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ABSTRACT

This thesis details the use of chemical vapour deposition (CVD) to
deposit transparent conducting oxide (TCO) thin films for potential
use in a wide range of applications ranging from electrodes in photo-
voltaic devices to low-g-coatings in architectural glazing. Transparent
Conducting Oxide (TCO) materials exhibit optical transparency along
with electrical conductivity. The nature of electrical conductivity arises
from either excess electrons in the conduction band (n-type) or holes
in the valence band (p-type). These materials underpin the photo-
voltaic industry by providing the transparent electrodes for thin film
amorphous silicon solar cells, dye sensitised solar cells (DSSCs) and
polymer based solar cells. The current industrial standard is tin-doped
indium oxide but due to the cost of indium there has been a switch
to alternative materials, mainly fluorine doped tin dioxide (FTO) and
doped zinc oxide.

FTO thin films were deposited by use of an aerosol delivery sys-
tem from methanolic solutions of monobutyltin trichloride. The de-
position temperature was varied from 350-550 °C. The as-synthesised
films displayed enhanced functional properties compared to commer-
cial standards in terms of film microstructure i.e. pyramidal particle
microstructure ideal for enhanced light scattering required for amor-
phous based silicon solar cells and also sheet resistances comparable
to commercial standards.

The natural progression from tin dioxide films was to explore zinc
oxide thin films with respect to their opto-electronic properties. Highly
conductive and transparent ZnO films were synthesized by the reac-
tion of diethyl zinc (in toluene) with methanol by dual source aerosol
assisted chemical vapour deposition.

The scope of this thesis then moves away from TCO materials
and concentrates on microporous oxide films produced by combin-
ing chemical vapour deposition (CVD) and hydrothermal methods.
Dense, adhesive zeolitic films were synthesised from this method by
using a CVD process to deposit a dense amorphous silica, titanium
doped silica or iron doped silica films which were then converted
to a crystalline nanoporous zeolite by a hydrothermal process us-
ing an organic structure directing agent. To demonstrate the capa-
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bility of the method, silicalite-1 (S-1) and titanium silicalite-1 (TS-1)
and iron silicalite-1 (Fe-Silicalite) zeolites were prepared. Both X-ray
diffraction (XRD) and scanning electron microscopy (SEM) revealed
the presence of crystalline zeolite films with well-defined morphol-
ogy. Ti and Fe K-edge X-ray absorption spectroscopy (XAS) revealed
the presence of the metal ions in the framework of the zeolitic matrix
and in isolated, tetrahedral sites both in the amorphous and crys-
talline zeolite films. With respect to the TS-1 films synthesised, XAS
revealed that both the pores and the titanium centres in the films
were also shown to be accessible for molecules, by reacting with n-
hexene and H,O,. In order to assess the generality of this method
metal-organic framework (MOF) films of [Zn,O(bdc);] (MOF-5; bdc
= 1,4-benzenedicarboxylate) were synthesised by reacting zinc oxide
films, deposited by chemical vapour deposition (CVD), with tereph-
thalic acid (H,-bdc) and dimethylformamide (DMF) in a conventional
solvothermal process.
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INTRODUCTION



INTRODUCTION

1.1 GENERAL INTRODUCTION AND AIMS

The general aim for the work presented in this thesis was to syn-
thesize coatings by CVD on a variety of substates which could be
used as working layers of in DSSCs. This work was mainly focused
on TCO thin films. Doped tin dioxide and doped zinc oxide were
the main systems explored. The work then looked at synthesising mi-
croporous oxide (zeolite/ metal-organic framework) thin films using a
combination of CVD and hydrothermal/solvothermal (Hydrothermal
(HT)/Solvothermal (ST)) methods. Microporous oxide films could have
a variety of applications in materials science ranging from electrically
insulating coatings to catalytically active coatings.

The fabrication of TCOs and full characterisation of the optoelec-
tronic and structural properties is vital in materials processing. TCOs
are materials which combine optical transparency with electrical con-
ductivity. In order for materials to be transparent they must display
a band gap greater than the highest frequency of visible light (3.1
eV). Metals for instance are highly conductive but do not transmit
visible light and transparent materials such as glasses are insulators.
TCOs exhibit intrinsic conductivity due to defect states in the crystal
structure. By extrinsic doping with aliovalent (where the ion that is
substituting the host ion is of a different oxidation state) elements
the conductivity of TCOs can be improved. The introduction of im-
purities into the crystal structure results in donor states near the con-
duction band for n-type semiconducors or or acceptor states near the
valence band for p-type semiconductors. An important requirement
in doping is that these states must be shallow in order to maintain
optical transparency. These materials underpin the Photovoltaic (PV)
industry by providing the transparent electrodes for thin film amor-
phous silicon solar cells, dye sensitized solar cells (DSSC) and flat
panel displays in polymer light emitting devices.

TCO materials are generally limited to those that exhibit n-type
conductivity such as In,O;, SnO, and ZnO although some p-type
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materials are known such as CuAlQO,, SrCu,O, and NiO. For practi-
cal applications in devices ranging from solar cell electrodes to light
emitting diodes a TCO must have a resistivity of less than 103 Q.cm
and over 80% transmittance in the visible region. A key requirement
for advances in TCO technology will be to reduce resistivity with
no deleterious effects to the optical properties over the visible region.
Low resistivity is achieved through very high levels of doping with
concentrations in excess of 1 x 10*° cm™. This can then result in high
free carrier absorption and high plasma resonance reflectivity, result-
ing in poor transmission. This may look bleak but there is the po-
tential for improvements in electrical conduction while maintaining
the optical transmission through increasing the carrier mobility. This
will be achieved through improving the microstructure of the films,
reducing defect concentration/improving charge carrier mobility and
reducing impurity scattering centres. The materials challenge for in-
creasing the TCO grain size, while reducing point defect concentra-
tion is complicated however by the need for high temperature for the
former and low temperature deposition for the latter.

An additional major area for TCO performance improvement for
PV applications is in interfacial properties. These physical (e.g. sur-
face roughness/topography), optical (optical scatter) and electronic
properties (losses at interfaces) at the TCO borders are critical for op-
timising performance. For example a controlled degree of scattering
is essential for optimising efficiency and this level should vary with
wavelength according to PV material employed.

Zeolites are the most important class of crystalline nanoporous
solids with a plethora of applications including ion-exchange, gas sep-
aration/absorption and catalysis. These crystalline solids are widely
used, predominantly in the form of powders, however, over the last
twenty years zeolite membranes and films have been studied for ap-
plications in gas-separation, gas-sensing, low-x-dielectrics and as cor-
rosion resistant materials. Although the preparation and applications
of zeolite films have been reported as early as 1980s, several prepar-
ative methods of zeolite films has been developed over the last two
decades with the aim to overcome production and mechanical issues,
including adhesion and brittleness, which often limit their applica-
tion as films. The current processes for the preparation of zeolite
films are commonly limited to solution processing methods. These

processes involve the use of an organic templating agent in a sol-
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gel/hydrothermal process, similar to conventional methods to pro-
duce crystalline powder zeolites. Further improvements have been
made by introducing secondary seeded growth methods to produce
films with enhanced physical and mechanical properties. In general
the solution processing method involves: formation of a colloidal sus-
pension, followed by deposition on a support and the introduction
of seeds. This process leads to mechanically weak films with high
inter-particle porosity. To overcome some of these issues and more
importantly to enhance the possibility of large-scale membrane and
film production capabilities, a new strategy using a chemical vapour
deposition (CVD) and hydrothermal (HT) approach was developed
and reported here in this thesis.

This thesis has two main focal points: the formation of transparent
conducting oxides and formation of microporous oxide films. These
two components could be used together in order to create a DSSC
PV device, where the zeolite layer acts as the insulating material on
metallic substrates and the TCO layer acts as the PV electrode. This
introductory chapter details the methods used for thin film synthesis,
the theory that underpins TCOs, a brief introduction to photovoltaics
devices and finally the fabrication of zeolite films using a combined
CVD and HT approach.

1.2 THIN FILM DEPOSITION ROUTES

Thin film deposition has led to many different approaches to the re-
quired goal. The different techniques can be put into three distinct
groups: wet chemical, Physical Vapour Deposition (PVD) and chemi-
cal vapour deposition (CVD). Each methodology has associated pros
and cons and careful consideration of the resulting film properties
such as crystallinity, microstructure and adhesion must be taken into

account.

1.2.1  Wet Chemical

Wet chemical routes to thin films include chemical bath and Sol-gel
methods which are wet chemical routes to thin films.”® These usu-
ally involve the use of chemical precursors which react and form a
colloidal solution which forms the basis of the network of the desired
material. When the solution is left to age and the solvent is evaporated

4
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a continuous solid network forms.”™ Initially this was realised from
the hydrolysis of tetraethylorthosilicate (TEOS) in an acidic medium
forming a colloidal solution and subsequent drying and aging results
in a silica network. Thin films can be formed from these solutions in

relatively simple ways. The two most common forms are:

¢ Dip coating: where a substrate is dipped into a precursor so-
lution and the solvent is driven off by heating forming a solid
film. As-deposited films tend to be X-ray amorphous and films

usually require annealing to achieve crystallization.

¢ Spin-coating: the precursor solution is dropped/spread onto
a spinning substrate which results in the precursor solution
spreading out across the surface of the substrate but also re-
moval of the solvent forming a dry solid layer.

1.2.2  Physical Vapour Deposition

PVD techniques inherently involve expensive high vacuum equip-
ment as the the desired material is vaporised and then condenses
onto a substrate. """ PVD techniques encapsulate '*'4:

¢ Evaporative deposition: The material is heated and condenses

onto the substrate where it forms a solid layer.

¢ Electron beam vapour deposition: Electrons impinge on the de-
sired material which results in vaporisation and film formation

is achieved by condensation.

¢ Sputtering: A plasma is the form of energy used to vaporise the
desired material.

¢ Pulsed laser deposition: A high energy laser pulse impinges on

the material to achieve vaporisation.

1.2.3 Chemical Vapour Deposition

CVD involves the formation of a thin solid film on a substrate via
chemical reactions of precursors in the vapour phase. It is the chem-
ical reaction which distinguishes CVD from physical vapour depo-
sition (PVD) processes. >'51% The chemical reactions occur homoge-

neously in the gas phase and/or heterogeneously on the substrate.
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The latter is desired in order to obtain high quality films.*>'7 CVD
requires the delivery of a precursor into a gas stream, transport of
the precursor to a substrate and the application of energy to cause a
reaction. The key steps of CVD are shown in figure 1, which include:

1. Evaporation and transport of reagents in the bulk gas flow re-
gion into the reactor;

2. Mass transport of the reactants to the substrate surface;

3. Adsorption of the reactants on the substrate surface;

4. Surface diffusion to growth sites;

5. Nucleation and surface chemical reactions leading to film growth;

6. Desorption and mass transport of remaining fragments of the
decomposition away from the reaction zone.

The film growth rate in thermal CVD is determined by the substrate
temperature and the pressure of the reactor as well as the complex
gas phase chemistry occurring in the reaction zone. At lower sub-
strate temperatures the film growth rate is determined by the kinetics
of the chemical reactions occurring either in the gas phase or on the
substrate surface and is generally denoted as surface reaction limited
film growth. As the temperature is increased, the film growth rate
becomes almost independent of temperature and the growth is deter-
mined by the mass transport of the precursors through the boundary
layer to the growth surface. This is known as mass transport limited
film growth.

Metal-organic Molecule
Ligand

Metal-centre

(1) Transport
———

.(i {7)Transport

) (6) Desorption (5) Nucleation
(4) Diffusion
——

(3) Reaction ‘ ,O_.'—

Figure 1: Schematic of the CVD process.
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At higher temperatures, the growth rate decreases as the film pre-
cursors are desorbed from the film surface and/or depletion of reag-
ents on the reactor walls due to gas-phase side reactions. These gas-
phase side reactions become more important at high temperatures
and higher partial pressures of the reactants.

