FFTs for the two layers shown in
Figure 5.6 (b-c) indicate that the pinholes are randomly distributed on the surface of
both Au and ITO surfaces due to the lack of evidence for a characteristic inter-
feature wavelength expected in samples that undergo defined instabilities, such as
spinodal decomposition, or influences from lateral concentration variations'’

(Marangoni and other instabilities that assume the oxide clusters are mobile).

@ ©_____
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Figure 5.6. (a) Diameter distribution of pinholes formed on the surface of an Au
substrate. (b-c) AFM surface image and corresponding FFT of pinhole distribution
for two subsequent layers of V,0s thin films on Au. The FFTs illustrate the random
distribution of the pinholes.

Pinhole formation in liquid polymer films that contain nanoscale inclusions
that prevent complete dewetting typically result from heterogeneous nucleation.
Pinholes formed through this mechanism that open right down to the substrate
become pinned in liquid films, but typically are not found in the present case even

during the early stages when the dip-coated film is liquid. This effect is believed to
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be due to a very thin wetting layer that instantaneously hydrolyses due to the
presence of adsorbed water molecules on the substrate as shown in the schematic of
Figure 5.4. AFM measurements in all cases consistently show a lesser pinhole depth

compared to the average final film thickness.

5.3.3 Thin Film Structural Characterisation

To examine the influence of crystallization on the morphology of thin films,
the V,0s films were crystallized in air using a convection oven at 300 °C for 12
hours. The surface of the films was examined post-crystallisation to ascertain the
changes to the thin film morphology after the phase change from amorphous to

orthorhombic V205.33 34
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Figure 5.7. Post-crystallization AFM and SEM (insets) images of V,0Os thin films on
(@) Au and (b) ITO substrates. The images show the formation of dispersed
crystallites on the surface. Evidence of pinhole remnants are highlighted with arrows
in (a)

Figure 5.7 (a-b) show the AFM and SEM surface images of the crystallized
V,0:s films on both Au and ITO substrates respectively. In both cases crystallites of
V,0s form on the surface of the thin films with an average height of 31.7 nm and
36.8 nm on both Au and ITO respectively. In the case of the thin films on Au, the
pinholes are still apparent on the AFM images, highlighted with red arrows, while

their average depth is reduced to 4.8 nm. The rms roughness of the orthorhombic
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V,0s thin films on Au and ITO is 9.7 nm and 5.9 nm respectively. The increase in
roughness is predominantly related to the changes caused by crystallization, the

greatest roughening found for thin films on Au.
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Figure 5.8. (a) XPS spectra of amorphous and crystalline V,0s thin films on ITO
showing the contribution of photoelectron emission from the underlying substrate
due to the thinness of the film. (b) Raman scattering spectra of the as-deposited and
crystallized films for successive films in the multilayer.

An XPS spectrum, Figure 5.8 (a), was acquired for both an as-deposited
amorphous and crystallized single layer thin film of V,0Os deposited on an ITO
substrate. The as-deposited and crystallised spectra show the expected V2ps3;, V2pi.

and O 1s XPS peaks for V,0s at 517.5 eV, 524.6 eV and 530.6 eV respectively.*®
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The presence of the oxygen XPS peak at 532.6 eV is not attributed to the formation
of another vanadium oxidative state in the film.>>>°
The O 1s core-level emission is due to contributions from the ITO conductive

layer and the SiO, substrate underneath the V,0s thin film. 37

The low intensity 3d
core-levels peaks for Sn and In are shown in Figure 5.9. The presence of XPS peaks
for the substrate underneath the thin film is due to the thinness of the single layer of
V;,0s. The XPS study demonstrates that the V,0s films are free of surface

contaminants from the alkoxide precursor or other sources. Additionally, the

oxidation state for as-deposited and crystallized films remains unchanged.
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Figure 5.9. XPS spectrum showing the presence of the Sn 3d and In 3d XPS peaks
corresponding to the ITO substrate beneath the V,0s thin film.

Figure 5.8 (e) shows the Raman scattering spectra of the V,Os thin film
coatings on Au before and after crystallization. The as-deposited thin film is
amorphous V,0s, thus no specific phonon modes from the known V-O bond
structure are found. Post-crystallization, the characteristic vibrational peaks for
orthorhombic V,0s are present, and identical to that expected from the lamellar
phase for the material.”** Multilayers of V,Os from iterative dip-coating also

crystallize to orthorhombic V,0s, a stoichiometric phase that can be difficult to
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control using CVD, ALD and related physical vapour deposition methods.
Conventional XRD was found to be inadequate in determining the crystal structure
of the thin films. To correlate the Raman scattering spectra of the thin films to X-ray
diffraction characteristics of V,0s, a thick film with a high surface area was
produced by drop casting the precursor followed by crystallization. The (001)
reflection for orthorhombic V,0s5 at ~20.5° is shown in Figure 5.10 (a) and can be
correlated to the Raman scattering spectra for orthorhombic V,0s in Figure 5.10 (b).
Additionally, the uniformity in the morphology and consistent low roughness is
remarkable for single and multilayer deposits on metallic and transparent conducting

oxide (TCO) substrates.
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Figure 5.10. (a) XRD and (b) Raman scattering spectroscopy of drop-casted V,0s
film showing the formation of orthorhombic V,Os after crystallization. (Peaks
highlighted with a # in the XRD pattern are artefacts of the machine)

Most polymers are immiscible with alcohols, particularly alcohols released
during the hydrolytic sol-gel process and phase separation becomes a problem for
uniform film coverage. Utilizing polymers that are soluble with decomposition
alcohols as the liquid film hydrolyzes as a cluster-containing solid film, could

potentially alleviate concentration variations and unwanted structuring from these

effects, which are detrimental to functional electronic and optical coatings and

films.*!
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5.3.4 Methods for Relieving Pinhole Development

As with liquid polymer films, a change in molecular weight of the precursor
and the viscosity fundamentally affects processes such as dewetting, nucleation,
demixing and phase separation, and in those cases are fundamentally linked to
gelation via hydrolysis where the material essentially contains internal ‘pores’ that
allow the release of the alcohol, and eventual solidification. Furthermore, this
uniformity should also be maintained when crystallizing the thin films after
deposition. To improve film consistency and suppress pinhole formation through
nucleation effects, a precursor was prepared utilizing polymer-assisted V,0s thin
film synthesis. The hydrophilic and alcohol-soluble PEG-400 (m.w. = 400 g/mol)
was added to the precursor to bind the amorphous V,Os clusters together during the
hydrolysis of the liquid precursor stage. The AFM surface images for the
corresponding V,0s thin films, pre- and post-crystallization, formed using this

polymer-assisted alteration are shown in Figure 5.11 (a).
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Figure 5.11. AFM images pre- and post-crystallization for (a) polymer-assisted low
concentration and (b) high concentration V;,0s thin films formed on ITO. (c) Raman
scattering spectra showing the formation of crystalline orthorhombic V,0s from both
films. The peaks marked with diamonds are due to the layered structure of the films
and the presence of small amounts of VO,. The broad background seen in the
polymer-assisted spectra between 400 cm™ — 700 cm™ is due to the thinness of the
film and the interaction with the ITO and glass substrate.
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The resultant thin films have a uniform surface morphology and no evidence
of pinhole formation is found. The Raman scattering spectrum, included in Figure
5.11 (c), shows the formation of orthorhombic V,0s after the thermal treatment. The
surface rms roughness for the amorphous and orthorhombic polymer-assisted V,0s
thin films is 0.57 nm and 0.74 nm respectively. Crystallization also calcines the
mixture, removing the organic component and from Figure 5.11; the organic phase
decomposition does not adversely affect the morphology of the thin films as shown
previously in Chapter 4. Additionally, during the hydrolysis, the PEG is soluble in
evaporating alcohols and may aid in preventing material cracking, and promote a
smoothening of the surface topology by preventing instabilities forming within the
hydrolysing film. By utilizing the polymer-assisted blend, a uniform non-defective
thin film of orthorhombic V,0s was prepared with a surface roughness an order of
magnitude below that of thin films prepared without the addition of a polymer.

A secondary method for smoothing the surface topology is demonstrated by
increasing the concentration of the precursor in the IPA-alkoxide mixture. This
decreases the hydrolyzation time of the liquid film, and is found to suppress the
formation of pinholes in the initial amorphous layer. The decrease in hydrolyzation
time does increase the thickness of the single layer to 35 — 40 nm per layer. As in the
case with the polymer-assisted films, the resultant thin films have a uniform surface
morphology with a low rms roughness of 0.56 nm. However, after crystallization of
higher concentration alkoxides (without PEG), large crystallites form on the surface
and the rms roughness increases to 5.61 nm, which correlates to similar
crystallization behaviour of the thin films without polymer addition. Raman
scattering spectra in Figure 5.11 (c) show the characteristic vibrational peaks for

orthorhombic V,0s, however, the presence of extra peaks at 168 crn'l, 846 cm'l, 880
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cm™ and 935 cm™, are attributed to contributions from the layered structure, or the
presence of VO, in the polymer-assisted thin films as discussed in Chapter 4. VO,
phases in thin films with textured surface have been grown from vanadium
triisopropoxides under atmospheric pressure chemical vapour deposition
(APCVD).** While increasing the concentration of the precursor can halt the
formation of pinholes and surface texturization from grains or nanoscale clusters in
V05 thin films at the nanofluid stage, the polymer-assisted method with more dilute
alkoxide mixtures has the additional benefits of lower single layer thicknesses (V,0s

only) and a very low surface roughness both before and after crystallization.

5.4 Conclusions

Using an alkoxide based precursor and cost-effective dip-coating techniques,
a rational strategy for the deposition of highly uniform thin film and multilayers of
V,0s5 on a range of surfaces from liquid based precursors was demonstrated. The
nature of hydrolysis of the layered material V,0s from its alkoxide has been shown
to strongly influence the uniformity of thin films formed on Au and ITO substrates
as single thin films and as thin film multilayers. Utilizing knowledge of instability
formation in liquid thin films and the influence of clusters as a nanofluid on the
stability of such films, the addition of polymers to the nanofluid drastically improves
uniformity and smoothness for amorphous and crystalline phases of V,0s that can
exceed that of physical and chemical vapour deposition methods.

The choice of substrate was found to have an effect on the type of pinholes
formed. Small diameter pinholes with a high distribution are found for V,0s films
deposited on granular sputtered Au films, while those on ITO substrates have a large

irregular size and lower distribution. AFM and electron microscopy confirmed
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pinhole formation in addition to a specific surface roughness that is correlated to
heterogeneous nucleation dewetting effects caused when the alkoxide was in its
liquid state. The surface roughness and wettability of the substrates combined with
the alkoxide to solvent ratio of the precursor are associated with the formation of the
pinholes.

The primary difference between the two systems is that due to the hydrolysis
effect experienced by the alkoxide precursor in the formation of the V,0Os, the thin
films produced solidify prior to the full dewetting and nucleation process can finish
as found in polymer films. To reverse the formation of pinholes and hillocks in the
V;,0s, a polymer assisted synthesis using PEG-400 altered the hydrolysis and
gelation point of the nanofluid during solidification such that an ultra-smooth surface
is possible without pinholes or roughness linked to instabilities from the liquid stage
that becomes frozen-in upon solidification.

Practically, understanding evolution pathways that involves dewetting
processes, nucleation, decomposition or hydrolysis that includes evaporation in
complex nanofluids gives routes to improved surface coverage of useful
stoichiometry of V,0s using dip-coating. While further theoretical work would
strongly benefit additional experimental investigations to fully explain the
phenomenon, the method may prove useful for deposition of thin uniform films for a
variety of applications on planar or possibly non-planar substrates (which form
shadows and blank regions in many vapour-phase depositions). Dip-coating or spin
casting liquids precursors and nanofluids can be extended to improve the consistency
in sequential or iterative multilayer deposits of hybrid materials, and provides a
liquid-based route for crystallized thin vanadium oxide films with exotic thermal,

electrical and optical properties. In parallel with CVD and related plasma based

Development and Characterisation of Solution Processed Vanadium Oxide and Transparent Metal Oxide Thin Films 171



deposition methods, such control of thin film uniformity gives another alternative for

atmospheric pressure, open air methods for uniform films or coatings.
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Chapter 6

Transparent Thin Film Deposition via

Substrate Diffusion Doping

Adapted From

Glynn, C. et al Solution Processable Broadband
Transparent Mixed Metal Oxide Nanofilm Optical
Coatings via Substrate Diffusion Doping. Nanoscale 7,
20227-20237 (2015).
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Abstract

Devices composed of transparent materials, particularly those utilizing metal oxides,
are of significant interest due to increased demand from industry for higher fidelity
transparent thin film transistors, photovoltaics and a myriad of other optoelectronic
devices and optics that require more cost-effective and simplified processing
techniques for functional oxides and coatings. A facile solution processed technique
for the formation of a transparent thin film through an inter-diffusion process
involving substrate dopant species at a range of low annealing temperatures
compatible with processing conditions required by many state-of-the-art devices is
reported. The inter-diffusion process facilitates the movement of Si, Na and O
species from the substrate into the as-deposited vanadium oxide thin film forming a
composite fully transparent V(0400.54Sip41Nago;. Thin film X-ray diffraction and
Raman scattering spectroscopy show the crystalline component of the structure to be
a-NaVOs; within a glassy matrix. This optical coating exhibits high broadband
transparency, exceeding 90-97% absolute transmission across the UV-to-NIR
spectral range, while having low roughness and free of surface defects and pinholes.
The production of transparent films for advanced optoelectronic devices, optical
coatings, and low- or high-k oxides is important for planar or complex shaped optics
or surfaces. It provides opportunities for doping metal oxides to new ternary,
quaternary or other mixed metal oxides on glass, encapsulants or other substrates

that facilitate diffusional movement of dopant species.
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6.1 Introduction

Many modern applications and technologies are based on materials deposited
upon transparent glass substrates.'” Devices formed on glass substrates are used in a
wide range of applications such as electrochromics’, thin film solar cells*>, water
splitting devices®” that could benefit from transparent electrodes,” optical coatings’

1214 The type of coating

"""and transparent thin film transistor (TTFT) technologies.
deposited depends upon the transparent device application. Deposits can be used as
electrical/active components or as buffer/dielectrics', both high- and low-k, between
the substrate and active layers.'® There are a variety of methods for depositing onto
glass substrates, ranging from chemical/vapour depositions'’, sputtering'® or solution
processed”” techniques. Each of these depositions typically entails a thin or thick
film of the coating material being deposited onto the glass substrate and treated
under a variety of processing conditions to attain the desired structure and

morphology.?**

For optical coatings, the ability to conformally coat thin films on
glass optics, non-planar surfaces that are index-matched to an application, or indeed

as fully transparent invisible barrier or protection layers, are important for optics and

photonics.