There are a wide range of techniques that fall under the CVD cate-

gory and ultimately differ in one parameter:

¢ Pressure. CVD can either be carried out at atmospheric pres-
sure chemical vapour deposition (APCVD) or under low pressure

chemical vapour deposition (LPCVD). %20

® Precursor decomposition. The energy supplied to initiate the
chemical reaction can be delivered in the form of heat, light, RF,

plasma or another method.

¢ Number of precursors. The amount of precursors required for
the deposition can either be from a single precursor (single
source) which contains a preformed bond of the desired prod-
uct, or multiple precursors (dual or multiple source) to form the

bonds required in the desired film.

¢ Precursor transport. The precursor can be introduced into the
gas phase via heating, liquid injection or through the formation

of an aerosol.?1727

¢ Type of reactor. The reaction chamber can either hot walled,
cold walled and have a horizontal, vertical or dynamic sub-

strate.

The depositions in this thesis were carried out at atmospheric pres-
sure, using a carbon block equipped with a cartridge heater onto
which the substrates were placed with unheated walls (cold wall re-
actor). A vapour/aerosol was then delivered towards the substrate
after going through a baffle to ensure laminar flow. In the case of a
cold walled system, the substrate is directly heated which results in
a temperature gradient across the substrate and influences the pre-
cursor behaviour which will be discussed later in this chapter. A hot
walled reactor was also used in some depositions, where the entire
reactor is heated leading to more uniform heating and a minimised
temperature gradient in comparison to a cold wall system.

A large range of materials can be deposited using CVD and find

applications in the following areas of technology:
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® microelectronics

optoelectronics

protective and decorative coatings

* optical coatings

1.2.3.1 Layer Morphology

Layer morphology is crucial in determining the physical characteris-
tics of a thin film. The layer morphology is determined by surface dif-
fusion and nucleation during a deposition which are in turn affected
by substrate temperatures, partial pressures of gaseous species and
total pressure of the system. The three main types of layers formed
by CVD are epitaxial, amorphous and polycrystalline. Epitaxial lay-
ers involve the growth of a defect-free single crystal film on a sub-
strate of the same material (homoepitaxy) or on a different material
(heteroepitaxy). ° Epitaxial growth is normally carried out in clean-
room conditions as it essential that the initial substrate is free from
defects and surface contamination. Epitaxial growth is a difficult pro-
cess and there should be no lattice mismatch between the crystalline
spacings of the film and substrate. The growth of epitaxial layers usu-
ally occurs at high temperatures and ideally low growth rates such
that surface diffusion is fast in relation to the arrival of new growth
initiating species on the surface which allows adsorbed species to
diffuse to low energy sites and form a layer which mimics the under-
lying substrate. Growth of amorphous layers however requires low
temperatures, high growth rates and surface diffusion is slow relative
to the incoming precursor flux. In between the two extremes exists the
growth of polycrystalline layers. Polycrystalline layers are grown at
intermediate temperatures, in between the two extremes, which re-
sults in nucleation at many different sites resulting in islands which

coalesce to form a polycrystalline layer. ¢

8
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Figure 2: Crystal growth mechanisms: (a) 3-D island growth, Volmer-
Webber growth; (b) layer-plus island growth, Stranski-Kastanov
growth and (c) layer-by layer growth, Franck-van der Merwe
growth.

The growth of films by CVD can be described by three growth
models for thin film formation as shown in figure 2. Volmer-Webber
type growth (figure 2(a)) involves the nucleation of small clusters at
different sites on the substrate which then grow into islands, three-
dimensionally and eventually coalesce to form a continuous film. This
type of film growth usually occurs when the film atoms are more
strongly bound to each other than the forming bonds with the sub-
strate. Franck-van der Merwe (two-dimensional) (figure 2(c)) layer-by-
layer growth occur when the film atoms have an affinity to bond to
the substrate. Figure 2(b) shows Stranski-Krastanov growth, and this
is a combination of layer-by-layer growth and island growth mecha-
nisms. /1

CVD layers have to adhere to the substrate to find any commercial
application. The adhesion of layers is not fully understood, but it is
thought that to promote good adhesion, the substrates require thor-
ough cleaning before deposition. The rationale behind this school of
thought is that impurities on the surface can physically hinder the
deposition of a coating which can lead to a discontinuous, loosely
bound layer, which can be rubbed off. However, even clean and im-
purity free surfaces do not result in film formation due to a lack of
cohesive/adhesive bonds between the film and substrate.

Particles can also form in a CVD reaction via homogeneous gas
phase reactions, although particle formation is generally undesirable
in CVD processes and results in a loosely adhered films. Any par-
ticles that result in the reactor, serve to consume precursors, thus
depleting the amount available for thin film formation. Particles are
also potential sources of defects as they can “snow” down onto the
thin film, resulting in pin-hole centers. These mainly arise when the

9
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precursors are introduced into the reactor in the form of an aerosol
(essentially suspended liquid particles).*® The particles can form as
a result of gas-phase reactions or as a result of solvent evaporation
yielding solid particle precursor. When the particles form, they are
subjected to a number of forces present within the reaction chamber.
The most common force encountered is thermophoresis, described
as the force acting on particles (also molecules) suspended in a fluid
in the presence of a temperature gradient. This phenomenon results
from the fact that gas molecules impinging on the particles from a re-
gion of higher temperature have a higher average velocity than those
impinging on the particle from regions of lower temperature, for par-
ticles much smaller in dimension than the mean free path of the gas
molecules.*'7** This results in greater momentum transfer from gas
molecules to the particle from those on the higher temperature side
than those on the lower temperature side. For particles larger than
the mean free path of gas molecules, thermophoresis has a greater
affect and the success of thermal CVD processes can be attributed
to thermophoresis, because in cold-walled CVD reactors, the large
temperature gradient results in particles being moved away from the
substrate towards the “cold” side of the reactor. Particle formation
can also be desired, especially in the formation of powders and is
usually termed Chemical Vapour Synthesis (CVS). These usually in-
volve the introduction of liquid droplets into a cold-walled reactor
which undergoes evaporation, decomposition and/or reaction in the
gas phase forming powders. The depositions carried out in this re-
port have been carried out at atmospheric pressure, using a heated
substrate in a cold walled reactor. The precursors were delivered by
heating via a bubbler and then transporting to the substrate in an in-
ert gas flow as well as the formation of an aerosol, using dual source
methods. +'7:>

1.2.3.2  Fluid Dynamics

The Knudsen number, Kn, is the ratio of the mean free path, A, to
the characteristic reactor dimension perpendicular to the flow direc-
tion, D (the diameter of the tube), which is a key parameter used
to describe the CVD process. The mean free path is the average dis-
tance travelled by a vapour molecule between collisions with another
molecule. We use Kn = /D in order to determine the mass transport
properties of the reactor. The gas flow characteristics change with

10
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decreasing pressure from a viscous flow regime where intermolecu-
lar collisions dominate, through to a transition flow and finally to a
molecular flow regime, where intermolecular collisions are rare. Kn
< 0.01 indicates a viscous flow; 0.01 < Kn < 1 indicates transition flow;
Kn > 1 indicates molecular flow. The Reynold’s number, Re, is the
ratio of forces often used to characterise a fluid flow through a pipe:

U
R = —
e=— (1)

The kinematic viscosity, v, is the momentum diffusivity and is usually
used to model the fluid dynamics. Kinematic viscosity increases with
decreasing pressure. The bulk (mean) velocity, Us, is not measured
but estimated. The characteristic length for a flow inside a tube, L, is

usually the diameter of the tube.
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Figure 3: Schematic diagram of the laminar viscous flow through a tube
reactor with a horizontal substrate, highlighting the dominance of
boundary layers in the deposition model.

=
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The characteristic length for bulk flow over a flat surface is the
length of the surface in the flow direction, x as shown in figure 3. In
CVD reactors, the Reynolds number is very low, below a few hun-
dred, and the flow is laminar.#'7** In a laminar flow regime the fluid
flows in layers parallel to the direction of the flow. Flow towards the
substrate (lateral motion) occurs via diffusion. The transition to turbu-
lent flow is in the range of Re = 2100. Turbulent flow is undesirable
in CVD because the growth rate needs to be controlled and a tur-
bulent flow can ‘trap’ precursors causing a high local concentration
resulting in homogeneous gas phase decomposition. The bulk flow
contains a carrier gas and the reactant species. The reactant species

are consumed at the surface of the substrate and therefore the gas
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concentration at the surface is assumed to be zero. Mass diffusion
of reactant gasses from the high concentration in the bulk flow to
the area of zero concentration and generates a concentration bound-
ary layer. Precursor molecules in the bulk flow diffuse to the heated
substrate where they are adsorbed and consumed across a boundary
layer. The uniformity of the deposition depends on the local diffusion
flux to the surface and that flux depends on the local boundary layer
thickness.#'7>> Figure 3 shows the velocity profile of a gas entering
a heated reactor. The gas enters the reactor with a uniform velocity
profile. The gas loses momentum however with increasing x, due to
collisions with the walls of the reactor, resulting in the velocity of
the gas to decrease. The velocity of the gas directly in contact with
the walls is assumed to be zero, and is known as the static boundary
layer. The velocity profile of the gas becomes more skewed and less
uniform. The layers of gas directly above the static boundary layer
are also slowed to a point in the reactor where there is no uniform
portion of velocity. This is the region where full laminar flow has
developed.

As mentioned above, the majority of the coatings mentioned in
this thesis were synthesised via a cold-wall CVD reactor. Particle for-
mation is generally undesirable in CVD processes and results in a
loosely adhered films. Any particles that result in the reactor, serve
to consume precursors, thus depleting the amount available for thin
film formation. Particles can “snow” down onto the thin film result-
ing in pin-hole centers. These mainly arise when the precursors are
introduced into the reactor in the form of an aerosol (essentially sus-
pended liquid particles).® Particles can form as a result of gas-phase
reactions or as a result of solvent evaporation yielding solid particle
precursor. When the particles form, they are subjected to a number of
forces present within the reaction chamber. The most common force
encountered is thermophoresis, described as the force acting on par-
ticles (also molecules) suspended in a fluid in the presence of a tem-
perature gradient.?® This phenomenon results from the fact that gas
molecules impinging on the particles from a region of higher tem-
perature have a higher average velocity than those impinging on the
particle from regions of lower temperature, for particles much smaller
in dimension than the mean free path of the gas molecules.*"7*> This
results in greater momentum transfer from gas molecules to the par-

ticle from those on the higher temperature side than those on the
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lower temperature side. For particles larger than the mean free path
of gas molecules, thermophoresis has a greater effect and the success
of thermal CVD processes can be attributed to thermophoresis, be-
cause in cold-walled CVD reactors, the large temperature gradient
results in particles being moved away from the substrate towards the
“cold” side of the reactor.

Diffusion should also be considered, with respect to cold wall CVD
reactors, in addition to thermophoretic forces experienced by particles
in the reactor. The movement of particles within a fluid is described
by Brownian motion, which is the random movement of particles
by the bombardment of other molecules within the fluid. Particle
diffusion increases with higher substrate temperatures and smaller
particle sizes. Particles close to the substrate surface or walls of the
reactor in a hot wall CVD reactor will also experience Van der Waals
attraction between the particle and the surface as well as short range
or long range attraction or repulsion depending on the charge of
the particle and surface.?® Attractive forces between particles results
in a film with an aggregation of particles, whereas repulsive forces
between particles results in a film with dispersed particles. With high
film coverage however these two effects become negligible. Particles
within the reactor are also subjected to gravitational forces. Gravit-
ational settling is an important force acting on particles larger than
1 ym in diameter, but is less of a factor for particles smaller than
this in comparison to the forces mentioned above and is very sig-
nificant for aerosol particles in the reactor. The extent of the forces
experienced within the reactor is highly dependent on the size of
the particles introduced into the reactor. For nanoparticles in the re-
actor, diffusion > thermophoresis > gravitational settling. For micron
sized particles however gravitational settling >> thermophoresis > dif-
fusion.?® Nanosized particles or droplets introduced in the reactor
experience less thermophoresis than large particles as well as more
diffusion towards the substrate surface compared to large particles.
Diffusion however is a random process and particles can be directed
to the substrate as well as away from it to the walls of the reactor and
thermophoresis is a significant force acting on the particles. Whereas
gravitational settling is the dominant factor for micron sized particles
or droplets in the reactor.®

In the case of molecular precursors (APCVD) within the reactor the

thermophoretic effect is small and gravitational settling is negligible.