Transparent oxides (TO) see use in many modern technologies due to their
novel metal oxide material characteristics coupled with high optical transparency
over a range of wavelengths. TO materials can be used as a conductive channel in

23-24 : . 25
, as anti-reflection coatings™ in

the case of transparent conducting oxides (TCO)
optoelectronic devices and as active layers in thin film solar cells.” '* Many of the
transparent oxide materials, particularly TCO’s, contain costly elements such as

Indium or Gallium which in turn increases device costs; suitable replacement

materials are crucial for some technologies, and atomic layer deposition (ALD) is a
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leading but expensive method for their production.' Device fabrication costs are also
linked to the complexity and number of processing steps during production.
Therefore, since s-orbital states from the metallic species facilitate conduction in
ionic mixed metal oxides of In, Ga, Zn and Sn for example, and not strongly
influenced by structural defects and an amorphous state, considerable research is
being conducted involving a replacement range of more abundant materials that are
solution processable, particularly at processing temperatures <300 °C. Solution
processed techniques are already a cost-effective deposition technique, where a
liquid solution of the chosen material is prepared and deposited using a variety of

methods such as spin-coating”, dip-coating®® and inkjet printing®’*

. Using the
solution processed techniques, the desired deposit can be formed through
adjustments to the precursor solution and/or the deposition parameters®’, and for
optoelectronic devices, these routes offer low-temperature, solution-processable
materials with excellent performance achievable with crystalline semiconductors,

particularly in future applications where an electrically insulating optical material is

required, such as in TTFTs featuring low-k materials.*

Many metal oxide materials have been extensively investigated in the search
for new TCOs and in TTFT applications.® For each TO application a vast range of
different materials and nanoscale assemblies exist. In TCO development, a variety of
metal oxides can be used, most common of which being ITO,S’ 31-32 however, porous
arrangements of metal nanowire meshes” and composite materials utilizing
graphene® with acceptable sheet resistances are under investigation. The nanoscale
assembly, ranging from nanoparticles to nanowires, affects the optical and electrical
characteristics of the material in both advantageous and disadvantageous ways. For

example, an ITO thin film composed of epitaxial grown nanowires can exhibit high
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electrical conductivity and optical transparency while also benefiting from anti-
reflective properties.” The benefit of TO materials in TFTs over Si based devices for
TTFT technologies may require easier methods of deposition while retaining
relatively high carrier and field effect mobilities, and a defined optical
transparency.’® Advancements in TTFT technologies have benefited from the use of
a variety of TO materials, in particular ZnO, IGZO and ZnSnO.** *>* Through
varied deposition conditions, thin films are produced with many different structures
and compositions, ranging from amorphous to crystalline and importantly for many

applications, using low temperature processing techniques.”

Many vanadium oxide (VO) materials see use in a variety of applications due
to their optical and electrical properties depending upon the specific VO structure
used, such as vanadium pentoxide (V,0s), dioxide (VO,) and sesquioxide (V,05).%

The various VO materials are used as components in optoelectronic devices with

41-42 3,43

applications in photovoltaics®, metamaterials*' ™, and electro/thermo-chromics.
However, under normal deposition conditions the VO materials are not transparent
by themselves in the visible spectral region. Controlling the diffusion process when
doping metal oxides or forming ionic metal oxide mixtures with negligible surface
irregularity remains a challenge. By utilizing a known thermally activated inter-
diffusion effect experienced by some materials deposited on borosilicate glass, a
ternary mixed metal oxide V-O-Na-Si composite material is shown to be formed that

is fully transparent from the UV to NIR spectral range at a processing temperature of

300 °C.

A uniform, continuous and smooth ternary mixed metal oxide transparent
thin film (TTF) material is achieved from low temperature annealing of high-rate

dip-coated VO based liquid precursors from inter-diffusion of substrate and
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precursor species in the film. The nature of the transparent mixed metal oxide thin
film and formation process are examined using detailed Raman scattering, atomic
force and electron microscopy, X-ray photoelectron and optical spectroscopy.
Optical transparency, film structure and surface morphology of the TO material is
demonstrated to depend upon the initial VO thin film thickness and both the
temperature and duration of the thermal annealing step. Intermediate stages exist at
lower annealing temperatures where separate diffusion and crystallisation effects
form multi-layered structures, each with unique optical and material characteristics.
A low surface rms roughness of < 1 nm is retained for the TO thin films at each
stage while the main absorption edge of the transparent material blue shifts to an E,
value of 3.7 eV, widening the broadband transmission window together with an
increase in transmission to 90-97% across the UV to NIR spectral range, from
reduced index and reflectivity. The surface composition of the thin films shows a
predominantly O bonded Si glassy matrix, however, a complex structure is present
due to the vanadia species dispersed within the material resulting in the formation of
a V.040054S1041Nagg; TTF material. The facile solution-processed technique that
forms a transparent thin film material may be important for optical elements, optical
coatings, photonic devices including LEDs, solar cells and those requiring low
processing temperatures, and possibly as a low- and high-k film growth and invisible

protective barrier layers.
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6.2 Experimental

6.2.1 Thin Film Deposition and Processing

The thin films were deposited onto 1 mm thick borosilicate Thermo
Scientific Microscope Slides with a precursor solution composed of IPA : Alkoxide :
H,O prepared at a ratio of 1000:10:1. The composition of the glass slides is: SiO,
72.20%, Na,O 14.30%, CaO 6.40%, MgO 4.30%, Al,O3 1.20%, K,O 1.20%, SO;
0.30% and Fe,O3 0.03%. The initial V,0s thin films were dip-coated at a constant
withdraw rate of 2.5 mm/s. Thermal treatments were performed at a variety of

temperatures and times using a conventional oven in an ambient air atmosphere.

6.2.2 Analysis Techniques

Atomic force microscopy (AFM) was performed on a Park XE-100 AFM
system in non-contact mode with SSS-NCHR enhanced resolution tips. Raman
scattering spectroscopy was collected on a Renishaw InVia Raman spectrometer
using a 514 nm 30 mW laser source. Spectra were collected and focused onto the
samples using a 50x objective lens.

To measure the optical transparency of the samples in the 200 — 1000 nm
range a Thermo Scientific Evolution 60S UV-Visible spectrophotometer illuminated
with a Xenon light source with an accuracy of £0.8 nm was used with a custom
sample holder. To examine the optical transmission in the wavelength range of 1000
— 2500 nm an OceanOptics NIRQuest256-2.5 spectrometer was used with a 9.5 nm
spectral resolution. An OceanOptics HL-2000 tungsten halogen source was used for
illumination. Thin film X-Ray diffraction (XRD) was performed with a Philips

X’pert equipped with a -0 goniometer. A Cu anode provided X-ray photons with a

wavelength of A = 0.15956 nm.
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X-ray photoelectron spectra (XPS) spectra were collected on a Thermo
Electron K-Alpha spectrometer using a monochromatic Al K, X-ray source (1486.6
eV). Core level spectra from 100 scans were referenced to the C 1s core-level peak at
284.3 eV. The XPS spectra were processed using a Shirley background correction
followed by peak fitting to Voigt profiles. The FWHM were allowed to vary within

reasonable value ranges in order to achieve best fit.

6.2.3 Sample Designations

Each of the samples in this work was prepared with either 5 or 10 separate
dip-coated layers of VO from the alkoxide based precursor. The samples under study
are the untreated as-deposited (As-Dep) thin films and the same samples thermally
annealed at low, intermediate and high temperatures (LTA, ITA, HTA), 200 °C, 250

°C and 300 °C respectively.

6.3 Results and Discussion
6.3.1 Optical Properties of Inter-Diffusion Formed Thin Films

Figure 6.1 (a) shows the evolution of a 10 layer dip-coated VO thin film on
glass to a completely transparent thin film (TTF) material formed after annealing.
Optical images in Figure 6.1 (a) show the initial dip-coated as deposited film and its
intermediate stage formed through an intermediate thermal anneal (ITA) treatment,
where the characteristic green-yellow colour changes to a dark yellow. Remarkably,
the samples formed through a high thermal anneal (HTA) treatment at 300 °C show a
complete transformation to a fully transparent coating, cleared entirely of its colour.

The solution processed technique also allows for non-planar substrates to be used,
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such as the borosilicate glass tube shown in Figure 6.1 (a). Both the inner and outer
diameter of the tube can be conformally coated through dip-coating and the TTF

subsequently formed through a HTA treatment.
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Figure 6.1. (a) Optical images of the As-Dep, ITA and HTA treated thin films on
planar and non-planar glass substrates and (b) UV-Vis-NIR transmission spectra of
the respective planar samples using air as the normalized background for 100%
transmission (background spectrum shown in Figure 6.2 (a)). (¢) Variation in total
transmission at different wavelengths spanning UV to NIR ranges for each thin film.
(d) Schematic of the formation of the TTF through inter-diffusion processes.

The optical transmission from 300 — 2500 nm, including that of the
underlying glass substrate, for the As-Dep, ITA and HTA treated thin films is shown
in Figure 6.1 (b) with a comparison of the transmission at select wavelengths
presented in Figure 6.1 (c). In Figure 6.1 (b), a distinctive change to almost complete
visible transparency occurs due to the inter-diffusion between the substrate and the

VO thin film. During the transition to optically cleared transparency (ITA samples
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annealed at 250 °C), the absolute transmission initially decreases below that of the
as-deposited thin film across the broadband UV-NIR spectral range due to the
crystallisation and densification of the thin film prior to its conversion to a full TO.
This decrease in transmission is also observed in thin films of V,0s deposited onto
ITO coated glass substrates where the ITO acts as a diffusion barrier, and thus is
related to crystallization and densification of the VO film (vide infra). However, the
optical transmission markedly increases in the HTA thin film with a noticeable blue-

shift in the absorption edge and increase in broadband transparency.
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Figure 6.2. (a) UV-Vis transmission spectra of the As-Dep, ITA and HTA samples
using the glass substrate as the 100% transmission background. (b) [ahv]® versus
energy (Tauc) plot of As-Dep, ITA and HTA thin films.

During conversion to a TTF, three distinct absorption edges are found in the

ITA film and a reduction in total transmission at all wavelengths from 300 nm — 2.5
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um is observed. These additional absorption edges will be shown to be attributed to
the initial formation stages of the TTF due to diffusion at the glass-VO interface
coupled with the crystallisation of the VO thin film at the VO-Air interface, and are
characteristic of the initial stages of conversion to the ternary metal oxide. After the
completely transparent film is formed, a slight decrease in optical transmission
>1100 nm is observed, uniquely after optical clearing. The reduction in transparency
is consistent with a reduction in dielectric constant and increase in free carriers at
energies less than the plasma frequency (Figure 6.1 (b), right), where the ITA treated
film has a reduced transparency at lower frequencies — observing some opacity in the
NIR region for the intermediate films indicates a change in electrical conductivity

and film composition, due to the variation in effective refractive index.

The fully transparent HTA treated thin film exhibits just an 8 — 10%
reduction in absolute transmission compared to the glass substrate in the 300 — 900
nm range, and a 3 - 5% reduction in the 900 — 2500 nm region, after accounting for
the reduced reflectivity from index matching at the TTF-glass interface. From AFM
images, the film thickness for this As-Dep thin film, formed from a 10-layer coating
of the initial VO film, is ~ 95 - 105 nm (See Figure 6.3 (a)). Diffusion of Na and Si
species from the substrate into the thin film results in a phase conversion that
promotes optimum transparency of the TTF after annealing at 300 °C. The UV-Vis
spectra show a distinct blue shift in the absorption edge similar to the response of the
underlying glass substrate, and broadband transmission is likely limited by the UV
absorption in the glass substrate. The final TTF, once fully formed, no longer
exhibits any secondary or tertiary supra band-gap absorption edges as found in the

As-Dep and intermediate ITA treated films (Figure 6.1 (b)).
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An effective optical bandgap (E,) related to each of the absorption edges
observed during the conversion from As-Dep to TTF film was estimated using the
modified Davis-Mott relation as outlined in Chapter 4.* The refractive index (n) of

45.46

the material was then estimated using the Moss™™ " relation where;

ntoEy ~ 95 eV (Eq. 6.1)

The respective Eg and n values for each of the samples are summarised in Table 6.1.

As the transparency of the thin films increases, an associated increase of the
primary E, value and a decrease in the respective refractive index values is noted.
The Tauc plot of the As-Dep, ITA and HTA thin films is shown in Figure 6.2 (b).
The As-Dep VO film exhibited two absorption edges that can be correlated with E,
values of 2.6 eV and 3.54 eV respectively, while the ITA treated sample displayed
three absorption edges at 2.22 eV, 2.74 eV and 3.62 eV. The HTA treated sample has
a calculated E, of 3.7 eV while the glass substrates absorption edge is calculated to
be ~4.01 eV. The TTF formation thus mimics the optical transmission of the glass
substrate with a consistent high transparency down to 300 nm. The interfacial region
thus show index matching with absorption edges close to the substrate. Both the
secondary E, value found in the As-Dep film and the tertiary E, value seen in the
ITA treated films can be attributed to the amorphous and crystalline V,0s thin films
deposited using the same technique on an ITO substrate as discussed in Chapter 3.
The secondary absorption edge found for the ITA samples is due to the presence of a
region between the layer formed at the glass-VO and VO-Air interfaces, illustrated
in Figure 6.1 (d). The n values for each of the primary, secondary and tertiary E,
values were calculated and presented in Table 6.1. The absorption edges can be
attributed to different layers (vide infra) formed within the thin film due to both

crystallisation and diffusion-based changes in composition.
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Figure 6.3. Plot of thickness profile and corresponding AFM image for (a) 10 layer
and (b) 5 layer As-Dep thin films on glass substrates measured using AFM.

6.3.2 Inter-Diffusion Thin Film Surface Characterization

The surface morphology of the thin films was examined using AFM and are
presented in Figure 6.4 (a), and additional AFM surface images can be seen in Figure
6.5. The AFM analysis shows small changes to the surface morphology and grain
density during thermal treatment, including a slight increase in surface roughness.
During conversion, the ITA films show a granular morphology with inter-grain voids
that eventually merge to a fused-grain structure when completely transparent. The
average rms surface roughness measured for the As-Dep, ITA and HTA treated films
is <l nm. As seen in both the optical images in Figure 6.1 (a) and in the
corresponding AFM images in Figure 6.4 (a), the surface of the TTF remains

relatively continuous and consistent over the entire sample area.

Using Raman scattering spectroscopy, the vibrational bonds of the As-Dep,
ITA and HTA treated films were analysed and compared to that of orthorhombic
V,0s5 in Figure 6.4 (b). The As-Dep thin films are composed of amorphous
stoichiometric V,0Os and show no discernible vibrational bonds — V,Os never
crystallizes in the presence of the dopant interacting species. When a transparent
diffusion barrier such as ITO or FTO is present between the As-Dep film and the

glass substrate, the formation of orthorhombic V,0s occurs, which has an intense
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and well-defined Raman scattering spectrum. The characteristic diffusion process
has been shown to occur at very high thermal treatment temperatures in VO and
tungsten oxide (WOs;) thin films where the diffusion initiates from the glass
substrate, through an ITO coating layer to form islands of the material*’*®. In such a
case, the resulting surface film is non-homogeneous and discontinuous allowing
species diffusion through voids or gain boundaries.”’** The lack of a diffusion
barrier layer on the substrate facilitates diffusion to form a continuous TTF material

on the surface of the glass.
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Figure 6.4. (a) AFM images and respective RMS roughness values for the substrate,
As-Dep, ITA and HTA treated thin films. (b) Raman scattering spectroscopy of
orthorhombic V,0s on a diffusion layer substrate and As-Dep, ITA and HTA treated
thin films on glass substrates showing the formation of the transparent TTF phase.
(c) Thin film XRD pattern of As-Dep and HTA thin film confirms the presence of a
crystalline metamunirite a-NaVO; component in the TTF material.

The TTF material formed in this study has distinct Raman scattering modes
at 509.7 cm™', 918.8 cm’ and 955.7 cm™'. The TTF vibrational modes are attributed

to specific O bonds between the Si, Na and V formed through the diffusion process.
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Some of the prominent Raman modes are attributed to the formation of a crystalline
0-NaVO; component within the TTF thin film.**° Many of the Raman scattering
modes for the ITA treated films matches superimposed amalgamated spectra for

each of the intermediate layers.
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Figure 6.5. AFM images of the surface for (a) As-Dep, (b) ITA and (c) HTA
samples.

The thin film XRD patterns in Figure 6.4 (c) confirm the formation of
crystalline 0-NaVOs; within the TTF thin film where diffraction from the a-NaVO;
(110) and (200) planes is present.”’ The (110) and (200) planes in a-NaVO; are also
present in f-NaVOs indexed to (020) and (110) respectively.”? The presence of only
two diffraction peaks for the TTF, both of which are common to a-NaVO; and -
NaVO0;, means definite predictions of the crystalline phase cannot be made through
XRD alone. However, the Raman scattering spectra shows the vibrational spectra for
predominantly a-NaVOs, allowing the crystalline component to be indexed to a-

NaVOs;. The amorphous profile of the As-Dep and HTA XRD patterns located below
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40° implies that the crystalline a-NaVOj; material is surrounded by a non-crystalline

glassy matrix.
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Figure 6.6. (a) XPS analysis showing the changes in the Si, V and Na spectra during
thermal treatment and subsequent diffusion between the substrate and the VO thin
film. (b) XPS spectra of the O 1s peaks showing the BO and NBO contributions of
the glass substrate, As-Dep, ITA and HTA samples. (c) Relative atomic composition
of the surface of the thin films from XPS data during conversion to the
V0.0400.54S19.41Nag o1 TTF. (d) Valence band (VB) spectra and VBM estimates for the
glass substrate, As-Dep, ITA and HTA treated films.

XPS was used to examine the composition during annealing, which leads to
the formation of the TTF. The XPS spectra of the Si 2p, V 2ps3;, and Na 1s peaks for

the substrate, As-Dep, ITA and HTA treated films are shown in Figure 6.6 (a).
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Survey scans were recorded with the adventitious C 1s photoemission at 284.3 eV as
a reference (the reference shifts are consistent when using C 1s or O 1s as no
scattering of binding energy (BE) values from measurement is observed). A decrease
in the BE of ~1.6 eV and ~0.8 eV is measured between the Si 2p and Na Is core-
level photoelectrons of the glass substrate compared to the fully formed TTF. The
same associated decrease is found in Na,O-SiO; glasses where an increased amount
of Na,O present in the glass results in a reduced BE of both the Si 2p and Na 1s
peaks.” In the case of the TTF, the reduction in the Si 2p and Na 1s BE is attributed
to the presence of the vanadia species. A small shift in energy of ~0.5 eV is observed
for the V 2ps;, peak after conversion from the As-Dep to the TTF. This small BE
shift is attributed to the conversion of the stoichiometric As-Dep VO thin film to a
TTF formed of a crystalline a-NaVOj; within an overall glassy matrix approximating

V0.0400.54510.41Nag o1.

The glass substrate shows a single contribution to the O 1s peak in Figure 6.6
(b) while the As-Dep, ITA and HTA treated films contain two O 1s contributions
arising from variations in the bridging of the O atoms to the other species within the
thin film.”® The O 1s peak at a higher BE is assigned to bridging oxygen (BO) atoms
while the lower BE peak is due to non-bridging oxygen (NBO) atoms. In a BO
system, two Si atoms are bonded by an O (Si-O-Si) while in an NBO system the Si,
Na and V atoms can be O bonded in a number of ways (Si-O-V/Na, V=0, Na-O-
V).>* The ratio between the NBO and total O (Or) peak areas is presented in Table
6.1 and highlights the dominant type of O bonding within each film. During TTF
formation (ITA and HTA treated samples), the NBO/Or ratio is found to reduce as

the quantity of Si species within the thin film increases.
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Table 6.1. Surface roughness, optical and material properties of the glass substrate
and the respective thick As-Dep, ITA and HTA treated films. The Eg values for each
of the films was calculated for the absorption edges present in the UV-Vis
transmission spectra. The n values were calculated from the corresponding Eg
values.

Avg. RMS E AEpoxg0
Sample | Roughness i n NBO / O
(nm) (eV) (eV)
Glass 0.36 4.01 1.5171%* n/a n/a
As-Dep 0.27 3.54,2.60 2.28,2.46 0.686 1.8
ITA 0.88 3.62,2.74,2.22(2.26,2.43,2.56 | 0.506 2.3
HTA 0.87 3.70 2.25 0.181 2.2

*Refractive index provided from Thermo Scientific, n =1.5171 at A = 546.07 nm.

The atomic composition of the thin films was studied using XPS and the
calculated Si, Na, O and V at. % for the As-Dep, ITA and HTA treated samples are
shown in Figure 6.6 (c). The calculated compositions for each of the films are
V0.1900.75510.0sNag 01 (As-Dep), Vo.1300.71510.12Nagosa (ITA) and V.0400.54S10.41Nag 01
(TTF), respectively. Note, the small Si and Na concentration (in at%) in the As-Dep
stoichiometric V,0s thin film is attributed to photoelectron emission from the glass
caused by penetration of the X-rays and photoelectron escape through intergrain
boundaries in the thin film that is otherwise thicker than the X-ray penetration depth.
Analysis of the O 1s spectrum (vide ante) shows the majority of the diffused Si,
making up ~40% of the TTF composition, is bonded to O in a BO system while the
remaining O bonded Si is NBO bonded with the V and Na. Vanadia and Na species
constitute ~ 3.5% and 1% of the TTF composition respectively, the majority of
which is assumed to be O bonded in an NBO system; the bonded O BE shifts
towards the VB edge as the TTF forms (see Figure 6.6 (d)) and the strong
hybridization of V 3d—O 2p orbitals characteristic of the defined VB spectrum of

V,0s (As-Dep) is lost upon conversion to the TTF. The relative V and Na species in
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the overall ternary composition agrees very well with theoretical V,0s and Na,O

ratios for 0-NaVOs of 74.6 and 25.4 wt%, respectively.”

Valence band spectra were also extracted from XPS data from the substrate,
As-Dep, ITA and HTA treated films to determine how phase conversion to the
mixed metal oxide TTF via the inter-diffusion affects the effective bandgap and
density of states. Figure 6.6 (d) shows the XPS valence band spectra for the As-Dep,
ITA and HTA films and the calculated valence band maximum (VBM) was
estimated by extrapolation of the leading edge of the photoemission onset.”® The
borosilicate substrate VBM is ~2.89 eV, less than that of pure SiO,, ~5 eV>">°. The
drop in the VBM is attributed to the other species within the substrate. A decrease in
the VBM of the As-Dep and ITA films is observed, while the HTA treated thin film
exhibits a VBM of 2.19 eV once the TTF is fully formed. Interestingly, the
formation of the TTF results in the reappearance of a secondary peak in the 11 — 14
eV region previously found in the substrate, but not present in the As-Dep film. The
reappearance of this mode could be due to the inter-diffusion mechanism and
attributed to O 2p (Si 3p, Si 3s) bonding states within the TTF film>® which reappear

in the spectra due to the diffusion of Si and O species to the surface of the thin film.

6.3.3 Time Dependent Inter-Diffusion Characterization

To establish the effect of annealing duration on TTF formation, a time-
dependent experiment was performed over varying annealing temperatures at set
periods of time. Five layer As-Dep thin films (~50 - 60 nm, see Figure 6.3 (b)) were
prepared and cut into multiple pieces. Annealing was performed at 200 °C (LTA),

250 °C and 300 °C with separate samples removed and characterized each hour. A

Development and Characterisation of Solution Processed Vanadium Oxide and Transparent Metal Oxide Thin Films 194



thinner As-Dep thin film was chosen so that TTF conversion could be mapped over a
short period of annealing time. Due to the thinner As-Dep thin film, the intermediate
stage studied previously is bypassed in short time and complete transparency is
rapidly developed. Figure 6.8 (a) shows UV-Vis-NIR transmission spectra of the As-
Dep, LTA, ITA and HTA treated samples as a function of annealing time. The
corresponding optical images of the samples are included as insets in Figure 6.8 (a).
The corresponding optical images of the films, including the 48 h and 72 h LTA

films, are shown Figure 6.7.
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Figure 6.7. Optical images of the As-Dep, LTA, ITA and HTA samples over time
showing the changes to transparency of the samples due to diffusion effects.

Optical transmission analysis shows that a fully formed TTF occurs after 24 h
from both the ITA and HTA treated thin films. The LTA treated films, annealed at a
lower temperature of 200 °C, do not form a fully transparent TTF after 24 h due to

limited substrate species diffusion and phase change. Optical images of the LTA
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samples after subsequent heating for 48 and 72 h, see Figure 6.7, appear to show the
LTA thin films to be optically transparent, however, corresponding UV-Vis-NIR
transmission data in Figure 6.8 proves that the transparency in the NIR region is
reduced compared to ITA and HTA films owing to remnant electro-optic
conductivity from limited phase conversion from V,0s-based As-Dep film to the

ternary oxide TTF.

(a) As-Dep — LTA —ITA — HTA ) . tta -~ TA - HTA
 S———————— F——— e 1004] 2pm R
1/ — 24 1 4V
] I ' Hours 7] AL 4

ITA HTA 1 . !
7 L 1 1 1 L 1 1 1 L L 1 9
100 e o 1004/ 1.55um, .
1 et

—~ an] ‘ ol

R — = ~ 95-

= 60 | & ¥

5 = 90 :

@ 407 A HTA 2 '

£ R \ L X | A @ 557

B 00 FrT T e e ‘€ Y] 800nm ‘at ot

£ : 5 Dy

@ i - c 954 I

= I | 2
] o | P e

854
1004 400 nm o
90 et
80 S
62 L
Hour gt
a8 60
» . : : : ; . — = et W 501, ! .
300 400 500 600 700 800 900 1000 1000 1250 1500 1750 2000 2250 2500 As-Dep 1 10 244872
Wavelength (nm) Wavelength (nm) Time (Hours)

Figure 6.8. (a) UV-Vis-NIR transmission spectra and optical images of the LTA,
ITA and HTA treated samples over time and (b) corresponding percentage
transmission at A =400 nm, 800 nm, 1.55 um and 2 pm.

The time-dependent transmission for the As-Dep, LTA, ITA and HTA treated
films was measured at 400 nm, 800 nm, 1.55 pm and 2 um and compared in Figure
6.8 (b). The annealing interval at the intermediate stage, which decreases absolute
transmission due to densification of the crystalline grains prior to phase conversion
to the ternary TTF, is shorter in the 5 layer as-deposited thin film. The thinner as-

deposited thin film requires less time (~¢"*

) due to a shorter diffusion length
(assuming an invariant ionic diffusion coefficient in the converting phase) to form

the TTF. The formation of the TTF from dip-coated films at lower annealing
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temperatures is beneficial for incorporation into devices that cannot withstand high
temperature processing conditions and for optical coatings on curved or bespoke
shaped glass and glassy encapsulants, such as the glass tube in Figure 6.1 (a). The E,
values for each of the films over time is shown in Figure 6.9 (a). Two absorption
edges are present in spectra for LTA and ITA treated films. The secondary
absorption edge value is attributed to the remnants of the intermediate stage within
the thin film, which disappear in the late stage of the annealing in ITA films when
modified to complete transparency. The primary E, value of ~3.6 eV of the TTF
forms in both the ITA and HTA films after 24 h annealing while in the LTA films a
primary E, value higher than 3.6 eV at the time points prior to 24 h. The higher LTA
primary absorption E, value is attributed to a contribution from the underlying glass
substrate and the ITA film which due to a lower temperature does not form the TTF
through diffusion processes until a late stage in the annealing; therefore the glass
substrate with a higher absorption edge influences the absorption edge of the ITA

films.

By comparison of refractive index data in Figure 6.9 (a) and transmission
characteristics in Figure 6.8 (b), an enhanced transmission from optical clearing of
the film to a TTF is found and occurs because of a phase change to a ternary mixed
metal oxide that widens the transmission window and overall transparency, and from

reduced interfacial reflectivity with the glass substrate.