13



1.2 THIN FILM DEPOSITION ROUTES

Diffusion of the precursors towards the substrate is the main driving
force for film growth.

1.2.3.3 Reaction Kinetics

CVD is a kinetic process (i.e. non-equilibrium) that is controlled by
the mass transport of precursors in the gas phase which react irre-
versibly on a surface as opposed to a system which reaches thermo-
dynamic equilbrium over time. A conventional CVD system generally
involves three steps: (1) introduction of the precursor, (2) transport of
the precursor to the surface of the substrate and (3) surface reaction of
the precursor. The slowest step in this series will be the rate limiting
step of the overall process. Film growth rates in CVD are determined
by the temperature of the substrate, pressure regime of the reactor

and gas-phase composition. '®

Growth Rate (pm/min)
o
T

0.01 , . , . r . r
08 1.0 1.2 14

1000/T (K)

Figure 4: Typical growth rate of CVD film with reciprocal growth tempera-
ture.

Figure 4 shows the dependence on film growth on substrate temper-
ature. It is clear from figure 4 that three growth modes are apparent
with respect to substrate temperature. At low substrate temperatures,
the growth rate is limited by chemical kinetics and increases expo-
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nentially with temperature, which can be described by the Arrhenius
expression:

GR = Aexp(EA/RT) (2)

where GR is the film growth rate, Epis the activation energy, R is the
gas constant and T is the temperature. As the temperature increased,
there is a region where film growth rate is almost independent of
temperature, i.e. mass transport of the precursors controls the film
growth rate. This type of growth is advantageous in cold-wall CVD
systems, where there is difficulty in achieving uniform substrate heat-
ing. Reactant flux to the surface is proportional to the concentration
of the limiting precursor, which allows for simple control of the mag-
nitude of the growth rate. If the temperature is increased further, then
the film growth rate decreases due to increased desorption rate and
depletion of reactants on the walls of the reactor. Higher substrate
temperatures may also encourage gas phase reactions, resulting in
particle formation instead of film formation.

If a CVD process is mass transport limited, then a typical rate lim-
iting step can be the diffusion of the precursor molecules through the
boundary layer. The rate of diffusion across a concentration gradient
is given by Fick’s Law of diffusion:

dCa

Ja = —DE (3)

where Jais the precursor flux of species A, D is the diffusivity con-
stant, Cais the concentration of species A and x is the direction per-
pendicular to the substrate surface (there exists a concentration bound-

ary layer). The concentration gradient can be approximated as:

dCANACA:CAS—CAB ()
dx A X 0 4
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Figure 5: Precursor concentration boundary layer in mass transport limited
regime.

where Cp,is the precursor concentration of species A in the bulk
flow above and Cj_is the precursor concentration of species A at the
surface. Figure 5 shows the situation for mass transport controlled
film growth. Therefore equation 4 reduces to:

dCA%ACA:CAs:_@ (5)
dx Ax o 0 i

substituting in 3 gives:

Ja = —[4] (6)

which is a first order rate equation with respect to [A] and the rate
constant is the temperature dependent diffusion constant at reference
conditions divided by the thickness of the concentration boundary
layer. The rate of diffusion of precursor to the surface is expressed in

molecules/cm?s.

1.2.3.4 APCVD

APCVD is the most conventional form of CVD where metal-organic
precursors are heated within a bubber and then delivered to the reac-
tion chamber by an inert carrier gas. The rate at which the precursor
is supplied to the reaction chamber is determined by the temperature
at which the bubbler is held (vapour pressure of the precursor) and
the rate at which the inert carrier gas is fed into the precursor bubbler,

noting that the overall pressure in the system is atmospheric. The re-
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quirement for precursors for APCVD is that they have a relatively
high vapour pressure such that the liquid to vapour phase change is
fairly easily established.

Inert Carrier Gas +

Vapour Phase Inert Carrier Gas Inlet
Precursor Outlet

Metal-organic
Precursor
(Vapour Phase)

Metal-organic
Precursor Y
L (Liquid Phase) _\

\ ) Resistive Heater Jacket

Figure 6: Schematic of bubbler used to generate vapour of metal-organic
precursor and transport of precursor via an inert carrier gas during
APCVD.

A thermodynamic equilibrium can be established assuming ideal

mixing of the gases in the bubbler resulting in:

Np _ B (7)

Where N, and N, are the number of moles of the metal-organic pre-
cursor and carrier gas respectively and Ppand P, are the partial pres-
sures of the metal-organic precursor and carrier gas respectively. As-
suming the system only contains precursor and carrier gas species
then:

Pc = (Ptotal - P]!J) (8)

As the system is operating under ambient pressure (i.e. atmospheric)
then we can substitute 760 torr for Py, and substituting equation 8

in 7 results in:

N¢ x Py

Np = (760 —P,) )
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1 mole of gas at room temperature and pressure occupies 24.4 litres
and diving N. by the molar gas volume allows for the use of flow
rates of carrier gas (F. in 1/min) to calculate the flow rate of of pre-

cursor species (Fp) in moles/min. Equation g therefore transforms to:

Fe X Py

B = 244760 - 1)) (10)

in order to calculate the molar flow rate of the precursor species based

on the vapour pressure and carrier gas flow rate.*°

1.2.3.5 Aerosol Assisted CVD

As mentioned earlier, variants to the conventional CVD process exist
in terms of the energy supplied to break down reactive precursors,
but also in terms of how the precursors are delivered. Convention-
ally, precursors in the CVD process are delivered by heating within
a bubbler to generate a vapour which is then transported to the re-
action chamber. A key requirement for this type of CVD technology
requires the precursors to have a substantial vapour pressure and the
experimental set-up to have heated lines in order to inhibit precursor
condensation. 722

Variants of the conventional precursor delivery system exist in form
of an aerosol of precursors which is known as aerosol assisted chem-
ical vapour deposition (AACVD). The aerosol is generated by nebulis-
ing the precursor solution using an ultrasonic generator, electrostatic
aerosol generator or high pressure gas stream to generate an aerosol.
The precursors are usually mixed in a solvent, nebulised and then de-
livered to the reaction chamber, where the solvent is evaporated /com-
busted and the chemical precursors undergo decomposition/chemi-
cal reaction ideally on the surface on the substrate. The advantages of
AACVD compared to conventional CVD processes is that it negates
the need for heated reactor lines, is relatively low cost compared to
conventional CVD processes as it can be performed under ambient
pressure and does not require complicated vacuum systems. AACVD
does require either liquid precursors/readily soluble precursors.+'7**

The droplet size depends greatly on the method used to generate
the aerosol. The most common method for aerosol generation is via
an ultrasonic device, in which a piezoelectric transducer is placed un-

derneath the liquid precursor solution, which creates standing waves
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on the surface of the liquid. The aerosol properties depend on the
physical properties of the precursor and solvent as well as the intens-
ity and frequency of the ultrasonic device.?**° The aerosol droplet

diameter is given by Lang’s equation:

d = 034270/ pf?]}/3 (11)

where f is the frequency of the ultrasonic device, p and o are the
density and surface tension respectively. The ultrasonic method can
produce an aerosol with a narrow droplet size distribution which can

lead to better aerosol uniformity and coating quality.
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Figure 7: Generation of aerosol droplets via submerged ultrasonic trans-
ducer.

An alternative method for aerosol generation is the use of a pres-
sure atomizer. Pressure atomizers work by discharging a liquid th-
rough a small orifice under high pressure. A variation of this type
of design is the Collison type atomizer. The Collison type atomizer
draws a liquid stream into a high velocity gas which atomizes the
liquid. '7** The droplets formed in this type of atomizer are directed
towards a surface, where the smaller aerosol droplets make a sharp
bend and are directed towards the reactor, whereas larger aerosol
droplets impact on the walls of the atomizer because of their greater
inertia. This narrows the aerosol size distribution and the average

aerosol droplet size. and produces sub-micron droplets.

Precursor Solution
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Figure 8: Collison-type aerosol generation to produce sub-micron sized
droplets.

As the name suggests AACVD relies on the formation of a va-
pour to form a film. Somewhat confusingly AACVD and spray pyro-
lysis are used interchangeably In comparison to conventional CVD,
AACVD has not been modelled mathematically. The processes that
occur as the droplets enter the reaction chamber have been discussed
qualitatively however. The simplest case for AACVD is where the
solvent evaporates as the droplet enters the reactor and the precursor
molecules also enter the gas phase and film formation occurs on
the surface of the substrate. The next scenario is where incomplete
solvent evaporation occurs and the precursors do not fully enter the
gas phase, resulting in a mixture of gas phase and liquid phase pre-
cursors. The final scenario is where complete evaporation of the aer-
osol droplet occurs and particles are formed within the gas phase as
shown in figure 9.
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Figure 9: Possible aerosol droplet reaction mechanisms in CVD reactor,
where A, B and C are precursors and S is the solvent.

Precursor decomposition in AACVD is not trivial however and
several complications arise due to differences between precursor de-
composition rates, precursor vapour pressure and gas phase reaction
rates. To add to this, particles can also react with gas phase species
such as radicals and can also react with the solvent forming adducts.
Particles formed within a reactor can also deposit via thermophoresis,
sedimentation, impaction, diffusion, interception and electrophoresis.
This in most cases leads to poor film properties and is generally un-
desirable, but can be beneficial if metal/metal oxide composite films
are required.

1.3 TRANSPARENT CONDUCTING OXIDES (TCOS)

Energy use, storage and conservation is a major societal concern. New
methods and devices that can capture and utilise sunlight as well
as coatings that reduce energy losses from buildings have been de-
veloped and rapidly commercialised. Transparent conducting oxides
(TCOs) play a pivotal role in both energy capture and conservation.
These materials combine high optical transparency coupled with elec-
trical conductivity. For a material to exhibit this property it must not
absorb light between 380 nm (3.26 €V) to 780 nm (1.59 eV) i.e. must
have an optical bandgap > 3.2 eV. Materials which combine high elec-
trical conductivity with optical transparency already form the basis of
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many important technologies including flat panel displays, solar en-
ergy capture and other opto-electronic devices.>3" A number of TCO
materials are known, such as In,0;, SnO,, CdO, CdIn,O, and ZnO.
These all exhibit n-type conductivity and although p-type TCO ma-
terials are known their properties remain inferior to TCO’s of n-type
character.3*735 The source of the n-type conductivity in tin doped in-
dium oxide (ITO) and FTO is related to the presence of shallow donor
states located close to the conduction band, brought about by chemi-
cal doping.3°3® The excess or donor electron undergoes thermal ion-
ization at room temperature into the host conduction band. Upon
turther doping, a degenerate gas of current carrying electrons ensue,
giving rise to high electrical conductivity and far infra-red absorption
(Drude-like) but essentially leaving the conduction band intact i.e. the
material remains optically transparent in the visisble region.34°

The conduction band minimum (CBM) for most metal oxides is com-
posed of the spatially spread spherical metal s orbital and form a
wide band in which the electrons are delocalised resulting in smaller
effective masses of the electrons compared to narrow bands. This can
lead to high electrical conductivity if high donor doping numbers
are achieved. The valence band maximum however is composed of
oxygen 2p orbitals, which are not easily oxidized. The dispersion of
the valence bands is small rendering hole doping difficult. As a conse-
quence of this p-type TCO’s were not discovered until 1997 compared
to the first n-type TCO discovered in 1954.4" There has been some
progress in p-type TCO materials based upon Cu*(3d'°) as the Cu 3d
energy level lies just above the valence band maximum (VBM) and can
result in more covalent VBM to make hole doping easier.3%3"4*