Raman scattering spectroscopy shown in Figure 6.9 (b) was used to map the
phase conversion via diffusion during TTF formation, by monitoring the onset of the
two characteristic vibrational peaks at 918.8 cm™ and 955.7 cm™ respectively over
time for the LTA, ITA and HTA films. The full time-dependent Raman scattering

spectra can be seen in Figure 6.10. The characteristic vibrational peaks indicative of
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crystallized phase conversion to the ternary mixed oxide TTF appear after only 1 h
of annealing at 300 °C (HTA), after 4 h under annealing at 250 °C (ITA), and begins
to appear after 10 h when heated at 200 °C (LTA). The intensity and resolution of the
918.8 cm™ and 955.7 cm™ vibrational peaks also markedly increases in each case
with time once the TTF begins to form, until all films are transparent. While the
absolute transmission of the LTA films never matches that of the ITA and HTA
treated films, the LTA treated samples do show the formation of the same

characteristic Raman vibrational peaks.
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Figure 6.9. (a) Calculated E, and n values for the primary and secondary absorption
edges of the LTA, ITA and HTA treated films, respectively. (b) Time-dependent
Raman scattering spectra of LTA, ITA and HTA treated samples showing the
formation of the 918 cm™ and 955 cm™ vibrational peaks at each of the thermal
treatment temperatures.
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The formation of the characteristic Raman modes within the LTA samples
confirm that the onset of TTF formation via inter-diffusion occurs at 200 °C. Species
diffusion was considered by assuming random lattice diffusion of Si, O, Na species
into the initially amorphous V,0s film with net radial displacement of atomic or
ionic diffusion unidirectionally from the substrate (into or indeed out of) the ~50 nm
thick 5-layer dip-coated layer. The thermal diffusivity of the glass (~0.35 mm/s)
ensures fast equilibration to the annealing temperature, leaving the temporal phase
conversion process specifically a function of ionic diffusivity and atomic
restructuring. Using the Si as the tracer (7% to 40% concentration increase upon TTF
formation, ¢f. Figure 6.6 (c)), an average diffusion constant of just D = 3.5 x 107"
cm” 8™ (for Na in sodium silicate glasses, D = 10"°-10"" cm’ s) is estimated from
L? = Dt, where L is the diffusion length, D the diffusion coefficient and t the
diffusion time. The Si species was examined as the tracer due to the large (~33%)
change in the at%. The diffusion of species into the film is the faster process;
subsequent diffusion within the developing TTF is slower, and confirmed from
Raman scattering evidence of the onset of TTF formation (but prior to diffusion and
subsequent complete chemical modification) and via XPS at% noted during the TTF

formation.

The UV-Vis-NIR transmission characteristics of the samples indicates that to
form the fully transparent TTF material, the extra thermal energy experienced by the
ITA and HTA treated samples over longer time periods is required to fully convert

the entire film (cf. Figure 6.1 (d)) and develop full broadband transparency.

Development and Characterisation of Solution Processed Vanadium Oxide and Transparent Metal Oxide Thin Films 199



\ (b)

(a) LTA |

Intensity (a.u)
Intensity (a.u)

5Dy -
300 400 500 600 700 800 900 100D 300 400 500 600 700 800 900 1000
Wavenumber (cm™) Wavenumber (cm™)

LTA ITA——HTA

As-Dep

72 Hours

Intensity (a.u)
]
I
2
@

Intensity {a.u)

300 400 500 600 T00 800 900 1000 500 800 700 800 1000
Wavenumber (em™) Wavenumber (cm’")

Figure 6.10. Time dependent Raman scattering spectroscopy for the (a) LTA, (b)
ITA and (c) HTA samples. (d) Comparison between the Raman scattering spectra of
the different samples at different of thermal treatment times.

6.4 Conclusions

A UV-Vis-NIR broadband ternary V-O-Na-Si mixed metal oxide transparent
thin film material was demonstrated to form on glass through a diffusion controlled
process from a solution processed dip-coated VO thin film. The method itself is a
facile and cost-effective technique for the production of a transparent layer on the
borosilicate glass surface that is conformal and generally free of cracks or pinholes.
The final TTF material retains a low surface rms roughness of <1 nm and a defined
composition and structure from the embedding and mixing of the V-O and Na-O and
Si-O species. XPS, Raman scattering and XRD analysis confirm a TTF surface
composition of V(040054S1941Nago;, which contains a crystalline a-NaVO;
component within a glassy matrix. The transparency of the TTF exceeds 90-97%
absolute transmission across the UV to NIR wavelength range. The nature of O

bonding within this transparent material modifies during annealing from a higher
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proportion of NBO in the As-Dep V,0s to a dominant BO configuration with Si-O

and Na during the formation of the TTF.

During the annealing to form the TTF, an intermediate stage forms a multi
layered system, with each layer exhibiting unique optical and structural
characteristics analogous to a multi layered oxide system with a lower absolute
transparency to both the as-deposited and TTF materials. The TTF formation was
demonstrated to be possible at lower temperatures using initially thinner dip-coating,
and provides a faster, thinner TTF optical coating on glass in shorter time, which is
of benefit for incorporation into optoelectronic devices, (tandem) solar cells, LEDs
and for optical coatings where enhanced and defined transmission/reflection
characteristics are needed, but where high annealing temperatures must be avoided,
all below softening temperatures for a range of glasses, optics and encapsulants. The
approach may also allow low- or high-k binary, ternary or other dielectric oxide

growth, and as an anti-tarnish barrier layer invisible to the human eye.

The adaptable processing techniques involved in the formation of a V-O-Na-
Si based TTF material on glass substrates via precursor design and high rate dip-
coating is practical for technologies in optics and photonics. Importantly, TTFT and
optical coatings research and development for next generation display and interactive
technologies require new materials with higher electronic mobilities, controllable
thickness and refractive index, application-specific absorbance characteristics
facilitates by doping using alternative metals than those reported here, and ease in
processability. The latter is particularly important for devices or optics with complex
or non-planar shapes. With the advent of flexible and shape-adaptable displays and
screens, the use of plastic substrates is also increasing in importance owing to their

light weight, flexibility, and low cost and the use of the substrate composition is an
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intriguing method to dope, control and compositionally modify optical coatings.
Indeed, this approach opens the door to using not only substrates, but coatings on
substrates as metal or dopant sources for thermally driven diffusional modification of

subsequent optical or optoelectronic coating materials.
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Chapter 7

Contact Transfer Doping of Solution
Processed V-0O-Na-Si Thin Films and
Nanowires on Transparent Metal Oxide

Substrates
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Abstract

A contact transfer doping method is demonstrated for solution processed mixed
metal oxide thin films and nanowire dispersions directly on transparent metal oxide
substrates. Different methods for exploiting inter-diffusion effects to form and dope
thin film materials on substrates that do not have mobile ionic species was
developed. A contact diffusion technique involving the deposition of VO thin films
on diffusion layer FTO substrates and subsequent pressure contacting of a donor
glass on the surface enabled the formation of V-O-Na-Si nanowire meshes on the
surface of FTO after thermal annealing. A method for the deposition of planar and
templated V-O-Na-Si thin films using Na-SiO, and SiO; electrodeposited surfaces
coated in VO thin films was also developed. The addition of Na species in the
electrodeposition electrolyte was found to be essential for the fabrication of both a-

NaNOj; and B-NaNOj; thin films.
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7.1 Introduction

The formation of a transparent V-O-Na-Si thin film was discussed in Chapter
6. This composite, made up of crystalline 0-NaVO; within a glassy matrix, was
formed through thermally induced inter-diffusion processes between a VO dip-
coated thin film and borosilicate glass substrate. Previously, the deposition of the V-
O-Na-Si thin films was limited to the borosilicate glass substrates on which they
were deposited. In this chapter, two different methods are studied for forming V-O-
Na-Si materials onto FTO substrates, i.e. glass substrates with FTO diffusion

barrier/resistant layers.

Two different deposition techniques are utilised for depositing the V-O-Na-Si
thin film material on substrates with a diffusion barrier on top of a glass substrate. A
contact diffusion technique was devised to form an effectively transparent thin film
composed of a nanowire mesh surface morphology. The second technique described
here involves the formation of the V-O-Na-Si phase from V,0s dip-coated onto an
electrodeposited layer composed of a mixture of SiO, and Na (Na-SiO;) on a
conductive FTO substrate. Films containing only SiO, are also deposited using the
same electrodeposition method where there is no Na-containing salt added to the
electrolyte. The composite vanadium-containing materials are formed through inter-
diffusion with a dip-coated VO thin film during annealing. For both methods the
inter-diffusion process is used to form V-O-Na-Si related materials, namely a V-Na-
Si0, and V-Si0,, which are terms used to denote vanadium containing Na-SiO, and

Si0O; thin film materials.

The range of emerging materials, such as the V-O-Na-Si family of materials
discussed in this chapter, are under investigation for use in modern electronics and

devices as dielectrics and when appropriately doped, as high field-effect mobility
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channel materials in TFTs, for example.'” The range of applications for new metal
oxide materials and structures are desired for use as different components within
modern devices particularly for thin film electronics.*” A range of different surface
morphologies and structures for the V-O-Na-Si materials are possible using the
different deposition techniques highlighted in this chapter. By exploiting inter-
diffusion phenomena, transparent phases of thin and thick films, and crystalline
nanowire networks of V-O-Na-Si is proven in the presence of SiO, and Na" ions on
a range of substrates. This solution based approach for diffusion doping of oxide thin
films is potentially interesting as a general method for phase modification of

materials through a cost-effective and facile solution processable method.

7.2 Experimental
7.2.1 Thin Film Formation and Processing

For contact diffusion depositions, thin films of V,0s were deposited onto
FTO substrates with a 1000:10:1 (IPA : Alkoxide : H,O) precursor solution through
dip-coating. Cleaned borosilicate glass was placed on the surface of the thin film and
held in place with a weight to ensure equalised and intimate contact between the
glass and V,0Os thin film. Annealing at 300 °C was performed in a conventional oven
for 72 hours and an enclosed furnace was used for treatments at 450 °C and annealed

for 6-8 hours.

Na-SiO, and SiO; thin films were electrodeposited using an electrolyte
solution containing Tetraethyl Orthosilicate (TEOS) as the active precursor and a
NaNOs salt additive. To electrodeposit Na-SiO; thin films the electrolyte contained

both TEOS and NaNOj as outlined in Chapter 3. SiO; thin films were prepared from
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the same electrolyte without the addition of NaNO;. The thin films were
electrodeposited onto FTO substrates at a constant potential for set deposition times.
V-Na-SiO, and V-SiO; thin films were formed by dip-coating a VO layer onto the
electrodeposited Na-SiO, and SiO, thin films. Subsequent thermal treatments were

used to facilitate the inter-diffusion processes.

7.2.2 Analysis Techniques

The thin film surface morphology was examined with both AFM and SEM.
SEM images were collected top-down and at a 45° incident angle. Raman scattering
spectroscopy was collected on a Renishaw InVia Raman spectrometer using a 514
nm 30 mW laser source. Spectra were collected and focused onto the samples using
a 50x objective lens. Mapping of the intensity of Raman vibrational modes was
accomplished using a computerised movable microscope stage. XPS spectra were

acquired on an Oxford Applied Research Escabase XPS system.

7.3 Contact Diffusion Transfer
7.3.1 Deposition Process

In the contact diffusion process, a thin film of V,0Os is deposited onto a
substrate as outlined in the previous chapters. The ITO or FTO coatings on glass act
as diffusion barriers to ionic mobility, preventing diffusional movement of Si- and
Na-species from the glass. A clean borosilicate glass piece is contacted with the
surface of the V,0s thin film and pressure is applied between the two and maintained
during thermal treatment. The thermal treatment parameters were refined between

samples to influence the thin film surface morphology. A thicker as-deposited V,0s

Development and Characterisation of Solution Processed Vanadium Oxide and Transparent Metal Oxide Thin Films 210



layer requires a higher temperature for the formation of the transparent region due to

the increased amount of inter-diffusion needed to convert to the transparent phase.

(a) (b)

Applied X \“‘
Pressure 7
V205
“ Diffusion Resistant Coating &% Diffusion

Substrate

Figure 7.1. (a) Schematic of deposition technique for contact diffusion inter-
diffusion process. (b) Optical image of a V,Os thin film on FTO with a contact
diffused area in the centre and the contacted glass used.

A schematic showing the deposition technique for contact inter-diffusion is
shown in Figure 7.1 (a). Both the glass and V,0s must be sufficiently clean to ensure
a good contact between the two surfaces to enable inter-diffusion. A longer UV-0;
cleaning step of 1 h is used to ensure that there is no residual organic matter left on
either surface. A contact diffusion formed transparent region in the centre of a single
layer of V,0s on an FTO substrate is shown in the optical image of Figure 7.1 (b).
The contacted glass had a distinctive shape, which is evident on the surface of the
V,0s thin film after the inter-diffusion processes occurred during thermal treatment.
As will be shown, this transparent region comprises the V-O-Na-Si transparent
phase. The transparent region was formed during a 72 hours thermal treatment at 300
°C. The long thermal treatment period was required to enable the contact diffusion
process at this temperature. In the V-O-Na-Si thin films prepared in the previous
chapter, the 300 °C temperature for 12 h was sufficient for the inter-diffusion to
occur due to the conformal interface between the glass and the thin film as a result of

the dip-coating deposition. In the contact inter-diffusion process a greater thermal
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energy or longer treatment time is required to allow diffusion across the interface

between two surfaces.

7.3.2 Surface Morphology and Vibrational Spectra

The surface morphology of both the FTO substrate and a dip-coated V,Os
thin film on the surface is shown in Figure 7.2 (a), the SEM settings (working
distance, contrast and accelerating voltage) were kept consistent during acquisition
of both images. The FTO substrate has a granular morphology, but is conformally
covered by the dip-coated V,0s thin film. Secondary electron intensity from the
underlying FTO substrate means the FTO grains are visible through the V,Os thin
film in Figure 7.2 (a) similar to the effect on Au substrates shown in Figure 5.3.
During the annealing the glass substrate is kept in contact with the V,0s thin film

shown in Figure 7.2 (a).

In Figure 7.2 (b) SEM images of the contact diffused transparent region from
Figure 7.1 (b) are shown. The surface of the transparent region shows the formation
of a nanowire mesh morphology. The nanowires are spread across the surface of the
transparent region in different concentrations. The outer areas of the transparent
region have the highest concentration of nanowires while the inner regions have a
lower concentration. Surface SEM images of the inner and outer regions are shown
in Figure 7.2 (b) and a larger image of the nanowire mesh is provided in Figure 7.2
(c), which indicated a relatively uniform coverage of long nanowires with random

orientation across the surface.

The Raman scattering spectra for the V,Os and transparent regions is shown

in Figure 7.2 (d). For comparison, the Raman spectra of the V-O-Na-Si vibrational
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modes for the TTF formed directly on a glass substrate is included in Figure 7.2 (d).
As expected, the initial dip-coated V,0s thin film forms the characteristic
orthorhombic crystal structure expected from V,0s (c¢f: Chapters 4 and 6). The
transparent region shows the formation of the characteristic vibrational modes for the
V-0O-Na-Si material which originate from the a-NaVO; phase. However, the modes
are shifted from 918 cm™ and 955 cm™, to 925 cm™ and 951 em™ respectively. These
shifts are attributed to size and stress effects on the crystalline a-NaVOs; phase that

forms within the glassy matrix.

—V,0, Layer
| ——TTF on Glass

—— Transparent Region

Intensity (a.u)

| "_J_P—d-gis%

200 400 600 800 1000 920 940 960 980 1000
Wavenumber (cm™)

Figure 7.2. SEM images of the (a) FTO substrate and V,0s thin film. (b) SEM
images showing the nanowire mesh morphology of the inner, outer and inner regions
of the transparent contact diffusion region. (c) Larger SEM image of the nanowire
mesh morphology of transparent region for a contact diffused film showing the
uniformity of the nanowires. (d) Raman scattering spectroscopy of V,0s thin film
and a TTF formed on glass compared to the spectra of the transparent region formed
through contact diffusion showing the formation and shifting of characteristic
vibrational modes for both materials.
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The red and blue shifting of the 918 cm™ and 955 cm™ to 925 cm™ and 951
cm” modes respectively may be due to effects such as compressive/tensile stresses
or the increase or decrease of the crystalline structure size. The red and blue shifting
of the major Raman vibrational mode due to tensile and compressive respective
stresses was measured by Dombrowski et al. for silicon nanostructures.'® Similarly,
the formation of 1D nanowires and the associated decrease in size can cause a red-
shift in the characteristic modes due to phonon confinement effects and scattering as

found for other nanowire systems.'' '

The shifting of the Raman modes can be due
to a number of factors such as stress and changes to crystal size which alter the

length of the vibrational bonds.

An alternative contact diffusion experimental procedure involving thicker
dip-coated V,0s films was performed in order to alleviate some of the effects
mentioned above in the material that formed from a single (~10 - 15 nm) V,0s layer
annealed at 300 °C for a long period of time (72 h). The thickness of the VO layer
was increased to ~30 nm by dip-coating 3 layers in succession. The thicker VO layer
ensures a larger amount of V species is available for the formation of the nanowires.
The annealing temperature was also increased to 450 °C and the annealing time
decreased to 6 h. The higher annealing temperature allows for a shorter processing

time thus decreasing the amount of time that the samples must be stressed.

The morphology of the transparent region for a contact diffused sample with
a 3 layer (~30 nm) thick V,Os thin film thermal treated at 450 °C for 6 h is shown in
Figure 7.3. The SEM figure in Figure 7.3 (a) shows the large nanowire mesh coating
that forms on the surface of the outer transparent region. The inset in Figure 7.3 (a) is
a magnified view of the nanowire mesh. Nodes are apparent on the surface of the

nanowire mesh and a higher SEM magnification of these nodes is shown in Figure
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7.3 (b). Nanowires radially spread from a centre mass within these nodes resulting in
a larger localised nanowire concentration. Formation of the nodes is attributed to the
presence of a defect or raised region on the V,0s thin film where the nanowires
radially grew from due to a localised change in the pressure with the donor glass
substrate. However, the overall deposit shows a very high and relatively uniform
dispersion of nanowires on the TCO surface, each composed of the mixed metal

oxide transparent phase.

-1 -

Figure 7.3. SEM images of the surface of a transparent region formed on a 3 layer
thick V,Os thin film thermally treated at 450 °C for 6 hrs. SEM images of (a) high
concentration region of nanowires with presence of nanowire nodes, (b) zoomed in
image of a nanowire node and (c) higher magnification image of nanowires. SEM
images from the inner area of the transparent region showing (d) large ribbon/shard
structures and (e) rods formation.

A higher magnification SEM image of the nanowires is shown in Figure 7.3
(c). The nanowires have a uniform morphology and appear to be ribbon shaped with
a larger nanowire diameter than nanowire thickness. The fibrous morphology of the
nanowires is common in both vanadium oxide nanomaterials’> and NaVO,

structures.* The V-O-Na-Si material formed through the contact diffusion process
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may be predisposed to forming ribbon like nanowires due to the influence of the VO

and NaVO; materials, which can explain the nanowire morphology.

In Figure 7.3 (d, e) SEM images of areas within the centre of the contact
diffusion-formed transparent region are shown. In these areas the formation of larger
shards surrounded by regions of smaller rods of the V-O-Na-Si material can be seen
on the surface. Seeded growth of nanowires is a commonly used method for the
preparation of meshes'”; in this case the VO grains discussed in Chapter 4 may act as
the seeds for the inter-diffusion process since they conformally coat the granular
FTO substrate. The granular FTO surface may facilitate formation of the
nanostructures as there are small spaces between the granular substrate and contacted
glass to allow the growth of the nanowires from the V,0Os grains. Shown in Figure
7.3 (e) and highlighted with false colour images in the inset, the tail of the rods can
be seen protruding from the surface of the thin film suggesting that their formation is
seeded from the surface and continue to grow through continued contact with the

glass substrate which supplies the required Na and Si diffusion species.

Raman scattering spectroscopy was used to examine the different regions on
the surface of the transparent region. Raman vibrational spectra for two different
regions of the transparent sample are shown in Figure 7.4 (a) with orthorhombic
V,0s as a comparison. The formation of the 954 cm™ and 918 cm™! modes indicative

117 There is no evidence of shifting

of a-NaVOs are present in the Raman spectra.
due to stress and size effects as found in the 10 — 15 nm initial VO thin film
thickness samples formed at 300 °C. The formation of the characteristic Raman
modes implies that the thicker 30 nm V,0s thin film coupled with a shorter and

higher temperature thermal treatment (450 °C for 6 h) forms the same V-O-Na-Si

phase containing a-NaVOs as discussed in Chapter 6.
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Figure 7.4. (a) Raman scattering spectra of V,0Os thin film and two different areas of
the transparent region showing evidence of the formation of a-NaVO; within the
nanowires. The presence of the 940 cm™ is also shown in certain areas which are
indicative of traces of B-NaVO; being present. (b) Raman scattering spectroscopy
intensity map of the centre of the transparent region showing the areas where the 954
cm™ and 940 cm™ modes increase in intensity.

The presence of a secondary vibrational mode at 940 cm™ in the blue spectra

14, 16-17
’ at

of Figure 7.3 (a) is attributed to the presence of B-NaVOs; in the nanowires
specific areas within the transparent region surface. Using Raman intensity mapping
of the 940 cm™ (corresponding to p-NaVO;) and 955 cm™ (corresponding to a-
NaVOs;) modes, shown in Figure 7.3 (b), an area within the inner part of the
transparent region was scanned and 2D x-y intensity maps at each wavenumber of
interest across the surface was acquired. The 955 cm™ vibrational mode is found
primarily in the larger shards while the intensity of the 940 cm™ mode is higher in

the areas between these shards.'®!” The areas containing the shards and rods was the

same as those shown in Figure 7.3 (d, e).
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It is known from investigation of these phases in mineral deposits, that the
formation of a-NaVOj3 occurs at higher temperatures after B-NaVOs is formed.'® On
the nanoscale, the regions that show spectroscopic evidence of B-NaVOs, such as the
rods, may be due to the nanowires having insufficient thermal energy to further
undergo diffusion and form o-NaVO; nanowires. The stunted growth of the [-
NaVO; rods compared to the long a-NaVO; nanowires found on the outer regions of
the transparent regions may be due to a non-uniform pressure gradient across the

contact diffusion site.

7.3.3 HRTEM of Contact Diffusion V-O-Na-Si Surface

In order to determine the structure and morphology of the nanowires formed
through the contact diffusion mechanism, thin films of VO were dip-coated onto the
surface of Si3N4 TEM grids as previously shown in Chapter 4. The VO coated Si3Ny4
TEM grids were annealed at 450 °C for 6 h contacted to a cleaned glass piece. After
annealing, the surface of the SizNy TEM grids were examined using Raman

scattering spectroscopy and HRTEM.

A low magnification HRTEM image of the nanowires and structures formed
on the surface of the SisNy TEM grids is shown in Figure 7.5 (a). The HRTEM
image shows the surface contains large quantities of nanowires and other
nanostructured materials, such as shards and sheets. The presence of different
morphologies of nanowires and structures is attributed to the contact diffusion
mechanism affected by the smooth Si3N4 surface compared to the granular FTO in
earlier experiments, and may also as a result of flexure in the 10 nm thick SizN4 free-

standing substrate. Any flex would prevent consistent areal pressure to the contacted
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glass piece. A long nanowire is shown in the HRTEM image of Figure 7.5 (b). The
interior of the nanowire is darker denoting a denser inner surface while the
surrounding material is less dense. This type of deposit can be seen in many areas of
the low magnification image of Figure 7.5 (a). This structure may be a composite of
the V-O-Na-Si materials that are formed during the contact diffusion process and
may not have fully formed the desired a-NaVO; or B-NaVO; phase. The structure is

similar to that seen for core-shell nanowires with amorphous or less dense coatings

18-20

of an inner structure.
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Figure 7.5. (a) Low magnification HRTEM image of the nanostructures formed on a
contact diffused surface deposited on a SizN4s TEM grid. (b) HRTEM image of a
nanowire displaying a dense interior. (c) Raman scattering spectra of contact
diffused transfer sections showing the formation of the vibrational modes for V,0s
on Si and those corresponding to V-O-Na-Si materials.
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Raman scattering spectroscopy was performed on the contact diffused SizN4
TEM grids after annealing and the spectra are shown in Figure 7.6 (c). The Raman
scattering spectra from various regions on the surface show the formation of
orthorhombic V,0s on top of Si, in the non-windowed areas of the substrate. In the
Si3Ny free-standing window regions, evidence of different vibrational modes is
found. Raman vibrational modes corresponding to the formation of the B-NaVO;
phase is shown in the green spectra of Figure 7.5 (c) while the other spectra show the

formation of neither orthorhombic V,0s nor a-/f-NaVOs.

20 o
§.200m s

Figure 7.6. HRTEM images of two nanostructures showing formation of a single
crystalline structure. The insets of (b) show the FFT diffraction pattern of the
indicated regions.

To further analyse the nanowires formed on the surface of the SiszNs TEM
grids, regions exhibiting crystallinity were studied with two such nanowire structures
shown in Figure 7.6. The two nanowires shown in Figure 7.6 show the diffraction
from crystal planes which are indicative of single crystal structures. In Figure 7.6 (b),
the Si3Ny4 substrate contributes an amorphous/polycrystalline diffraction pattern as
shown in the indicated inset. The crystalline d-spacing for the nanowire in Figure 7.6

(a) is 0.6494 nm while the d-spacing of Figure 7.6 (b) shows a larger value of 1.205
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nm which do not match up to known NaVO; d-spacings. The TEM analysis of the
nanowires formed through the contact diffusion process shows the formation of

crystalline structures.

Both the Raman scattering spectroscopy and HRTEM analysis performed on
the contact diffused nanowires formed on Si;N4 TEM grids were inconclusive for the
exact phases present of the structures. Further testing and analysis will be required
for utilising the planar TEM deposition technique to analyse the nanostructures as
the fragility of the SisN4 TEM grids may have impacted upon the amount of pressure
exerted on the glass contacted VO thin film thus altering the formation of desired V-

O-Na-Si phase structures.

The contact diffusion mechanism for transfer doping of thin films between a
V,0s thin films on diffusion barrier layer and, and a borosilicate glass substrate
source demonstrates the capability of utilising the inter-diffusion mechanism
discussed in chapter 6, and surface roughness nucleation sites to form nanowire
network morphologies of V-O-Na-Si transparent materials. Thin film morphologies
utilising nanowire structures are used for applications in photovoltaics®', TCOs*™*,
sensors>* and optical coatings.”> These materials are deposited in a variety of ways
while the inter-diffusion technique outlined in this section demonstrates the
capability of nanowire formation through the mechanical contacting of a donor
material. This technique can potentially be expanded to other materials and diffusion
products: through the ion-exchange of Na with Li in borosilicate glass™ it may be
possible to encourage the formation of Lithium-intercalated V,0Os for use in

applications such as thin film batteries.
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7.4 Planar Electrodeposition Formation of Na-SiO; and V-Na-SiO,

Conductive substrates can be coated with a range of materials using
electrodeposition. The electrodeposition process used in this chapter was adapted
from a technique outlined by Walcarius et al. for the deposition of mesoporous SiO,
thin films on a range of substrates.”’ The process involves the electrochemical
generation of OH™ groups at the surface of the substrate through the application of a

constant negative voltage across the cell.””**

The generation of OH" groups at the
surface of the substrate facilitates the hydrolysis and polycondensation of the TEOS
depositing a solid thin film of SiO, material. ' Two types of planar thin films were
deposited by electrodeposition. The first deposition was a Na-SiO, mixture where Na
was added to the TEOS-based electrolyte with a NaNOs salt additive. The resulting
electrodeposited thin film was analysed using XPS and is composed of
predominantly SiO, with some Na species present. The second electrodeposition thin
film formed contained only SiO,, without any NaNOj; added to the electrolyte. SEM
analysis of the resulting Na-SiO, and SiO, electrodeposited films shows a rough
surface morphology. Subsequent coating with VO through dip-coating and annealing
can form a phase of the V-O-Na-Si material through interdiffusion processes. The

influence of sodium in the inter-diffusion process was determined through analysis

of the two types of thin film depositions.

7.4.1 Effect of Electrodeposition Voltage on Structure and Vibrational

Characteristics

For a planar electrodeposited Na-SiO, deposition on an FTO substrate,

chronoamperometry was used at a constant applied voltage with the corresponding
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current monitored over time. The applied current versus time profile for a planar Na-
Si0, deposition at applied voltages of -2.5 V and -4 V for 10 s is shown in Figure
7.7 (a). After the constant negative electric potential is applied the electrodeposition
current was found to decrease over time. The maximum current for the planar Na-
SiO; deposition at -4 V is higher than that for the same deposition at -2.5 V. There is
also a variation in the electrodeposition current vs. time profile between depositions
at either applied voltage. The variations in the current vs. time profile between the
two applied voltages in the 0.35 s — 2.85 s regions is attributed to the increased
Faradaic processes at the substrate surface due to the differences in applied potential.
After an initial rapid change in current, the reaction rate (current) increases slightly
and thus film growth (as measured by the cumulative total charge passed) increases
in time. Analysis of the total charge (Qrota1) for both applied voltages shows that the
higher -4V applied voltage increases the total charge of the system from 0.10358 C
to 0.10478 C. The increase of the applied voltage past -2.5 V did not result in a

substantially larger charge through the system.

The electrodeposited Na-SiO, films were dip-coated with VO using the
1000:10:1 (IPA:Alkoxide:H,O) precursor solution and subsequent annealing formed
a V-Na-SiO; thin film through interdiffusion processes. The optical images in Figure
7.7 (b) show the as-deposited and thermal treated Na-SiO, and V-Na-SiO; thin films
deposited at -2.5 V and -4 V potentials, respectively. The lower half of both of the
thin films was coated with VO to form a staggered Na-SiO,/V-Na-SiO, multi-
layered deposit. After thermal treatment the interdiffusion V-Na-SiO, material forms
on the lower surface of the thin films. Interdiffusion of the VO is seen in the optical
images after thermal treatment through the optical clearing of the coated areas. The

optical images in Figure 7.7 (b) show that the overall surface coverage of the Na-
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Si0, films deposited at -2.5 V is superior to those of the films deposited at -4 V
under identical deposition times in a similar electrolyte. In the Na-SiO, thin film
deposited at -4 V, the outer edges of the FTO substrate are not coated while in the

film deposited at -2.5 V the FTO surface is uniformly coated.
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Figure 7.7. (a) Electrodeposited current over time profile for planar deposition of Na-
Si0; and V-Na-SiO; on FTO at an applied voltage of -2.5 V and -4 V. The value for
total charge is given for each applied voltage. (b) Optical images of as-deposited and
heated electrodeposited Na-SiO, films with a 1 cm long dip-coated VO thin film.
Raman scattering spectroscopy of (c) FTO, Na-SiO, and V-Na-SiO, films after
thermal treatment at 300 °C for films electrodeposited at -2.5 V and -4 V. (d) Same
Raman spectra as (c¢) zoomed into the 8§70 cm™' - 1000 cm™ wavenumber range.