The optical properties of TCO materials are set at short wavelengths
by its band gap and at longer wavelengths by its plasma edge, which
lies in the near infrared provided that the free electron density, n,
does not exceed 2 x 10*'cm™3. Research interests have mainly focused
on the oxides of tin, zinc and indium as well as ternary compounds.
A current trend has been to investigate aluminium doped zinc ox-
ide (AZO) and also gallium indium oxide as potential alternatives to
ITO and FTO. The main body of work has been looking at FTO coat-
ings on glass and steel. It was discovered quite some time ago that
simple binary oxides such as indium oxide and tin oxide could ex-
hibit high conductivity whilst maintaining optical transparency.+> By

doping these simple binary oxides with aliovalent elements the con-
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ductivity could be further enhanced.* 447 Tin doped indium oxide
(ITO), fluorine doped tin oxide (FTO) and aluminium doped zinc ox-
ide (AZO) have shown to be the best performers as TCOs in terms
of chemical stability, resistance to temperature and high conductivity,
and have been used in the photovoltaic (PV) industry and in low-e-
window glazing,. 3345751

Most applications require a balance between optical and electrical
properties of the layer which are linked by the Drude model and
relate to the film thickness, carrier concentration and mobility of the
layer. Carrier concentration can be tuned by the amount of dopant de-
livered during the reacion as well as any additives such as alcohols or
water which can affect the kinetics of the reaction and the microstruc-
ture of the resulting film.>>>% TCO materials for thin film solar cell
applications are required to achieve a low electrical sheet resistance
(< 10 ©2/5q). They should also include surface texturing to allow for
light scattering and reduction of reflection losses which equate to a
pyramidal microstructure and a film haze value of 8-15%. The emerg-
ing PV market currently is that of the photo-electrochemical cell, most
notably dye-sensitized solar cells (DSSCs).555° DSSCs provide a tech-
nically and economically viable alternative to solid state devices. In
solid state PV systems, it is the role of the semiconductor to absorb
incident light as well as act as the charge transporting medium. With
DSSCs these two functions are separated and incident light is ab-
sorbed by a dye molecule anchored to the surface of a wide band-gap
semiconductor material and charge separation occurs at the interface
of the excited dye molecule and conduction band of the semicon-

ductor material.56:59:%

PV to date has been dominated by solid-state
devices, usually made of silicon, but as the cost of these devices is
high, there is increasing pressure to move away from these types of
device. DSSCs are also cheap per unit area compared to solid-state
devices. This is an attractive business opportunity for steel and glass
companies to incorporate DSSC technology into steel/glass sheets in

order to produce building integrated photovoltaics (BIPV).

1.3.1  Band Structure of Solids

Band theory is based on the valence electrons and that the core-
electrons are localised and the contribution of core electrons can be
largely ignored. The symmetry of the overlap between neighbouring
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orbitals is described by the wave vector k, which must satisfy the
Bloch relationship, such that the allowed electronic wavefunctions
within the solid are corresponding to periodic arrangements of the
atomic orbitals in the whole structure.®® These wavefunctions then
provide stationary solutions to the Schrodinger equation with peri-
odic boundary conditions applied for an electron and thus result
in no scattering of the electron in the crystal when the Bloch rela-
tionship is satisfied. Scattering mechanisms are caused by defects,
phonons, the interaction with other electrons within the crystal and
boundaries.®*%3 The available energy levels for electrons in the case
of free atoms is discrete, in the form of atomic orbitals. In the case of
solids however, the available energy states for electrons form bands.
In metals, which conduct electricity, the Fermi level cuts through a
partially filled band, thus allowing for a portion of electrons to move
unoccupiued states as shown in figure 10(a). As the momentum of
the electrons is changed, conduction of electricity occurs through the
solid, and a net drift velocity can only occur if there are empty states
within the band. For this reason solids with full bands do not con-
duct electricity for small applied fields, but can conduct electricity at
higher temperatures as electrons can be excited into conducting states
above the band gap.°' In insulating solids, the electrons are delocal-
ized on the valence band and are separated by a large gap from the
conduction band, this is known as the band gap as shown in figure

10(b).

‘ Conduction Band

e el —
I e

Valence Band

(a) Metal (b) Semiconductor/Insulator

Energy of electrons

Figure 10: Energy bands for solids

The distinction between semiconductors and insulators depends on
the magnitude of the band gap. The band gap is larger for insulators
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compared to semiconductors. The Fermi level (Ep) is indicated in fig-
ure 10 and this is an important parameter in band theory. The Fermi
function (F(E) = {1+ exp(E££)} ") gives the probability (at ther-

modynamic equilibrium) of an electron occupying a state at a given

energy, E. If the electron energy is equal to the Fermi energy, then
the probability that the state is occupied is equal to 1/2. The Fermi

position in semiconductors lies within the band gap.

N-type doping: P-type doping:

Conduction Band Conduction Band

Fermi level

Extra electron

energy levels Extra hole energy

00000000 0@ 0@ vl

. Fermilevel

Valence Band Valence Band

Figure 11: Doping in semiconductors

The position of the Fermi level can be altered by the addition of
dopants, which can generate electrons or holes, known as n-type and
p-type semiconductors respectively. If a material is doped with im-
purities which serve to increase the number of electrons within the
semiconductor material then the the Fermi level is raised near the top
of the band gap, such that extra electrons can easily be excited into the
conduction band. If a material is doped with impurities which serve
to increase the number of holes (acceptors) just above the valence
band, this shifts the Fermi level down to just above the valence band.

The band structure can be thought of as analogous to a molecular
orbital (MO). The band structure is crucial to the understanding a
wide range of properties of a solid ranging from electronic conduct-
ivity, optical properties, magnetism and catalytic activity. The band
structure can be represented by what is essentially a MO diagram
with translational symmetry taken into account. The plot is E(k) vs.
k, where k is the wave vector that describes the phase of the atomic
orbitals (AOs) as well as the wavelength of the electron wavefunction
(crystal momentum). There are as many lines in the band structure
diagram as there are orbitals in the unit cell. Wide bands indicate that
there is a large intermolecular overlap and that there is a large degree
of electron delocalization. Narrow bands however indicate that there
is weak intermolecular overlap and that the electrons are localized.

Keeping the chemical perspective clear here, a solid or surface is just
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a very large molecule. Taking a single unit cell with n molecular orbit-
als and then repeating the unit cell over space in three dimensions to
yield a macroscopic crystal yields N number of unit cells (where N is
close to Avogadro’s number) then there are Nn crystal levels. In a dis-
crete single molecule a single orbital or a small subgroup of orbitals
can be singled out as being the valence orbitals of the molecule and in
determining the geometry and reactivity of the molecule.394%61/64-66
This is not the case for a crystal in that a single level is responsible
for directing geometry and reactivity amid the Nn number of oribit-
als within the crystal. Instead of locating a single level, a bunch of
levels however can be located in a similar way to a single level for a
discrete molecule. This is done by looking at all the levels in a given
energy interval. If the band structure is integrated, then the density
of states (DOS) results which shows the number of available levels
between E and E + dE. The density of states can be approximated
by taking the raw components from the MO diagram. TiO, is a semi-
conductor with a wide range of uses and the rutile structure of TiO,
also serves as a fairly straightforward example, where TiOg octahedra
run in one direction in the crystal to form an infinite assembly with
no monomer units. There are however identifiable octahedral sites
and at each octahedral site, the metal d block can be split into the

conventional t,; and ey type splitting. 4!
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Figure 12: Predicted DOS diagram for rutile TiO, based on the MO ap-
proach of edge sharing TiOg edge-sharing octahedra.

The energy levels of each block of bands (BOB) in the DOS diagrams
comes from the MO diagram, based on the interaction of the metal
centre with the ligands (electronegativity and bonding interactions).
The area of the BOB is proportional to the number of MO’s at that ap-
proximate energy. The width of each BOB is derived from the overlap
between building blocks.

1.3.2  Electrical Conductivity

Band theory provides the model upon which phenomena such as
electrical conductivity can be explained. The conduction of electricity
is well described for metals and it is the drift movement of electrons in
response to an electric field. The electric field exerts a force on each
electron which then accelerate in a direction defined by the electric
field, i.e. its momentum changes. In the absence of an external electric
field, the electron gas in a semiconductor is in a state of equilibrium
because of the interaction of electrons with lattice defects, such as
lattice imperfections, thermal vibrations of the lattice (phonons) and
impurity atoms. A simple model, known as the Drude+*°%7%% model
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of conduction for metals, can be used to describe electron conduction
within solids. This model assumes that:

* Each electron is thought of as a solid sphere.

¢ The metal is formed from a mass of positively charged ions
for which there is a corresponding number of delocalised free

electrons.

¢ In the absence of an electric field, the electrons move in a ran-
dom straight line until a collision with a positive ion. (Elec-
tron/electron interactions and electron/defect and impurity in-

teractions are ignored.

¢ The collisions are instantaneous and change the velocity of the
electron.

¢ The frequency of a collision can be described by a mean free
path (the average distance an electron travels before a collision).

¢ The electrons are modelled as having a kinetic energy of 3/2 kT
(3mv% = 3kT).

The applied magnetic field can be represented as E = U/L where U
is the potential difference applied between the length L of a solid. E
is present at each point in the solid which results in acceleration (a)
of the electrons in the solid.394%4

a=E(e/m) (12)

where, e is the charge on an electron and m is the mass of an electron.
As every electron in the solid has thermal velocity in every direction
which cancels out to zero, they also have an induced acceleration in
the direction of the applied field which is lost after collision with the
lattice. A constant electric field will cause the electrons to have an
additional velocity given by the drift velocity (v4) due to the applied
electric field:

eE

)T (13)

va = (

where 1 is the relaxation time, which is the average time between

scattering events. The root mean square velocity, vy, which Drude
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assumed to be due to thermal distribution at temperature T, is larger
than the drift velocity (i.e. viy >> v4) and as such Ohm’s Law is not
violated. Once an average thermal speed v, and a relaxation time

have been established, a mean free path is gven by:

| =v,T (14)

And is defined as the average distance travelled by an electron be-
tween collisions. With regards to dc conductivity, Ohm’s Law can be
written independently of shape and length as:

] =0E (15)

This is a version of Ohm’s Law taking out geometric consideration
of the experiment, where | is the current density, ¢ is the electrical
conductivity and E is the applied electric field. As mentioned the
random movement of electrons in all directions results in the vector
sum of the velocities to equal zero.4*®3 As there is an additional drift

velocity however, due to the external field, the charge that flows is:

] = Neevy (16)

Substituting the expression for v4 into 16 results in the linear relation
for ] and E:

_ N.e’Et
J=—" (17)
This also yields the expression for conductivity, o:
e
o= (Nee)(TE) (18)
where the mobility of the electron is given by:
e
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Current flow is a very small perturbation on the electrons normal
behaviour as given by the difference in drift and root mean square
velocities and metallic conduction is well described by Ohm’s Law
in that metals have many low mobility charge carriers in the form
of electrons to provide conduction, but this relationship can break
down with semiconductor materials in which there are few charge
carriers with high mobilities resulting in a large drift velocity term.
Equation 18 describes conductivity in an ideal solid and one in which
the collision experienced by the charge carrier are only between the
lattice and other scattering pathways and quantum mechanical phe-
nomena are not accounted for. In order to account for these forces, the
mass of the electron should be replaced with the effective mass, me,
which can approximate forces hindering the electron mobility such
as electron/electron interaction, defects, surfaces and impurities such
as dopants. The simplicity of the Drude model allows for us to deter-
mine that in order for high conductivity in a transparent conducting
oxide for example a large charge carrier density coupled with high
charge carrier mobility is required. The Drude model however is a
simple model based on the kinetic theory of gases extended to free
electrons in a solid, which copes well with DC and AC conductivity
in metals and also showing experimental relationships such as Ohm’s
Law. The Drude model however underestimates the velocities of the
electrons as well as overestimates the electronic heat capacity.
Conductivity measurements for semiconductor materials are fairly
straightforward, provided that the contact between the probe and ma-
terial is ohmic and not too low (< 100 2), a two-point probe technique
should suffice and reflect the true resistance of the sample. This tech-
nique involves pressing two Cd-plated contact probes of a multime-
ter onto opposite ends of a sample and measure the current passing
through the sample on applying a known voltage.® This method
however does not yield accurate results since the contact resistance
for most semiconductors to Cd is high. The Fermi level in semicon-
ductor or metal is essentially a measure of the chemical potential of
the electrons. If two conductors are placed in electrical contact with
each other, charge flows from one to the other until the Fermi levels
equilibrate. The charge flow results in a potential difference between
the two conducting materials which is known as the contact poten-
tial. For a metal/metal contact, the contact potential is located at the
point of contact and there is little hindrance to electron tunneling. For
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a semiconductor/metal junction, the small number of carriers in the
semiconductor material inhibits the development of a large potential
gradient due to the charge and potential relationship. As the semi-
conductor and metal are placed in contact, the electrons flow from
the surface of the region of the semiconductor and into the metal
which gives rise to a depleted region. The electrons in the conduc-
tion band of the semiconductor have to tunnel through this depletion
zone to complete the circuit and a large contact resistance may de-
velop as a result. This problem can be avoided if the metallic contact
of the probe is considered carefully and results in a junction which is
ohmic/non-depleted contact with the semiconductor. A metal with a
low work-function is ideally required for the measurement of resis-
tivity of n-type semiconductors. An alternative to the inaccurate two
point-probe method is the four probe method. Current is injected into
the sample at point I and ejected at point IV in the sample and the
potential drop between these points, at II and 1III, is measured using
a high impedance voltmeter and this negates the use for non-ohmic
contacts but better results are obtained with ohmic contacts.®

The electrical conductivity for thin films is greatly influenced by the
thickness of the films. The conduction path for thin films is affected
by the surface if they are less than a few hundred nanometres by
interrupting carrier transit along their mean free path. The charge
carriers can be diffusely scattered in which they emerge from the
surface, or specularly reflected resulting in their velocity component
perpendicular to the surface being reversed, their energy remaining
constant. The conductivity of the films will be affected if the charge
carriers are diffusely scattered. Small crystallite size, lattice impurities
and the large number of structural defects in the film also affect the
overall conductivity. %304

The reciprocal of the electrical conductivity is known as the elec-
trical resistivity p. For a rectangular sample, the resistance R is given

by ©3:

R = p(l/bt) (20)
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where 1 is the length, b is the width and t is the thickness of the
sample. If | = b then:

R=p/t=R; (21)

Rs is the sheet resistance and is defined as the resistance of one square
of film and is independent of the size of the square. The quantity is
expressed in €2/sq. The method used for measuring this quantity is
a four point probe technique. When the probes are placed on the
sample the resistivity is given by:

(22)

_K 27
P=7

1/dy+1/dy —1/(d1 +d2) —1/(d2 +d3)

where dy = d, = d3 = d and is the distance between the probes, then:

v

If the sample is in the form of a thin film with the thickness of the

coating less than the spacing of the probes, this reduces to:

v (0
= T2 4
P _p _as3V

t._Rs—453I (25)

An alternative arangement to the simple four probe technique is the

van der Pauw configuration:
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Figure 13: van der Pauw configuration for measuring conductivity of a thin
film sample.

The van der Pauw configuration allows for the electrical resistance
of a sample of uniform thickness but arbitrary shape to be measured,
by placing four probes (A, B, C, D) on the edges of the sample.

Vp — V,

Rapcp = I;AiBC (26)
Vi—V,

Rpcpa = IL}TCD (27)

where Vp-V(is the potential difference between probes D and C re-
sulting from the injection of current I from probes A to B and follows
the same form for the reciprocal configuration which results in:

exp(—nRABICDdU) + exp(—TtRBC,DAd(T) =1 (28)

The equation can then be solved for the conductivity, o:

log.2 2
o= r 2
mtd (RAB,CD + Rpc,pa f(r) (29)
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where f(r) depends on the ratio r = Rap,cp/Rpc,pa- If Rapcp and
Rpc paare equal within 1%, then f(r) is taken as 1 within 0.001 % and
can be ignored. 35097

This four probe configuration is useful as it is the one used to
measure the Hall effect which gives information about the nature
of the charge carriers in the semiconductor material, i.e. whether the
sample is n-type or p-type. The conductivity measurements alone do
not yield this information. To distinguish between the charge carriers
(electrons or holes) a Hall effect study can be carried out. Far-infrared
(Terahertz) spectroscopy could also be used in order to determine
the transport properties of the films. It also determines the density
of charge carriers. The Hall effect occurs when a current is passed
through a sample in the presence of a transverse magnetic field and
a small potential difference, the Hall voltage, is developed between
two opposite faces of the sample, in a direction perpendicular to both
the current and applied magnetic field. The Hall effect also allows for
the charge carrier density and mobility to be determined accurately.
The Hall effect is observed due to the Lorentz force which is a com-
bination of the electric and magnetic force.®* As the electron moves
along the electric field, perpendicular to the applied magnetic field, it
experiences a magnetic force normal to both directions. The direction
of the force experienced can be predicted using the “right hand rule”.
As a constant current is injected into the sample in the resence of a
magnetic field perpendicular to this, the electrons (charge carriers in
n-type semiconductors) which are subjected to the Lorentz force drift
away from the current direction, which results in excess negative sur-
face electrical charge and a potential drop across the two sides of the
sample, known as the Hall voltage, as can be seen from figure 14. Vy
is the Hall voltage, B is the applied magnetic field and I is the applied
current through the sample. Ry is the Hall coefficient and is related

to the carrier density by the following relationship:
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Figure 14: Experimental set-up for Hall effect measurements.

VH = RHI(B/t) (30)

Ry = (1/Ne) (31)

For single crystalline films, the conductivity is governed by various
scattering methods such as lattice scattering, acoustic deformation po-
tential scattering, piezoelectric scattering, optical phonon scattering
and neutral/ionized impurity scattering. In polycrystalline thin films
however, grain boundary scattering is another important mechanism.

1.3.3 Optical Properties of TCOs

The optical properties of TCO thin films depends greatly on the de-
position technique, microstructure and defect structure of the mater-
ial. TCO materials in general are electrically conductive and optic-
ally transparent to visible and near-infrared light and reflective to
thermal infrared radiation. For long wavelengths, TCO materials are
reflective due to free electrons in the conduction band and for very
low wavelengths, absorption is observed due to the band gap of the
material. 3567771

In the infrared range, the optical properties for TCO materials can
be described by Drude’s theory for free electrons in metals described
previously. Light impinging on a TCO semiconductor leads to po-
larisation of the material due to the interaction of the free electrons
in the TCO material with the electromagnetic field of the light. The
electrical properties of the TCO materials, such as the charge carrier
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mobility and the charge carrier density of the thin film will determine
when the material will display a reflection to longer wavelengths of
light, beginning somewhere in the IR. This characteristic absorption
is known as the plasma frequency, caused by the free electron plasma
in the TCO semiconducting material. The onset of this plasma edge
is exploited in insulating glazing materials. 37,6571

The Drude theory of conduction in metals can be used to explain
this phenomenon. As mentioned previously, light impinging on a
TCO semiconductor leads to polarisation of the material due to the
interaction of the free electrons in the TCO material and as a result

influences the relative permitivitty, . The Drude model assumes:
* electrons as a gas of free particles

¢ the crystal causes the electron mass, m, to be replaced with an
effective mass, m*, which also provides evidence about the scat-

tering mechanisms within the crystal.

¢ the mean scattering time is independent of the frequency of
light.

¢ the restoring force, k¢, is modelled using a harmonic oscillator

approximation.

Light hitting a TCO material with energy greater than the band gap
results in absorption of a photon in a band transition. TCOs are trans-
parent at wavelengths corresponding to visible light, but the trans-
parency drops at wavelengths corresponding to the IR region (> 1500
nm). The transition from a transparent material to a reflective mater-
ial corresponds to a maximum in absorption and is referred to as the
plasma wavelength, where the frequency of the light corresponds to
the frequency of the collective oscillation of the electrons in the ma-
terial.”> When the electrons oscillate in phase with the electric field
component of light, absorption occurs.”> At frequencies above the
plasma frequency, the inertial mass of the charge carriers for such a
rapid acceleration inhibits motion and the electrons cannot respond
fast enough to screen the electric field of the incoming light, result-
ing in transmission of light. When light at a frequency lower than the
plasma frequency impinges on the sample the electrons within the
material respond quickly enough to screen the electric field compon-
ent of light resulting in reflection of light.”3 The plasma frequency can
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be modelled by assuming the charge carriers as displaced an average
distance x, which induces polarisation, P:

P = N,ex (32)

where N, is the free carrier density, e is the charge on the free carrier
and x is the average displacement. The induced field by the polarisa-
tion acts as a negative restoring force to the charge carrier. The force
is given by the field multiplied by the charge of the carrier:

;Pe_mdzx_—Neexe (33)
e 42 e 33

This equation is in the form of a harmonic oscillator and solving for
the average displacement:

— Aexp{ (YN = Aexpi(w?t) (34)
X = p ot = A.exp.i(wy, 34
and
_ Nee? 1/2
Wp = ( —_ ) (35)

The Drude model showed that conductivity is:

o= (Nee) (1) (36)

me

where the effective mass of an electron is now used to accommodate

any retarding forces acting upon the charge carrier and therefore:

, o N
€T M€

) (37)

These equations relate the electrical properties of the material, such as
N and u to the optical constants n and k. The effect of the charge car-
rier density, N, is two fold in that N determines the plasma wavelength
as determined by the relationship given above. As the the carrier con-

centration increases, the plasma wavelength will be reduced to the
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visible. N also governs the maximum achievable reflectivity in the IR
region. The effect of mobility on the IR reflectivity of TCOs is sim-
ilar, however the plasma wavelength is not directly influenced by the

change in the value of mobility.

1.3.4 Applications of TCOs

TCO materials find applications in areas ranging from heat mirrors in
architectural glazing, conducting screens in touch displays, photocata-
lytic and gas sensing materials to forming the electrodes in photovol-
taic devices.22529/63.74=78

The two main applications of the TCOs presented in this thesis

have been limited to heat mirror glazing and PV electrodes.

1.3.4.1 Heat Mirror Glazing

The interaction of light with free charge carriers in TCO materials has
been discussed in the previous section. In the UV region it has been
shown that TCO materials show an absorption edge due to the pro-
motion of charge carriers from the valence band to the conduction
band. As the frequency of light impinging on the TCO material is in-
creased, reflection of light is observed above a critical wavelength (the
plasma frequency). This frequency is directly related to the number of
charge carriers within the semiconducting material and indirectly re-
lated to the mobility of the charge carriers. A quirk of TCO materials
is the maintenance of optical transparency whilst exhibiting a reflec-
tion of light in the IR regime, whereas for metals this transparency is
obviously not observed in the visible. As a result, careful tuning of
the materials crystal structure, with respect to charge carrier number
and mobility at the synthesis stage can result in control of thermal IR
radiation across a coated glass substrate.