The Raman scattering spectra for the thermally treated samples deposited at -
2.5 Vand -4 V is presented in Figure 7.7 (c, d) respectively. The Raman spectra for
the FTO, Na-SiO, and V-Na-SiO, regions are shown where different characteristic
peaks are evident in both samples. The Na-SiO, vibrational modes in the -4 V

deposited Na-SiO; layer are more distinct with a higher intensity compared to the
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background FTO spectrum than those of the -2.5 V deposited Na-SiO, layer. The
higher electrodeposition voltage increases the packing and thickness of the Na-SiO,

layer and therefore the sensitivity to the respective vibrational modes increases.

Different V-Na-SiO, characteristic vibrational modes for the films deposited
at-2.5 V and -4 V are shown in the spectra of Figure 7.7 (c, d) each corresponding to
either a-NaVO; or p-NaVOs. The 887.4 cm™ mode is present in both deposits and
the other prominent a-NaVOs; or -NaVO; modes appear depending upon the Na-
Si0, deposition voltage. The most prominent high wavenumber modes for the V-Na-
Si0, film deposited at -2.5 V is 918 cm™ and 953 cm™ respectively. These two
modes are characteristic of a-NaVOs. The characteristic modes for the V-Na-SiO,
film deposited at -4 V shows the vibrational modes for B-NaVO; at 908 cm™ and 943
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Figure 7.8. XPS spectrum for the Na-SiO, and V-Na-SiO; thin films showing the
binding energies for the Si 2p, O 1s, V 2p and Na 1s peaks. The Auger peaks for
SnO; and Sn are located at ~1055 eV and 1046 eV respectively and are attributed to
areas of the FTO substrate being visible to the X-Ray spot. Surface composition was
calculated from the survey XPS spectrum for Na, Si, O and V.

The X-ray photoelectron spectra from the Si 2p, O 1s, V 2p, Na 2p and Na 1s

core-levels for both Na-SiO, and V-Na-SiO, thin films deposited at -2.5 V is
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presented in Figure 7.8. There is no change to the Si 2p peak at 103.2 eV after the
formation of the Na-SiO, material, which is to be expected due to the large amount
of Na-SiO; present and low concentration of VO deposited on the surface. The O 1s
peak has an extra shoulder contribution at 530.9 eV which is attributed to the
formation of a-NaVO; on the surface through inter-diffusion processes. The V 2p
peak is located at 517.7 eV correlates to the binding energy for V in NaVO;.*
Interestingly, the Na 1s increases in intensity after the inter-diffusion process occurs.
The increase in the Na 1s is attributed to the diffusion of Na from within the Na-SiO,

film to the surface for the formation of the V-Na-SiO, material.

Surface composition analysis using the XPS survey spectrum shows that the
surface prior to VO deposition is composed of 3% Na, 38.25% Si and 58.75% O.
Assuming that areas of the FTO substrate is in view of the X-ray beam due to the
presence of the Sn and SnO, Auger peaks in Figure 7.8, the contribution of the
bonded O species for FTO increases the percentage of O in the composition
calculation. As the Si 2p peak is referenced to SiO,, the assumption that Na species
is deposited within the SiO, material leads to an estimation of the electrodeposited
material to be Nay;Si0,. After dip-coating and annealing, the Na species within the

Nay ;1Si10; thin film inter-diffuses with the VO forming the V-Na-SiO, material.

The formation of a-NaVO; and B-NaVOs; from -2.5 V and -4 V initially
electrodeposited Na-SiO, thin films may be due to the effect of the electrodeposited
surface during the annealing step. The formation of the o-NaVO; phase was
investigated by Seetharaman ef al. who showed that the initial B-NaVO; undergoes a
phase change to a-NaVOs; after thermal treatment at 420 °C and above.'® This phase
change occurs in the case of deposition at -2.5 V, but not for Na-SiO, films

deposited at -4 V. The denser Na-SiO, material at -4 V may inhibit the inter-
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diffusion of Na by increasing the diffusion distance and therefore halting the phase
change from B-NaVOs; to a-NaVO;. As the formation of a-NaVOs; is facilitated at
electrodeposition voltages of -2.5 V for the planar depositions with little change to
the total charge of the electrodeposition, the use of this voltage was chosen for

preparing the Na-SiO; thin films for further study and analysis.

7.4.2 Thin Film Morphology of Na-SiO; and V-Na-SiO, Thin Films

The surface morphology of the Na-SiO, and V-Na-SiO, thin films deposited
by electrodeposition at -2.5 V was studied due to the formation of the a-NaVO;
phase after thermal treatment. The surface morphologies for planar Na-SiO, and V-
Na-SiO; thin films was examined using top down and cross-sectional SEM
microscopy. The cross-sectional SEM was performed at an incident angle of 45° and
allowed for the side profile of the deposits to be examined and the thickness to be
approximated. A 45° incident angle was chosen due to the difficulty in obtaining an
SEM image at 0° incident angle due to the high thickness (3 mm) of the non-

conductive glass substrate beneath the FTO.

An SEM image of a clean FTO surface is shown in Figure 7.9 (a). The
transparent FTO has a granular surface morphology with a thickness of ~350 nm.
Both top down and 45° angled surface images of an electrodeposited Na-SiO; thin
film deposited at -2.5 V for 10s after thermal treatment is shown in Figure 7.9 (b-d).
The surface morphology of the electrodeposited Na-SiO, film shows a surface
composed of spherical particles, presumably the Nag;SiO, mixture. The SEM
images (Figure 7.9 (c, d)) show that the thickness of the Na-SiO; thin films is larger

than that of the dip-coated V,0s thin films presented in the previous chapters. An
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estimated thickness of ~500 — 800 nm is determined from the SEM images for the
Na-SiO; thin films. Interestingly, SEM images show that the Na-SiO; thin film has a
smooth uniform morphology under the spherical particles located on the surface.
This initial compact layer coats the entire surface prior to the more granular top

surface being formed.

film.

SEM images of V-Na-SiO, after thermal treatment is shown in Figure 7.10
(a-d). A surface morphology similar to those of the Na-SiO; thin films is seen which
implies a conformal coating of VO is applied when forming V-Na-SiO,. In Figure
7.10 (d) a coating is apparent on the particulate surface which is attributed to the
formation of the V-O-Na-Si related material through inter-diffusion between the Na-

Si0; and VO thin films. The role of the VO in the formation of the V-Na-SiO, thin
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films does not have a noticeable effect on the resulting thin film thickness as

evidenced in a comparison between both Figure 7.9 (d) and Figure 7.10 (d).

Figure 7.10.
treatment.

The implications for inter-diffusion processes that do not detrimentally alter
the initial surface will be of use for applications in nanoelectronic and optical
devices where tight constraints on surface defects are required. The inter-diffusion
process may in future be applied for the localised doping of materials and surfaces
through either the application of contact diffusion or pre-depositing as demonstrated
in the previous and current section respectively. By utilising pre-doped®® or other
such glasses and materials, it may be possible to expand the inter-diffusion process
to a variety of dopants and metals for use in a range of thin film applications and

devices.
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7.5 Planar Electrodeposition Formation of SiO; and V-SiO;

To ascertain the effect of Na species on the V-O-Na-Si inter-diffusion
materials, thin films composed with only Si and O were deposited. The SiO, thin
films were deposited using electrodeposition with the same electrolyte where no
NaNOs salt was added. Electrodeposition was employed to form SiO; thin films
which were subsequently dip-coated with VO to form a V-SiO, composite material.
The electrodeposition voltage was kept in line with the Na-SiO, depositions at -2.5
V but the deposition time was increased in order to form thicker SiO, thin films on
the surface of the FTO substrates as the NaNO; within the electrolyte affected the
deposition rate. Annealing was performed as in the Na-SiO, case at 300 °C for 12
hours in a conventional oven. Raman scattering spectroscopy and SEM analysis
methods were employed for determining the effect of the Na species on the

formation of V-O-Na-Si based materials from contact transfer diffusion doping.
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Figure 7.11. (a) Electrodeposition current over time profiles for planar depositions of
SiO; thin films on FTO at an applied voltage of -2.5 V and deposition times of 10 s
and 1000 s. (b) Raman scattering spectroscopy of planar electrodeposited depositions
of SiO; and V-SiO; thin films after thermal treatment compared to FTO and
orthorhombic V,0s.
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In Figure 7.11 (a) the electrodeposition current over time profiles for planar
depositions of SiO; thin films deposited at 10 s and 1000 s is shown. The two
electrodeposited thin films have a similar current vs. time profile for the first 10 s.
The total charge passed for the SiO, thin films electrodeposited for 10 s and 1000 s
is 0.00819 C and 0.59769 C respectively. The total charge of the comparative 10 s
Na-SiO; electrodeposition is two orders of magnitude larger than for SiO,
electrodeposited over 10s. The longer deposition time was required for the SiO,
compared to the Na-SiO; thin films due to the influence of the NaNOs within the
electrolyte, such as alterations to the conductivity and pH, which can result in
changes to the rate of OH production at the substrate interface required for the

formation of a uniform thin film.*!

Raman scattering spectroscopy was performed on the annealed SiO, and V-
SiO; thin films deposited at 10 s and 1000 s to assess the vibrational mode structure
of the V-O-Na-Si material from both electrodeposition growths. The role of Na in
the inter-diffusion process was examined through analysis of the Raman scattering
spectra of Figure 7.11 (b) and determining if the characteristic modes for the V-O-
Na-Si inter-diffusion materials are present. Figure 7.11 (b) includes spectra of the
vibrational modes of the FTO substrate and orthorhombic V,0s to enable direct
comparisons. The Raman scattering spectra for the SiO, and V-SiO, deposited at
both 10 s and 1000 s do not show the formation of any of the characteristic modes
for the V-O-Na-Si range of materials. However, the Raman spectra also do not show
the formation of orthorhombic V,0s which would be expected on the surface after
annealing without the influence of inter-diffusion processes as shown in the red

spectra of Figure 7.11 (b).
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Figure 7.12. SEM images at different magnifications of planar as-deposited 10 s
electrodeposited (a, b) SiO; and (c, d) V-SiO; thin films. (Blue regions highlight
areas where uncovered FTO is seen)

To determine whether any morphological factors affected the formation of
orthorhombic crystalline V,0s on the surface of the SiO,, SEM images of the
samples before and after heating was obtained. SEM images of the as-deposited SiO,
and V-SiO; thin films are shown in Figure 7.12 and Figure 7.13 for the thin films

deposited at 10 s and 1000 s, respectively.

The SiO; thin films are shown in (a, b) and the V-SiO; thin films in (c, d) in
both Figure 7.12 and Figure 7.13. The SiO, depositions at 10 s duration consist of

non-uniform coatings with low surface coverage of the FTO substrate as shown in
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Figure 7.12 (a, b). The electrodeposited film develops cracks and exposes the FTO
substrate underneath (coloured in blue) upon drying, indicating a degree of internal
porosity. The low magnification image in the inset of Figure 7.12 (a) shows the low
surface coverage of the SiO, coating after 10 s electrodeposition time. The film
formed after 1000 s exhibits greater surface coverage with a uniform morphology.

Surface cracking is limited to be located close to the FTO/Si0; interface (Figure 7.13

(a, b)).

Figure 7.13. (a, b) SEM images at different magnifications of planar SiO,
electrodeposited for 1000 s and (c, d) after coating with VO prior to annealing to
form V-SiO,. The higher surface coverage of the FTO substrate (blue regions)
compared to the SiO; films electrodeposited for 10 s can be seen.
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The V-SiO; coating deposited at 10 s is non-uniform and irregular due to the
low surface coverage of the underlying SiO, as seen in Figure 7.12 (c, d). The SEM
image in Figure 7.12 (d) shows the rough morphology of the as-deposited V-SiO,
coating. By contrast, the as-deposited V-SiO, coating after 1000 s of growth shows a
uniform surface morphology as shown in Figure 7.13 (c, d). The dip-coated VO thin
film conformally coated the surface of the SiO, as previously discussed in Chapters

4, 5 and 6 describing VO coating of different substrates using the same technique.

100 pm | 5 ym

Figure 7.14. SEM images of planar annealed V-SiO, thin films formed from
electrodeposited SiO, films deposited for (a, b) 10 s and (c, d) 1000 s. (blue areas
denote FTO areas which are not coated in SiO;)
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SEM images of V-SiO; thin films deposited at 10 s and 1000 s formed after
thermal annealing are shown in Figure 7.14 (a, b) and (c, d) respectively. For V-SiO,
thin films formed in 10 s, the surface coverage after thermal treatment is low and the
formation of the material is found only in regions where SiO, was deposited. The
surrounding regions show the formation of orthorhombic V,0s due to the lack of

Si0, that facilitates inter-diffusion processes.

The V-SiO; thin films deposited at 1000 s have a smooth surface morphology
as evidenced by the SEM images of Figure 7.14 (c, d). Small areas on the surface of
the V-SiO, shows the presence of small 1 - 2 um sized pinholes shown in Figure
7.14 (d). The pinholes mimic those examined previously on Au and ITO substrates
but have a significantly larger average radius, 1.356 um compared to 25.1 nm and
111.5 nm respectively for the Au and ITO substrates (see Chapter 5). The formation
of the pinholes is attributed to regions on the SiO, electrodeposited thin film where
the VO may not have adequately coated the surface resulting in pinhole formation

from surface compaction of the thin films during thermal treatment.