Double and triple glazing can significantly reduce heat loss th-
rough conduction and convection. By applying a TCO coating in ad-
dition to double/triple glazing, allows for a significant reduction in
radiative heat loss from a room in cold climates. The near IR portion
of the sun’s energy is allowed to enter the room, whereas re-radiated

longer wavelength radiation is reflected back into the building.
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Figure 15: Solar spectrum showing irradiance at the earth’s surface and typ-
ical blackbody radiation together with typical solar control and
low emissivity coating spectra. %3

As can be seen from figure 15 about half of the energy hitting the
earth’s surface occurs in the near IR region of the solar spectrum from
0.8 um to 2.5 ym. The near IR region of the sun is responsible for heat-
ing. The radiation is absorbed and re-radiated as blackbody radiation
from 3 to 50 yum. Blackbody radiation is essentially radiation that is
emitted from any hot object, which includes people in buildings and
radiators. Figure 15 also shows typical transmittance spectra for two
types of coatings applied to windows depending on the climate. The
first coating is known as a solar control coating, as shown by the red
line, which is usually a thin film of sputtered metal. In the visible
regime, it can be seen that the transmittance is high, primarily due
to film being thin enough that appreciable levels of reflection cannot
occur at the permitivitty values of visible light. As the wavelength in-
creases however towards the near IR, the permitivitty decreases such
that larger levels of reflection occur, allowing for near IR heat energy
from the sun being reflected away, rather than entering the building.
This type of coating is typically used in ’hot climates’.257%

The second type of coating widely used in the glazing industry is
known as a low-emissivity coating, represented by the dashed line
in figure 15. Low-emissivity coatings are typically applied to glazing
for use in ‘colder climates” as this type of coating allows for visible
light and near IR heat energy through the window, but reflects black-
body radiation so that more heat is retained within the building. Low-
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emissivity coatings are carefully related to the electrical properties of
the semiconducting material chosen, namely the charge carrier dens-
ity and the mobility of the charge carriers, which relates to a critical
resonance frequency, known as the plasma frequency at which the
light is reflected. This frequency approximately begins at around 2
um and extends out to longer wavelengths (i.e. the blackbody).4*7479

Heat losses through windows is essential in determning the en-
ergy balance of buildings, even when double glazing is used. In keep-
ing with increasing demand for lower energy consumption there is
scope for improvement upon double glazing by introducing such
solar control/low-emissivity coatings as an added barrier to heat loss
within buildings. In fact, European legislation now requires that all
new windows in “cold” climates have TCO low- emissivity, which can
potentially reduce energy losses from buildings by 15%.

The materials research challenge lies in optimising the microstruc-
tural properties of TCO materials and more importantly the electronic
properties of TCO materials to tune the plasma reflection in the cor-
rect part of the electromagnetic spectrum for the desired application.

1.3.4.2 TCO Electrodes for Solar Cell Applications

TCO materials play an integral part of the photovoltaic industry as
they serve as the transparent electrode for thin film solar cells such
as amorphous silicon solar cells, dye sensistised solar cells (DSSCs)
and organic based photovoltaic devices.?>>® TCO materials are par-
ticularly useful in that they are transparent to visible light and TCO
layers are easily fabricated on a large scale via online processes. There
are certain requirements however when choosing a TCO to serve as
the electrode for a photovoltaic device. Matching photovoltaic per-
formance to the TCO is vital and it should be noted that:

¢ as the TCO layer thickness increases the short circuit current
decreases;

¢ the open circuit voltage varies linearly with the electron affinity
of the TCO;

¢ the charge carrier density of the TCO decreases the short circuit

current in the PV device; and

* band gap matching of the TCO with the solar spectrum can

result in high conversion efficiencies.
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In addition to the requirements mentioned above the TCO layer must
have high durability, high adhesion and show resilience to high pro-
cessing temperatures often required for thin film solar cell fabrica-
tion.® Another important criterion for TCOs to serve as electrodes in
PV devices is that the refractive index of the TCO material has to be
chosen such that reflective losses of incident light are minimised and
light trapping using scattering centres at the film interface are max-
imised. In order to achieve the latter, a pyramidal microstructure of
the crystallites is ideal for TCO layers serving as PV electrodes, which
often equates to a haze value of around 8-15%.

1.3.5 Tin Dioxide

Transparent conducting oxide materials underpin the PV industry by
providing the transparent electrodes for thin film amorphous silicon
solar cells, dye sensitized solar cells (DSSCs) and polymer based solar
cells as well as in polymer light emitting devices. =3 The commer-
cial demand for TCO materials has led to a large body of research
into optimising the properties required for the given application as
well as reducing the production cost.4>4%%488 Duye to the increasing
scarcity of indium along with the low resistance of ITO to high tem-
peratures the cost benefits and properties of FTO as an alternative
TCO are becoming evident. However, optimisation of the optical and
electronic properties of TCO for the required application are a key
commercial challenge and CVD could potentially be used to tailor
the films for the desired application. 58990

Tin dioxide (Sn0O,) is a wide bandgap semiconductor, with a theo-
retically calculated value at 3.6 eV. Tin oxide has a tetragonal rutile
structure with space group D** (P4,/mnm).% The unit cells consists
of two tin atoms and four oxygen atoms. Each tin atom is surrounded
by six oxygen atoms, roughly arranged in a regular octahedron and
each oxygen atom is engulfed by three tin atoms, approximately form-
ing an equilateral triangle. The lattice parameters are a = b = 4.737 A
and ¢ = 3.185 A. The ionic radii for O* and Sn#* are 1.40 and 0.71 A
respectively.
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Figure 16: Unit cell of the crystal structure of SnO..

Stoichiometric tin dioxide is an insulator, due to the large band gap,
however the electrical conductivity can be greatly improved by the
addition of oxygen vacancies (non-stoichiometric tin dioxide films)
as well as the addition of dopant impurities such as antimony and
fluorine. Oxygen vacancies in tin oxide thin films results in n-type
character due to the generation of electrons via the following process
O «— Vg + %Oz + 2e7 8491793 where oxygen on an oxygen site is
removed, resulting in a vacancy on an oxygen site with a doubly
positive charge on the framework, represented by two dots and the
liberation of oxygen gas plus electrons as described by Kroger-Vink
notation. This has been the proposed mechanism for the inherent n-
type conductivity without dopant addition, but has been challenged
recently by computational studies indicating that oxygen vacancies
are very deep donors and that advantageous impurities such as hy-
drogen could be the source of the conductivity. Substitutional doping
of Sn**cations with Sb>*cations results in the generation of free elec-
trons into the conduction band, such as Snf_rXSb?(+ O%’ + xe~ whereas
fluorine anions replace oxygen anions in the tin oxide lattice result-
ing in Sn4+O§:XX* +xe~ where X represents fluorine or any other
halogen dopant.* The electrical properties of FTO have been investi-
gated by many researchers. The sheet resistance Ry decreases as the
F/Sn atomic ratio in the solution increases, reaching a minimum. As
the ratio increases the sheet resistance increases. These boundaries act
as carrier traps for the free electrons from the bulk of the grain and
results in a space charge region in the grain boundary. As a direct
consequence of this phenomenon, a potential barrier to charge trans-
port results. The type of scatteringis related to the concentration of
free carriers in FTO thin films. FTO films with a carrier concentration
of 10'® cm™ conduction is governed by the grain boundaries, whereas

films with a carrier concentration between 10*® and 109 cm™3 conduc-
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tion is governed by both bulk and grain boundary properties. If the
carrier concentration is greater than 10" cm? conduction is solely
governed by the bulk.3%4289.95

1.3.6 Zinc Oxide

Zinc oxide in its mineral form is known as zincite. Zinc oxide crys-
tallises in the hexagonal wurtzite (B 4-type) lattice. The zinc atoms
are almost in the hexagonal close packed position. The oxygen atoms
lie within a tetrahedral cluster of four zinc atoms. These tetrahedra
point in the same direction along the hexagonal axis, which give the
crystal its polar symmetry. The unit cell constants are a = b = 3.24 A

and ¢ = 5.19 A.

Figure 17: Wurtzite lattice of zinc oxide.

The band structure for ZnO has been calculated by many groups. 349997

The calculated band structure for zinc oxide shows the valence band
states consist of two low energy O:2s core-like states and with increas-
ing energy the next six valence band states correspond to O:2p bond-
ing states. The conduction band states are mainly metallic in charac-
ter, localised on Zn and correspond to unoccupied Zn:3s levels. The
conduction band states at higher energy can be described as fairly
free-electron in nature.3*34 Experimental and computational results
show that the fundamental band gap for zinc oxide is 3.5 eV.'327/%
The current industrial standard for TCOs is tin doped indium oxide
(ITO). Due to the scarcity and cost of indium alternatives need to
be found. Fluorine doped tin oxide (FTO) is emerging as a replace-
ment to ITO with electrical properties approaching that of ITO with
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high transmittance. Zinc oxide films have received much attention to
replace ITO as the industrial standard. With consideration of the en-
vironment, ZnO is a promising alternative because zinc is relatively
inexpensive, abundant, relatively non-toxic and can exhibit electrical
properties comparable to ITO.

1.4 PHOTOVOLTAIC CELLS

There is an increasing demand to move away from fossil fuels, like
coal, natural gas and oil to provide power for society as this fossil fuel
reserve is essentially finite. It has been estimated that there is only a
few hundred years of this supply of fossil fuels remaining given the
current rate of consumption, which is increasing due to developing
nations also competing for their share of the global economy.®% In-
creasing carbon dioxide concentration in the atmosphere is a sensitive
topic but anthropgenic carbon dioxide concentrations have increased.
It has been predicted by the United Nations Intergovernmental Panel
on Climate Change that global warming over the next 50 years could
have serious effects on sea levels, farming, immigration and economic
development. There has been an increasing global effort to diversify
the current energy portfolio. One way of achieving the move from
fossil fuels is to embrace the use of renewable and alternative energy
directly to produce fuels and electricity. Converting solar energy for
example at 10% efficiency using only 1% of the Earth’s land area
could potentially meet the worlds energy demands twice over. There
has been an intense amount of research over the past several decades
to stand up to the materials challenge posed by solar technology and
to advance solar technology beyond the realms of nature. One of the
most popular technologies uses photovoltaic (PV) solar cells, which
convert incoming solar radiation into electrical energy. Solar cell tech-
nology is generally thought of being born in the 20th century, but
in actual fact dates back to the late 19th century and its birth can
be traced back to the principles of photography. It was discovered,
around 1839 by Becquerel and others that silver chloride (and other
silver halides) resopnd to light."*® A “wet photoelectrochemical” cell
was first developed using copper oxide or silver halide coated metal
electrodes immersed in an electrolyte solution and upon irradiation
of one electrode resulted in the production of a small voltage. Solar
cells as we know them however, are not wet photoelectrochemical
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cells but are solid state semiconductor junction devices, first devel-
oped in 1954 at Bell Labs. '*'~'°> For any renewable/alternative energy
source reliability, silence, long lifetime, low maintenance, flexibility
and low pollution are key requirements for which solar cells meet.
Solar energy in general can help give people more control over their
own energy supply which therefore allows people to be less depen-
dent on a centralised source of power. There are however drawbacks
with PV systems, such as the initial start up cost being more expen-
sive than traditional sources of electricity, but there are government
subsidies and incentives in place to reduce costs.°%50:100,102/105

1.4.1 Basic Photovoltaic Cell Operation

Photovoltaic cells essentially work by utilising the photovoltaic ef-
fect. This is where incident sunlight is directly converted into elec-
tricity by a p-n (or p-i-n) semiconductor junction device.'*3 This phe-
nomenon although being known for almost a century, only advanced
in 1954, with the production of a 6% crystalline silicon solar cell by
Chapin et al.’°" This technology is used for a range of applications,
such as supplying power for consumer products e.g. electronic cal-
culators and garden lights. The p-n junction essentially arises when
a p-type semiconductor material is brought into contact with a n-
type semiconductor material meet. A p-type material for example
is silicon/germanium doped with boron (group 13 element). Boron
has three valence electrons compared to four valence electrons of sil-
icon. When the dopant is introduced into the silicon crystal lattice, it
bonds with the surrounding silicon. One bond however is incomplete
due to the position of a missing electron i.e. the hole, which behaves
like a positive charge as it can attract an electron from a nearby sil-
icon atom and thus in the process forming another hole. Hence the
majority charge carriers causing conduction are positive holes. In an
n-type material the majority charge carriers causing conduction are
electrons and result from doping silicon with a group 15 element, an-
timony for example. By “joining” together these types of materials in
order to form a p-n junction, the Fermi levels (the average energy of
the electron) of each type of material become equal and as a direct
consequence of this results in a band bending region. In this junc-
tion electrons from the n-type material diffuse into the p-type region,

whereas holes diffuse into the n-type region. This leaves the p-side
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negatively charged and the n-side positively charged and hence an
electric field is established and no mobile carriers exist in this region
known as the depletion layer.