The mass of the electrodeposited thin films can be calculated using the
deposited materials density and Faraday’s law where it is assumed that all of the
charge is used for the formation of the thin film. The mass (m) can be calculated

using:

_ PVmQ@Q
m = 2nd (Eq. 7.1)

where V,, is the molar volume of the electrodeposited material, n is the number of
electrons transferred, Q is the charge and p is the density of the deposited material.
In Figure 7.15 (a) a comparison of the charge vs. time and calculated mass vs. time

for the Na-SiO; and SiO; electrodeposited thin films is shown. The V;, and p of the
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Na-SiO, thin films was assumed to be the same as SiO, (Vi = 27.359 cm’/mol, p =
2.62 g/em’) due to the low amount of Na species within the electrodeposited Na-
Si0, thin film as calculated from XPS measurements. An »n value of 4 was chosen
due to the number electrons required for the electro generation of OH™ on the
substrate surface that facilitates formation of SiO, by subsequent hydrolysis.*' The
calculated mass for the Na-SiO; thin film electrodeposited for 10 s is ~9.3 pg. This
value is two orders of magnitude smaller than the 139.1 — 222.6 ug calculated from
the 500 — 800 nm thickness measured using SEM in Figure 7.9 (d) and the
dimensions of the substrate surface deposited upon. The calculated masses for the

Si0; electrodeposited thin films at 10 s and 1000 s are 0.66 pg and 62.93 pug,

respectively.
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Figure 7.15. (a) Comparison of charge vs. time and calculated mass vs. time for the
Na-SiO; and SiO, electrodeposited thin films. (b) Calculated mass vs. time for Na-
Si0, electrodeposited thin films using constants for SiO,, Na,Si03 and Nay ;SiO;.

To determine the influence of V,, for various Na mole fractions in the Na-
SiO, thin films, different mass values were recalculated assuming that the
electrodeposited thin film formation is SiO,, Na,SiO; (a common sodium-silicate
material) and the calculated Na,;SiO, material. In all cases, the Faradaic efficiency

was again assumed to be 100%. The calculated V}, and p values used were 27.359
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cm’/mol and 2.65 g/em?, 46.589 cm’/mol and 2.64 g/cm’, 34.236 cm’/mol and 2.65
g/em’, and as shown in Figure 7.15 (b), the masses range from 9.3 ug, 15.71 pg and
11.62 pg for the SiO,, Na,SiO3 and Nay ;Si0, respectively, an order of magnitude
lower than the measured values. While the composition matches detailed
spectroscopic examination, it is apparent that the NaNO; additive to the electrolyte
affects not only on the composition but also the electrodeposited thickness. A change
in the number of electrons exchanged per mole or the molar volume cannot account
for the variation, nor does a rescaling due to a significant degree of internal porosity
compared to the theoretical mass that describes a compact film formation — the SEM
evidence shows a predominantly compact thin film formation with subsequent
porous overgrowth. The current efficiency associated with SiO, formation can be

written as

2nF
n= g (Eq. 7.2)

The current efficiencies for both durations of deposition are quite low and range
from 0.06-0.09 (for 10 - 100 s) and the charge passed presumably gives rise to
soluble reaction products with a considerable charge contribution to the reaction
steps that leads to surface hydroxyl group coverage and subsequent hydrolysis

(chemical as opposed to electrochemical formation).

The role of Na species in the inter-diffusion formation of V-O-Na-Si based
materials was examined by depositing pure SiO, thin films from an electrodeposition
electrolyte without the NaNOs; additive. The resulting thin films were tuned to
deposit a uniform coating on the surface by increasing the deposition time and VO
was subsequently dip-coated onto the surface as before. The formation of the
characteristic Raman vibrational modes of the V-O-Na-Si did not appear after

thermal treatment, neither was evidence of orthorhombic V,0s formation seen on V-
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Si0, areas as shown in Figure 7.11 (b). As the formation of orthorhombic V,0s is
not found for the VO coated SiO, regions, it is assumed that the inter-diffusion
processes occur between the Si, V and O species and form an amorphous, non-
Raman active material. This information consolidates the findings from chapter 6,
which demonstrated the formation of a-NaVOjs crystalline phase with an amorphous
medium. The a-NaVOs; matrix has a characteristic Raman spectrum and XRD
pattern which can be detected, but previous XPS measurements have shown large
amounts of Si present on the surface accompanying the a-NaVOs. This section
provides definitive proof that the Si, V and O species also undergo inter-diffusion to
form an amorphous glassy material, and that both Si and Na species are required to

convert V,0s to a highly visible transparent material as a film or as nanowires.

7.6 Templated Deposition of Na-SiO, and V-Na-SiO,

Patterned substrates and thin films are used in a range of applications from
electronic devices®, optical coatings™, sensors™ and batteries.*® In optics, different
patterning techniques can alter the propagation of light through a range of materials,
which can lead to improvements in applications such as photovoltaics where
enhanced coupling, scattering, or absorption of light can be used to improve the

- . 34,3637
efficiency of the devices.™

Different methods are available for the deposition of patterned and structured
substrates/thin films. Techniques for altering the surface chemistries in solution
processed techniques, where alterations are made to the wettability of surfaces, can
be employed for the preparation of patterns such as stripes, lines and single

38-41

deposits. Other solution processed methods are available that use these
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advantageous liquid characteristics through the incorporation of nanoparticles and
inclusions for promoting the use of a large variety of reproducible fabrication

. 42-43
techniques.

These techniques can be applied to drop casting, thermal/sputter
depositions and dip-/spin-coating, where substrates for a range applications, most
notably SERS, can be manufactured.*” The formation of interdigitated circuits and
electrodes can also be of benefit for improving the efficiency of batteries and sensors

by increasing the surface area available.”> **

Here, custom 3D-printed templates were used in conjunction with
electrodeposition processes to form templated Na-SiO, thin film structures. By
coating the entire substrate with VO thin films and thermally treating the overall
deposit, a patterned V-Na-SiO; thin film surrounded by V,0Os is formed, forming an
in-plane heterojunction of conducting and non-conducting oxide with significantly
different degrees of optical transparency. Macro-sized templates were prepared in
order to demonstrate the concept whereby a combination of electrodeposition and
inter-diffusion processes can form patterned transparent features of films and

materials on substrates via contact transfer diffusion doping.

In Figure 7.16 (a), the electrodeposition current vs. time profile for a
templated deposition is compared to the profile for a planar deposition as shown in
section 7.4 and the associated total charge values for both electrodepositions is
given. The templated deposition has a lower initial current with a difference in the
profile shape noticeable between the two depositions between 0.3 s - 2 s. The
decrease in total charge passed (from 0.10358 C to 0.02638 C) is attributed to a

reduction in available surface area for the electrodeposition to occur.

Development and Characterisation of Solution Processed Vanadium Oxide and Transparent Metal Oxide Thin Films 239



(@) 2.0

24
< 284 Quyar: 0.02638 C
E 287 —— Templated Deposition
= 32 Planar Deposition
& 324
o
S 10
° 42 / Qrogar: 0.10358 C
-14 4 y T ’ ' . : . | . |
° 2 4 6 8 10
Deposition Time (s)
Template Substrate +

Conductive Coating

() Na-SiO, (d) Vv-Na-SiO, (¢) Thermal Treated

Figure 7.16. (a) Electrodeposited current vs. time profile for templated deposition on
FTO at an applied potential of -2.5 V and the associated total charge values. (b)
Schematic illustrating the method for producing templated samples. Optical images
of (c) templated Na-SiO, on FTO, (d) templated Na-SiO, coated in VO prior to
thermal treatment. (e) Optical images of (d) after thermal treatment with the V-Na-
Si0, material surrounded by an orthorhombic V,0s thin film.

A schematic of the procedure for depositing the templated Na-SiO, and V-
Na-SiO; samples is shown in Figure 7.16 (b). A 3D printed template is placed in
front of the bare FTO and the electrodeposition is performed resulting in a Na-SiO,
deposit forming within the templated area which is then dip-coated with VO and
thermally annealed. Optical images of the templated Na-SiO,, as-deposited V-Na-
SiO, and thermal treated V-Na-SiO, samples are shown in Figure 7.16 (c-¢)

respectively. The templated as-deposited Na-SiO, thin films appear to be optically
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diffuse or bleached. A single VO thin film was dip-coated to the Na-SiO, at 2.5
mm/s and the resulting thin sample is shown in Figure 7.16 (d). The inset image
shows how the VO conformally coats the surface and decreases the transmission of
light through the templated region. After thermal treatment and subsequent inter-
diffusion, the non-templated regions form orthorhombic V,0s while the formation of
V-Na-SiO, occurs on the templated region. The optical image and inset in Figure
7.16 (e) shows the resulting changes to the templated and non-templated thin films.
The diffusive optical characteristics of the templated regions is restored after thermal

treatment due to inter-diffusion processes and the formation of V-Na-SiO,.

SEM images of an as-deposited Na-SiO, templated thin film is shown in
Figure 7.17. The as-deposited sample shown in Figure 7.17 (a) has two distinct
regions for allowing comparisons to be directly made: the top part (above the N) is
uncoated templated Na-SiO; and FTO and the bottom part (below the N) is the same
type of deposition but is coated with an as-deposited VO thin film. An overview
SEM image of the written deposited is shown in Fig. 7.14(a) and the (i — iv) regions
correspond to the images on the right hand side. After coating with VO, the surface
of the FTO is conformally coated, Figure 7.17 (a) (ii). The SEM images show that
the electrodeposited Na-SiO, film has a lower surface roughness to those previously
studied in section 7.4. In comparison to the conformally VO coated FTO in Figure
7.17 (a) (iv) the VO coating on Na-SiO, is irregular and rough on the surface as

shown in Figure 7.17 (a) (iii).
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Figure 7.17. SEM images of templated Na-SiO, deposition on FTO. (a) as-deposited
(1) VO thin film coating Na-SiO,, (ii) VO thin film coating FTO, (iii) uncoated SiO,
and (iv) uncoated FTO. (b) Thermally treated (i - iii) V-Na-SiO, and (iv) V,0s
coated FTO. The (i — iv) regions for (a) and (b) correspond to the images on the right
hand side.

SEM images of a thermally treated fully coated V-Na-SiO, templated
sample is shown in Figure 7.17 (b) with the different regions indicated with (i — iv)
as previously done in Figure 7.17 (a). After thermal treatment, the V,0Os coated FTO
retains a similar conformal coating discussed previously; however, the V-Na-SiO,
regions, Figure 7.17 (b) (i1 — iv), show the formation of a rough surface morphology.

The rough morphology is due to non-conformal inter-diffusion processes with the
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initially non-conformal VO on Na-SiO, coating. The orthorhombic V,0s coating on
the FTO retains its low surface roughness and conformal coating to the substrates

granular surface.

The Raman scattering spectra acquired from various regions on a thermally
treated V-Na-Si0O, templated sample is shown in Figure 7.18. The FTO, Na-SiO, and
V,0s regions show the expected characteristic vibrational modes. The Raman
scattering modes for the templated V-Na-SiO, regions do not show the presence of
the characteristic vibrational modes for the V-O-Na-Si materials. The second V-Na-
Si0, Raman spectrum shown in Figure 7.18 has evidence of a low intensity mode,

145 cm™, which can be attributed to the formation of orthorhombic V,0:s.
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Figure 7.18. Raman scattering spectroscopy of different regions on a templated Na-
Si0, and V-Na-SiO; thin film.

The lack of evidence for the formation of either large concentrations of

orthorhombic V,0s or the modes indicative of the presence of a-NaVO;, to be
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expected for full inter-diffusion, can be explained by examining the Na-SiO,
patterning and non-conformal VO coating. The changes in packing of the surface
from the electrodeposited templating may have affected the distribution of the Na
species within the porous Na-SiO; thin film. As with the cases studied in sections
7.4, an increase in the required diffusion length of the Na species can limit the
amount of Na available for the inter-diffusion formation of a-NaVO; at the surface
of the deposit. Coupled with this effect, it was shown in section 7.5 that the inter-
diffusion materials formed with Si, V and O are not Raman active. The non-
conformal coating of the V,0s on the surface of the Na-SiO; results in the formation
of small concentrations of V,0s on the Na-SiO; also, as evidenced in Figure 7.18. A
rougher VO coating can also increase the required diffusion distance required for the
inter-diffusion, thus regions of orthorhombic V,0s formed with the glassy V-Si-O
material, resulting in their low intensity in the Raman spectrum. The application of
templated electrodeposited substrates incorporating inter-diffusion processes can be
optimised for modifying functional materials and film that are useful in optical and

electrical devices such as photovoltaics and photocatalytic materials.

7.7 Conclusions

Methods for the formation of V-O-Na-Si inter-diffused thin film materials on
diffusion barrier layer substrates, such as FTO, were studied using a variety of
techniques. A contact diffusion method was developed for the formation of nanowire
mesh surfaces composed of a-NaNOs; and B-NaNO; nanowires. The technique
involves the facilitating of the inter-diffusion process through the contacting of a
glass to the surface of a dip-coated VO thin film. Through the application of a

constant pressure between the glass and FTO substrate during thermal annealing the
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inter-diffusion process is enabled. The contacted glass contributes the donor Na and
Si species for the formation of the V-O-Na-Si nanowires which grow in different

concentrations and morphologies across the inter-diffusion formed region.

Both the initial VO thickness and annealing temperature/time affected the
type of nanowire meshes formed, with red and blue shifting of the characteristic
modes for the a-NaNO; and -NaNO; materials due to stress and size effects. With a
thicker initial VO thin film the formation of a-NaNO; and B-NaNO; nanowire
regions is formed on the surface, with different regions corresponding to nanowires,
shards and rods of both materials. HRTEM analysis of the nanowires formed on
Si3N4 TEM grids show that the nanowires and other nanostructures may have core-
shell characteristics and various crystalline structures and morphologies. This
technique can potentially be expanded to other materials and diffusion products for

the formation of complex nanowire mesh structures.

An electrodeposition technique was adapted for producing the V-O-Na-Si
thin films on FTO in both planar and templated morphologies. In the
electrodeposition of Na-SiO, and SiO, thin films, a cathodic potential was applied
for the production of OH groups on the surface of the substrate which in turn
facilitated the hydrolysis and polycondensation of an alkoxide TEOS solution which
formed the solid thin film deposits. A large change in surface morphology and
coverage was found between the electrodeposited Na-SiO, and SiO, thin films,
where the SiO, thin films were electrodeposited from an electrolyte without a
NaNOj; additive. The NaNOj; additive affected the thickness and morphology of the
electrodeposited thin films by altering the Faradaic response of the electrolyte during

electrodeposition.
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The formation of the V-O-Na-Si inter-diffused material is affected by the
applied electrodeposition voltage and the presence of Na species within the material.
With the inclusion of Na species within the electrodeposited thin films, the formation
of both a-NaNOs and B-NaNOs thin films is facilitated. The pure SiO, thin films
electrodeposited without the NaNO; additive do not show evidence of the formation
of a-NaNOs or B-NaNOs but also does not form pure orthorhombic V,0s which
shows that there is an inter-diffusion process between the dip-coated VO and SiO,
which forms a non-Raman active material. Templated depositions of the V-O-Na-Si
materials can be prepared through the use of custom 3D printed templates which
allow for the deposition of intricate V,0s/V-Na-SiO, morphologies with well-

defined interfaces and surface areas.