The electric field essentially restricts the movement of electrons
from the n to p and not the other way around, i.e. acts as a diode.
When photons of incident light are absorbed close to or at the p-n
junction, providing the energy, given by E,=hc/}, is greater than or
equal to the band gap of the semiconductor material, then electron/-
hole pairs are created. Electrons are simply excited from the valence
band into the conduction band. As a result of this phenomenon, ex-
cess electrons accumulate in the conduction band of the p-side and
excess holes accumulate in the valence band of the n-side. The elec-
trons on the p-side “roll down the hill” whereas the holes on the
n-side “bubble up” and are swept across the junction respectively be-
cause of the free energy gradient and not the potential energy of the
inbuilt electric field.

As a result of this there will be a potential difference (open circuit
voltage), due to the charge separation and if the device is not con-
nected to an external circuit there will also be a current through the
diode because of shortage/recombination. By constructing circuit di-
agrams in which to model a photovoltaic cell some important terms
can be discussed. ***

RsH

A
Isc 7 7 Rsu V

O

Figure 18: Simple circuit model of a PV cell. Diode 1 represents the recom-
bination in the regions either side of the depletion region (quasi-
neutral) and diode 2 represents the recombination in the deple-
tion region.
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By considering a photovoltaic cell as a current source, in which the
incident number of photons with sufficient energy is directly propor-
tional to the number of electrons generated then we can call this the
photocurrent, Ipy or Isc. In the circuit above, the ideal current source
is connected so that it serves to forward bias the diodes, essentially
having current coming out and going into the current source at the
same time. So as we have a complete circuit and an external load, the
voltage due to charge separation will reduce but there will remain a
current through diode 1 and can therefore write an expression for the
current flowing through diode 1, not taking into account diode 2. The

expression for the diode current is given by the diode equation ***:

Ip = Iyexp(qVp/nkT)-1 (38)

where Ip = Diode current, I, = Reverse saturation current, Vp = volt-
age across the diode (V + I Rs), q = Electron charge, k = Boltzmann
constant, T = Absolute temperature and n = ideality factor of diode.
So the current will also flow to the load and on doing so it will en-
counter a resistance on flowing through the bulk material as well as
the resistance encountered by the metal contacts, in series with the
load, represented as Rs. Also in the circuit model the shunt resis-
tance, Rgy, represents the electron-hole pairs that recombine before
being transferred to the load and hence it is represented in parallel
to the load. The current through the shunt resistor is given by Ohm’s
Law, where Isgy = Vp/Rsy. With all these terms we can represent the

load current, I, simply as:

Iy = Ipy — Ip — Isy (39)

Substituting the expression for the diode current results in:

IL = IpH—Ioexp(qVD/nkT)—l—VD/RSH (40)

As Vp is equal to V + I Rs then the expression above reduces to:

I, = Ipg — lpexp(q(VL + It Rs) /nkT)-1 =V + 1. Rs/Rsy  (41)
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This is the general expression for the current produced by a photo-
voltaic cell. By solving the equation and obtaining values for I, at
any given voltage, using the Newton Raphson method, results in a
current-voltage curve characteristic to photovoltaic cells. "3
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Figure 19: I/V curve for silicon solar cell.

The resulting curve looks as such and is vital in understanding im-
portant figures when discussing solar cells such as the short circuit
current, open circuit voltage, maximum power point and fill factor.
As can be seen from the graph at open circuit voltage, the cell current
is zero and hence no power can be extracted. Also at short circuit cur-
rent point the cell voltage is zero and hence no power can be extracted
from the cell. As the load voltage is applied at small increments the
diode current is negligible and the output current is or is close to
the short circuit current, Isc. When the voltage is applied at a signifi-
cant value, at open circuit for instance, all the current generated flows
through the diode and hence the cell current is zero. There is a point
on the curve where there is a relationship between the maximum volt-
age (Vmp) and the maximum current (Ipp), giving the largest amount
of power, known as the maximum power point (MPP). As can be seen
from figure 19, there are two areas defining the maximum power
point relating to the Vyp and Iyp and the area relating to the Voc
and Isc. The ratio of these two areas is known as the fill factor (FF)
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and is a measure of the performance of the photovoltaic cell. *°**°> It
is expressed as:

FF = MPP/Voclsc = VmpIpmp/Voclsc (42)

This leads on to the essential value of solar cells, which is the solar
cell efficiency, 1, defined as:

n= MPP/Py, (43)

Pin = Intensity of the incident light per unit area It follows that if the
value of Isc is large then the energy bandgap of the semiconductor ex-
ploited to absorb the incident light is small, as a larger proportion of
the spectrum of the solar energy will be absorbed. V¢ is also related
to the energy bandgap of the semiconductor, such that Voc increases
as the energy bandgap of the semiconductor used to absorb the light
is increased. Crystalline silicon based solar cells are not used exten-
sively because of their limited flexibility, heavy weight and high cost
despite them having a high solar to electric energy conversion effi-
ciency. The indirect bandgap (i.e. shifted conduction band) for silicon
is approximately 1.1 eV at ambient temperature. As a result of the in-
direct bandgap the optical absorption coefficient is low (« ~ 100 cm™).
As a consequence of this, the silicon needs to be several hundred mi-
crons thick in order to absorb the incident light. The electron-hole
pairs generated by the light should be able to diffuse up to that dis-
tance to reach the electric field in the depletion region of the junction
if they are to contribute to the photocurrent. The ability of the car-
riers to diffuse into the junction region is measured by the minority
carrier (i.e. holes in N-type semiconductors and electrons in P-type
semiconductors) diffusion length, L:

Lay/put (44)

where y is the mobility and t is the lifetime of minority carriers in the
light absorbing region. Both of these parameters are sensitive to ma-
terial purity and crystallinity. Efficient devices can only be produced

if the feedstock is pure enough and crystal defects minimised. As
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PV sales have accelerated rapidly over the past 5 years, manufactur-
ers are considering purifying silicon themselves for use in PV solar
cells. There are various types of materials that have been explored in

photovoltaic cell development, such as:
¢ Silicon solar cells
* Dye sensitised and organic solar cells
¢ CdTe and copper indium gallium selenide (CIGS) solar cells
¢ III-V, quantum well and thermophotovoltaic solar cells

As well established as Si solar cells are, in terms of the technology
and performance, the underlying problem is cost. The thin film route
provides a very attractive way of reducing the costs associated with
bulk silicon solar cells as well as retaining efficiency. Dye sensitised
solar cells (DSSCs) are low cost solar cells which belong to the thin
film group of solar cells. DSSC technology is remarkable, in that it

mimics natural photosynthesis in two respects:

1. it uses an organic dye to absorb photons of light and results in

a flow of electrons and

2. multiple layers are used to improve the absorption and collec-

tion efficiencies.

The basic working principles behind DSSCs and the rationale for con-
tinued research in DSSCs is presented in the next section.

1.4.2 Dye Sensitized Solar Cells

Dye-sensitization of semiconductors can be traced back to 1873, when
Hermann Wilhelm Vogel accidentally discovered that when a photo-
graphic emulsion of silver halide was contaminated with a green dye
it made the film much more sensitive to red light. In 1976, Tsubomura
et al.’*® showed that larger photocurrents could be achieved by dye-
sensitization of porous micro-crystalline zinc oxide compared to us-
ing a single crystal of zinc oxide (i.e. by increasing the surface area for
light harvesting). It was not until 1991, when Michael Gratzel and co
workers, sparked interest in photoelectrochemical cells again by using
a mesoporous layer of titanium dioxide sensitized via an adsorbed

ruthenium dye which showed efficiencies of > 7 %.5° The fabrication
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of DSSCs usually involves the use of a conducting contact and a TCO
contact. The conducting plate is coated with a colloidal titanium diox-
ide paste, with particles ranging from 10-40 nm, usually deposited by
screen printing or spray coating. The titanium dioxide layer is then
sintered in air at 500°C to produce the mesoporous layer (thickness
is roughly 10 ym) with a porosity of about 50 % which is then left
to soak in a ruthenium dye (cis-bis(isothiocyanato) bis(2,2"-bipyridyl-
4,4’-dicarboxylato)-ruthenium (II) bis-tetrabutylammonium). The sec-
ond plate is then coated with a thin film of platinum by sputtering or
chemical methods. The two plates are then sandwiched together by
means of a hot melt polymer such as Surlyn, under pressure and then
an electrolyte (iodide/tri-iodide) is added through pre-bored holes in
the glass and then finally sealed. They are highly attractive because of
the low cost of materials required to assemble one and also because
of their high conversion efficiency. 55565817

DSSCs differentiate from the silicon design of PV cells in that the
photoelectrons are provided by the photosensitive dye and the bulk
of the semiconductor is used for charge transport whereas the silicon
itself is used to generate the photoelectrons as well as to present the
electric field. DSSCs work when sunlight enters the cell through the
TCO top contact and photons with enough energy to be absorbed
strike the dye. Electrons are then injected into the conduction band of
the semiconductor material (e.g. TiO,) of the cell and move by diffu-
sion until they reach the conducting substrate. The dye is now in its
excited state. As the dye has lost an electron (dye™) it strips an elec-
tron from the electrolyte material, normally iodide/triiodide redox
couple. The dye oxidises the iodide into triiodide, which has to occur
quickly in comparison to the electron/hole recombination process.
The triiodide then combines with the electrons (after flowing through

the circuit) at the counter electrode and form the iodide ion. 8108110

51



1.4 PHOTOVOLTAIC CELLS

SnO, Glass Counter Electrode

TiO, Nanoparticles

Electron

Injection
Light

°

Redox
Electrolyte

- +

Figure 20: DSSC structure and reactions within the cell.

Figure 20 shows the structure of a DSSC based on TiO, and the
reactions within the cell. The diagram however does not highlight
the potential loss mechanisms such as luminescent emission from the
dye, series resistance (the sheet resistance of the substrate electrode,
the resistance of the semiconducting material and the resistance of
the electrolyte), recombination effects and reaction of the electrolyte
with TiO,. The energetics of DSSCs are brought about by the relative
positions of the energies of the TiO, conduction band, the highest
occupied molecular orbital (HOMO)/lowest unoccupied molecular or-
bital (LUMO) energies of the of the dye and the redox energy of the
electrolyte. The energies must be arranged such that the LUMO of
the dye lies above the conduction band of the TiO, and the redox en-
ergy must be higher in energy than the HOMO in order to regenerate
the dye molecule.57/50107,108111,112 The driving force for electron and
hole transport in any solar cell is the free energy gradient or electro-
chemical potential. In a conventional solar cell, only small gradients
are required to drive the short circuit current as the mobilities of the
electrons and holes are two orders of magnitude higher than that of
DSSCs due to the high purity of silicon based solar cells. It has been
investigated that the role of in-built fields do not govern the move-
ment of the electrons as an in-built field (depletion layer) only exists
at the interface between the conducting electrode and mesoporous
titania layer, through which the electrons can tunnel through. Given
this problem, larger gradients are required in DSSC to drive typical
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solar cell current densities. Electron transport and electron transfer
are disipative processes and result in energy losses and ultimately
efficiency losses.