The work in this chapter highlights the range of technique available for the
formation of V-O-Na-Si materials on diffusion layer substrates. The techniques and
methods outlined in this chapter demonstrate that the direct deposition of VO
materials onto glass substrates is not required for the inter-diffusion process to occur.
Through increased research and development of the range of techniques possible for
the application of inter-diffusion formation methods, a number of depositions can be
devised and used for the formation and doping of materials of thin films from an

underlying coating that facilitate diffusional movement of elemental or ionic species.
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Chapter 8

Conclusions
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8.1 Introduction

In this chapter, a brief conclusion summarizing the results of Chapters 4 to 7

is presented. Possibilities for future work are also outlined in this chapter.

8.2 Dip-Coated V,05 Thin Film Formation

A Dbetter understanding of solution processed thin film formation
characteristics, specifically the role of alkoxide solution precursors, can lead to
higher quality thin film coatings for academic and industrial applications. In Chapter
4, thin films of V,0s5 were deposited onto transparent ITO coated glass substrates to
investigate the formation characteristics of the alkoxide based solution precursor.
The effects of PAD and changes in the solvent-alkoxide dilution on surface
morphology, structure, optoelectronic properties and crystallinity for both bulk and
uniform thin film depositions was studied through the application of drop-casting
and dip-coating deposition techniques. Sub-100 nm thin films were prepared using a
fast-rate dip-coating technique where low rms roughness and a defect free surface
coupled with high optical transmission in the visible region were found for low
concentration depositions. The application of PAD techniques was investigated with
the aim of improving the thin film morphology and surface structure. The reduction
in surface discontinuities was linked to the change from a granular surface structure
with normal precursor solutions to a polycrystalline structure in precursors
containing PEG. The work demonstrated that H,O additive and alteration of
viscosity and precursor composition by PAD were promising for the preparation of
very uniform thin films during high rate dip-coating where the surface morphology

and structure can be engineered through facile changes to the liquid solution.
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8.3 Optimizing V,0;5 Dip-Coated Thin Film Depositions

Surface thin film defects can be detrimental in the operation of devices such
as TFTs and solar cells, where defects such as pinholes can cause short circuiting
and therefore decrease the device efficiency, effectiveness and lifetime. In Chapter 5
the formation of pinhole defects in solution-processed thin films deposited from
alkoxide based precursors was studied. Pinhole defects were examined for V,0s thin
films deposited on both Au and ITO where the different surface properties of the
substrates affected the size and spatial dispersion of the pinholes. The average size of
the pinholes formed on Au and ITO substrates was 25.1 nm and 111.5 nm
respectively. While the average size of the pinholes are different, the percentage of
the total surface area covered in pinholes was comparable at ~ 8% for both
substrates. It was found that the formation of the pinhole defects on the surface of the
thin films was due to spinodal instabilities and dewetting effects of the liquid
precursor solution which occurs during the formation stage of the deposition. A
nanofluid stage, where the alkoxide hydrolyses as inclusions within the liquid
precursor after dip-coating, was attributed to the spinodal and dewetting effects.
Through the application of PAD and changes in the alkoxide:IPA dilution ratios, as
outlined in Chapter 4, the formation of pinhole defects can be halted and allows for
the formation of highly uniform thin films deposited through solution processed

methods in an ambient deposition atmosphere.

8.4 Transparent Thin Film Deposition via Substrate Diffusion Doping

In Chapter 6, a thermally induced inter-diffusion process between a glass

substrate and solution processed VO thin film was analysed and demonstrated to
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facilitate the formation of a V-O-Na-Si transparent mixed metal oxide material. The
inter-diffusion allowed a fully transparent material to form with a surface
composition of V 35200.547S10.4078Nag 01. The V-O-Na-Si thin film was composed of
an a-NaVOs structure within a glassy matrix, which was determined through
combination of Raman scattering spectroscopy and thin film XRD analysis. A high
broadband transparency across the UV-NIR spectra range exceeding 90-97%
absolute transmission coupled with a low surface roughness and small amount of
defects was apparent for the V-O-Na-Si thin film. The formation of new materials
and the possible inclusion of inter-diffusion processes for the doping of thin film
device components can help decrease the reliance on high cost deposition and
processing techniques currently employed for the preparation of modern

technologies and devices.

8.5 Contact Transfer Doping of Solution Processed V-O-Na-Si Thin Films

and Nanowires on Transparent Metal Oxide Substrates

In Chapter 7 methods for the deposition of V-O-Na-Si inter-diffused thin
films materials on diffusion layer substrates was studied. Different techniques were
examined for the deposition of the V-O-Na-Si thin films, ranging from a contact
diffusion method and processes incorporating electrodeposited Na-SiO, and SiO,
thin films. Nanowire mesh morphologies were formed on the surface of the diffusion
layer substrates through the contacting of a glass to a dip-coated VO thin film after
thermal annealing. Both the initial VO thin film thickness and annealing
temperature/time affected the morphology and structure of the nanowire meshes
which grew on the surface with different concentrations, morphologies and

structures. The contact diffusion technique can potentially be adapted and expanded
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to other material and diffusion products for the formation of complex nanowire mesh

structures.

A second method for the deposition of V-O-Na-Si materials on the surface of
diffusion barrier layers was developed which utilised an electrodeposition process to
form Na-SiO; and SiO; thin film deposits onto the surface. Inter-diffusion processes
were initiated through annealing of a dip-coated VO thin film. With the inclusion of
Na species within the electrodeposited thin films, the formation of both a-NaNOs;
and B-NaNOj thin films is facilitated while pure SiO; thin films electrodeposited
without the NaNO; additive do not show evidence of the formation of a-NaNOs, [3-
NaNOs or pure orthorhombic V,0s which shows that there is an inter-diffusion
process between the dip-coated VO and SiO,. Using the electrodeposited technique
and custom 3D printed stencils, templated depositions of the V-O-Na-Si materials
can be prepared allowing for the deposition of intricate V,0s/V-Na-SiO,

morphologies.

8.6 Summary of Conclusions

e Solution processed thin films were coated onto a variety of substrates using a
fast-rate dip-coating method.

e When deposited on the substrate, the thin film forms through hydrolysis and
undergoes a transition to a nanofluid prior to solidification.

e Surface defects such as pinholes and hillocks can form on the surface of thin
films due to spinodal and dewetting effects on the liquid film during the

nanofluid development stage.
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e PAD and precursor solution changes can be employed to alter the resultant
thin film morphologies.

e Surface defect formation can be halted through the application of PAD and
precursor : solvent changes by altering the formation characteristics during
the nanofluid stage of development.

e The optical properties of V,0s were related to the surface crystal structure,
with decreases of the E, evident from changes of a granular to polycrystalline
surface structure.

e An innovative inter-diffusion technique was demonstrated for the formation
of a transparent V-O-Na-Si metal oxide material.

e The V-O-Na-Si material is composed of a-NaVOs; within a glassy matrix
with a high broadband transparency of 90-97% across the UV-Vis-NIR
spectrum.

e Deposition of V-O-Na-Si materials on diffusion layer substrates is possible
through contact diffusion and VO coating of electrodeposited substrates

o Contact diffusion depositions form crystalline nanowire mesh surface
morphologies on granular FTO substrates through the annealing of a dip-
coated VO thin film contacted to glass.

e Thin films of Na-SiO, and SiO, can be deposited on FTO using
electrodeposition and subsequent annealing of a dip-coated VO thin film can

form V-O-Na-Si materials through inter-diffusion.
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8.7 Future Work
8.7.1 Solution Processed Thin Film Device Applications

Solution processed thin film deposition methods are becoming a sought after
and versatile technique for both academia and industry.'? The use of solution
processing is desirable due to the low cost and the scalability of the technique for
depositing large surface area thin film coatings.” The application of solution
processing developed in this thesis can be utilised in next-generation electronics and
optoelectronics, such as TFTs and photovoltaics, particularly those that must be
curved or flexible. A schematic of a typical TFT is shown in Figure 8.1, where
solution processed methods can be used to deposit individual or multiple thin film
components. The realisation of fully solution processed devices and materials with
high electronic and optical quality depositions is projected to lower the cost to both
the manufacturer and consumer, but can also provide alternative methods for
iterative layer deposition and composition control at complex oxide interfaces, which
is a pressing research area for enhancing field effect mobilities for fast switching

transitors.’

Figure 8.1. Schematic of a TFT Device with a back-gated morphology.
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Through the application of the techniques examined in this project, from
defect control methods and utilisation of inter-diffusion processes for material
formation and doping, components for use in TFTs and other optoelectronic devices
can be synthesised. In Figure 8.2, a schematic of a possible solution-processed TFT
with the inclusion of an inter-diffusion material, such as a VO thin film, is shown.
For optimum performance characteristics of the TFT, an ideal inter-diffusion
material will have mobile species available for diffusing into the dielectric to a high-
k material while also having available species for the preferential doping of the
semiconducting channel layer. Additionally, alternative complex oxide interfaces for
even higher mobility amorphous mixed metal oxide semiconductors may be possible
by facilitating inter-diffusion of dopant metallic species whose s-orbital electron
facilitate electronic conduction in an amorphous ionic mixed metal oxide material.
The solution processed technique lends itself to this role due to the capability of the
method for the preparation of thin films containing a range of different materials

through facile solution alterations.”

Inter-Diffusion Malen’al.
) ¥

Dielectric

Figure 8.2. Schematic of a TFT deposited using solution processed methods and
incorporating an inter-diffusion layer for the formation of a high-k dielectric and
doping of the semiconductor through preferential material deposition.

The preparation of state-of-the-art devices, ranging from TFTs and TTFTs, to
photovoltaics and optical coatings, can be deposited using the techniques outlined in

this thesis in principle. The methods can be altered for the deposition of both pure
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and mixed phase materials on a variety of substrates. Through careful choice of
solution-processable oxide materials and dopants from appropriate soluble
precursors, the deposition of dielectric and conductive oxides and interfaces may be

possible in the near future.

8.7.2 Precursor Solution Nanofluid

Further research is possible on the formation characteristics of the alkoxide
based precursor through analysis of the nanofluid deposition stage. This research can
be performed by analysing the formation of the solid bulk-like material from droplets
of the precursor solution. Research into nanofluid and other liquid systems where
dewetting, hydrolysis, demixing or crystallization/solidification 1is affected,
controlled, enhanced or retarded from inclusions such as nanoflakes or nanoparticles
in the deposit is being reported in order to determine the forces that govern the
formation of wvarious patterns such as the coffee ring effect and other
dewetting/spinodal depositions in a variety of liquid media.” This technique can be
applied to determine particle size distributions within a solution through analysis of
the resulting pattern, where larger particles converge on the centre of the coffee ring

and smaller particles on the outer edge."”

The dewetting effects of alkoxide based solution precursors are of interest
due to the dynamic nature of the material solidification and conversion to an oxide
during hydrolysis. The alkoxide based solution hydrolyses to form the deposit during
solvent evaporation. This hydrolysis stage is a dynamic effect that is not completed
until the material is fully formed; the dewetting and spinodal effects are therefore

halted during this stage due to the densification of the material as discussed in
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Chapter 5. Figure 8.3 shows optical images of a vanadium alkoxide precursor
solution droplet recorded at specific time intervals after deposition on a glass
substrate. As the time increases after deposition, the hydrolysis of the alkoxide
within the solvent can be viewed as they experience dynamic forces in the formation
of the material, which also includes liquid volume loss from drying and changes in
the molar volume of the material from the inorganic phase to the oxide. After the full
hydrolysis and formation of the thin films the surface cracking due to dewetting is

seen on the surface of the deposit.

Figure 8.3. Optical images over time of a vanadium alkoxide precursor solution
droplet. The effect of dewetting and spinodal decomposition on the surface
formation is evident through the morphology of the resultant material. (The blue
colour is due to an optical filter).

The final film microstructure (of the as-deposited film) depends on several
factors such as the structure, size and dispersion of nanoscale inclusions within the

films, how reactive such species are, and whether or not such inclusion influence
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dewetting or solidification from known viscosity coating on short (fast) or long
(slow) timescale, where volatility and evaporation rates as opposed to gravitational
draining, may dominate the hydrolysis. In such cases, knowledge and measurement
of shear and capillary forces are also important. Technologically, such fundamental
investigations will be important especially for diffusion doping, where pinholes will
form continuous defect through single or multi-layered coatings. Even if infilled with
subsequent layers, pinholes define regions that are not doped with the species from
the underlying substrate and so the factors that control coating of oxides is critical
for layer on layer formation of important electronic oxide for device applications.
For future work, this process can be further examined and related to known
nanofluid processes. Through the analysis of dynamic alkoxide formation within a
solvent, a method for altering the dewetting mechanisms can be developed and
applied to solution processed techniques such as dip-/spin-coating in order to

improve thin film depositions.

8.7.3 Advanced Electrodeposition Templating

The application of templating for the deposition of V-O-Na-Si templated thin
films was examined in Chapter 7. This technique can be expanded to investigate the
possibility of forming more intricate templated thin films and spatially patterned film
formation. The inter-diffusion process can be further utilised for the deposition of
interdigitated electrodes with different V,0s and V-O-Na-Si regions, and serve as a
model to be adapted to oxides of other materials and phases. These types of
interdigitated surfaces can be used in applications such as supercapacitors, batteries

. . 11-13
and electronic devices.
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(a) As-Deposited Na-SiO, As-Deposited VO

V,05 / V-Na-Si0, (b) Saw Tooth Pattern

Figure 8.4. Optical images of interdigitated V,0s / V-Na-SiO, samples on FTO with
a (a) simple planar and (b) saw tooth pattern.

In Figure 8.4 optical images are shown of two interdigitated V,0s/V-Na-SiO,
samples on FTO. The samples were prepared by creating conductive pathways on
the surface of the FTO using 3D printed template covers, to allow for selective
electrodeposition of the Na-SiO, material on the surface. The FTO was scored down
to the glass substrate to separate out independent conductive regions on the substrate.
For the first sample, a simple planar pattern was prepared and is shown in Figure 8.4
(a) while a more complex pattern which increases the interface area between the two
materials by using a saw tooth design is shown in Figure 8.4 (b). The Na-SiO,
material is electrodeposited onto one of the surfaces and the whole sample is then
coated with a VO thin film with subsequent annealing forming the orthorhombic
V,0s5 and V-Na-SiO, materials on each section respectively. Thermal annealing may
then facilitate diffusional doping and conversion to alternative or even alternating
phases, or to infer a different conductivity, optical transparency or surface
morphology on site-specific regions on transparent conductive materials. Through
the use of advanced lithography techniques for the formation of large area
interdigitated conductive electrodes, this method could be applied for the preparation
of a new range of devices for applications in electronics and energy
storage/generation using solution processed methods for the deposition of the active

materials on the surface.
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