Cameron and Peter considered the nature of energy losses in DSSCs
by considering the possible routes of electron recombination. Taking a
typical three phase contact consisting of FTO/titania/electrolyte, elec-
tron recombination can occur via three possible routes.°%'12 The first
route is the transfer of electrons from titania to the oxidised dye, the
second route is from the the titania to the electrolyte and the third is
from the FTO surface to the electrolyte. Some terms must be defined
before this is explored more deeply. At open circuit conditions the
injection of the electrons from the photoexcited dye molecules must
be balanced by the sum of all possible back reaction routes as men-
tioned above. Under illumination, the electron concentration in the
titania increases until it creates a recombination flux equal to the in-
jection flux. The free energy of the titania particles is expressed by the
position of the Fermi level in the semiconductor. The measured Voc
is the difference between the free energy of the electrons at the “dy-
namic equilibrium” concentration and and the electrolyte potential.
The two main determinants of Voc are the recombination rate con-
stant and more subtley the conduction band offset relative electrolyte
potential.571°% If the recombination rate constant increases, then the
equlibrium concentration of electrons along with the free energy of
the electrons and ultimately the Voc. It has been stated that the sec-
ond determinant has a more subtle effect on the open circuit voltage.
If a material with no defects is used, then the injected electrons all
occupy the conduction band and the Fermi level lies below the con-
duction band by a factor that only depends on the electron concen-
tration. A given n will give a particular Voc. By changing the electric
tield between the TiO, and the electrolyte, the states in the TiO, are
all shifted relative to the electrolyte including the conduction band
and the Fermi level. For the same number of states, n, a difference in
the Voc will be recorded identical to the change in the electric field at
the titania surface, thus assuming electron injection, regeneration and
recombination rate constant all stay the same in trap rich TiO, used
in DSSCs this is the case, except that the charge density for a given
Fermi level is determined by the distribution of electron traps. Chang-
ing the surface electric field does not change the energy distribution

of the trap relative to the conduction band and as a result a change in
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Voc is expected and is linked to any change in the conduction band
offset.

At short circuit conditions, the available free energy in the charges
is used and extracted with maximum quantum efficiency. The effi-
ciency depends on the diffusion constant (mobility) and recombina-
tion rate of the electrons in the TiO,. Durrant and O’Regan stated
that the determinants of efficiency are key to cell construction and
the material properties i.e. TiO, thickness and photocurrent losses
due to thickness.5” As photoinjected electrons enter the conduction
band of the TiO, the density gradient builds up across the cell until
it is large enough to carry it to the FTO sink. Transport in TiO, is
slow and a large density of charge carriers results. This causes a re-
combination flux. The magnitude of this recombination flux gives the
photocurrent collection efficiency. The diffusion length links the rela-
tionship between transport and recombination. In general a diffusion
length > 2 times the film thickness is required to ensure most of the
charges reach the FTO electrode before recombining. At short circuit
illumination the recombination from the FTO to the electrolyte is is
negligible and mainly limited to the bulk of the TiO, film. At open
circuit conditions the back reaction from the FTO surface becomes ap-
parent as the quasi Fermi level in the FTO moves up as a result of the
photostationary state achieved by injection and recombination. As a
result of the latter, Cameron et al. analysed thin “blocking” layers of
TiO, deposited on the surface of the FTO to inhibit the back reaction
of electrons to the electrolyte. 2 It was seen that the doping densi-
ties, thickness and band alignment are key issues in the performance
of the blocking ability of these layers and that under strong illumina-
tion at open circuit (or on load), the blocking films no longer inhibit
the back reaction due to a build of surface electron density, but under
short circuit conditions the films act as blocking layers. 107108110112

New techniques and synthesis methods show how far DSSCs have
evolved with regards to the different substrates that are being utilised
as well as dye molecules that are being explored. As well as the obvi-
ous physical considerations such as the semiconducting material and
the dye molecule, the choice of substrate is also important. DSSCs
have usually been built on glass substrates, the disadvantages how-
ever are the large-scale industrial manufacturing of the cells. Flexible
and light weight metal substrates and plastic foils are low cost al-

ternatives, because the actual cost of the glass is 15-20% of the total
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price of the cell. As well as fabrication of the solar cell, the upscale
from small-scale laboratory to high throughput industrial production
is equally important. The use of TiO, films for use as photoanodes in
DSSCs has been widely investigated.5>13711¢ ZnO films have recently
been explored with regards to their performance as photoanodes in
DSSCs. The reason being that the energy level of the conduction band
is comparable to that of TiO, as well as having higher electronic mo-
bility. 3296111,117-119 The mobility is of the order of 100 cm?/V.s and the
direct bandgap is 3.37 €V (300 K).3>7° The electron transport proper-
ties are heavily affected by the material microstructure and the con-
ditions in which it was synthesized. Zinc oxide has the richest family
of nanostructures and ZnO tetrapods used in DSSCs have proved
successful. The applications of ZnO are vast, for instance being used
in gas sensors, transparent electronics, and surface acoustic wave de-
vices. Thin films of ZnO can be prepared by various methods such as
electrodeposition, sol-gel routes, CVD, laser ablation, molecular beam
epitaxy and chemical bath deposition.??3'*° The sol-gel and chemical
bath deposition routes are very effective, simple and low cost in com-
parison to some of the other methods mentioned. However conver-
sion efficiencies of ZnO structured solar cells with Ru dyes, as those
in TiO, have been lower than that of titanium dioxide based solar
cells, and the studies showed that the electron injection process from
the dye to the semiconductor material made no real difference when

compared against TiO,.

1.5 MICROPOROUS OXIDE FILMS
1.5.1 Zeolite Powders

Zeolites are microporous crystalline aluminosilicates, composed of
TO, building blocks, linked together by corner sharing oxygen atoms,
where T = Si/Al The incorporation of aluminium into the zeolite
framework, gives the framework an overall negative charge which
needs to be compensated for by extra-framework cations, usually in
the form of Na*/H*.">'7"241>> These tetrahedra then link together to
form rings of different sizes. Rings of up to twenty sizes have been
prepared but rings usually contain 4 to 12 tetrahedra. The idealised
geometry of these rings is planar, but they usually have more compli-

cated shapes and geometries. These are also known as the primary
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building units, which can then be linked together to form polyhe-
dra and cubes. The linking of these secondary building units (SBUs)
in an infinite repeating latice, give the rise to varied zeolitic frame-
work structures. The rings on the face of polyhedra can be classified
as pores and polyhedra with faces no larger than 6 rings are known
as cages, since they are too small to accommodate molecules larger
than water. Polyhedra with at least one pore larger than 6 rings are
classified as cavities. Pores which have more than 6 rings that ex-
tend infinitely in one dimension are known as channels and allow
the diffusion of molecules through them. If the effective width of the
channels is known and the kinetic diameters of different molecules,
it is possible to determine framework specific molecules. Currently,
there are 20 known frameworks with varying degrees of composition.
The general composition of zeolites can be split into three groups: the
extra-framework cations, the framework and sorbed species within
the pores of the zeolites. '

The overall formula for zeolites is: Mzz/tn [Si1_yAlO,]*~.nH0. The
Si/ Al ratio can range from 1 to co depending on the synthesis condi-
tons. The Si/ Al ratio can also be modified post-synthesis. This compo-
sition also gives rise to certain properties synonomous with zeolites.
The non-framework cations for example result in acidity, when H" is
the charge compensating cation coupled with the large surface area
and pore structure of zeolites, result in ideal acid catalysts. Zeolite So-
cony Mobil-5 (H-ZSM-5) for example is used as a solid acid catalyst
for hydrocarbon alkylation, cracking and isomerisation. Functionality
in the form of catalytic sites can be introduced into purely siliceous
zeolites by isomorphous substitution with Fe3*, Ga3*, Ti4" and Ge?",
where the metals occupy silicon sites within the framwork. The com-
position then reduces to M’(an).[Sil,xX]’Z*Oz] (4-n)x— yH,0. TS-1 for
example is a titanosilicate zeolite with a mordenite framework in-
verted (MFI) structure (figure 21), where titanium ions occupy the
silicon sites, with the titanium concentration about 1-2%. TS-1 was
patented by EniChem in 1983 and is a useful catalyst for a variety of

reactions as shown in figure 22.
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Figure 21: Structure of TS-1 zeolite viewed down the c-axis.

The extra-framework cations also allow for selective exchange. The
extra-framework cations are loosely bound in channels/cages but
usually at well defined sites, but can be exchanged. For example ze-
olite A and zeolite X are used in detergents as a water softeners due
to their high affinity for Ca** and Mg*" respectively. Zeolites are also
vital in the removal of radioactive Cs* and Sr* from radioactive waste.
Zeolites also find applications as adsorbants for small polar molecules
or are used in bulk molecular separation as molecular sieves. The

most common examples include gas separation and petroleum refin-

ing.
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Figure 22: Example of catalytic reactions performed by TS-1 zeolite.

Zeolites in their powder form continue to be used extensively, but
given increasing energy considerations, it is more viable to use a

zeolite in its film form, as this serves as a long lasting alternative
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to a zeolite powder. Given that the film meets certain microstruc-
tural requirements then these films can serve as alternatives to zeolite
powders. Zeolites in their film form can also have new applications
compared to their powder form. For example, zeolite overlayers are
used extensively in the gas sensing industry to increase the sensit-
ivity and selectivity to oxidising and reducing gases.'*>™"*9 Zeolite
tilms also find application in electronics industry as purely siliceous
zeolites have lower dielectric constants than their dense analogues.
There have also been reports of zeolite films for use in corrsion sci-

ence as well as being used as catalytic membrane reactors. 3¢

1.5.2 Zeolite Films

The main driving force for zeolites in their film form have been ad-
dressed in the previous section. Zeolite films have been known since
the 1940s, when they were first synthesized in what can be described
as a brute force approach, by pressing zeolite powders into pellets. 127,128
Reactions were also carried out in the surfaces of zeolite single crys-
tals. The performance of these rudimentary zeolitic films was poor
and the processing challenge for high performance zeolite membranes
became apparent. There has been a large amount of research invested
in the last 25 years on zeolitic films in order to optimise the processing
challenge as well as controlling particle morphology and microstruc-
ture which is key to the overall peformance of the zeolite film for a
given application. The first commercially available zeolite films were
concentrated to small-scale applications and the films were coated
on 10 m* substrates. The main issues in commercialisation, despite
the intense research, has been the high cost of fabrication, poor per-
formance of the zeolite films compared to powder analogues and
major difficulties in reproducibly coating large substrate areas. 3713
Large area coatings inevitably require reliable processing technolo-
gies, while satisfying essential film characteristics such as film conti-
nuity, thickness control, crystallite orientation (pore orientation) and
pin-hole (defect) free films. 1137138 The established laboratory scale
routes to zeolite synthesis are in-situ crystallisation and secondary

123

seeded growth.
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Figure 23: In-situ crystallisation process

In-situ crystallisation is where the precursor zeolite solution (sol)
is brought into direct contact with the support before hydrothermal
treatment. Zeolite film formation proceeds initially through the for-
mation of a gel phase on the support surface. Nucleation and crystal
growth then occurs at the boundary between the gel and liquid phase.
Crystal growth can then lead to the formation of a continuous zeolite
film. Post-processing of the zeolite films is often required to remove
organic molecules, often employed as structure directing agents.'*3
In-situ crystallisation often involves suitable surface functionalisation
of the support in order to provide sufficient attachment of the zeo-
lite crystals to the support. This process is also very sensitive to sol
composition and synthesis conditions (temperature, reaction time, sol
aging and pH). In-situ crystallisation often results in polycrystalline
zeolite films as a result of crystal growth occuring simultaneously
at multiple layers and can also result in films with intercrystalline
gaps. Multiple treatments to fill intercrystalline defects can result in
sufficiently thick films which can limit the application of the mem-
brane. '3

The second widely used method to prepare zeolite films is sec-
ondary (seeded) growth. This is a better approach to synthesising
zeolite films in that it fulfills the requirements for a useful zeolitic
film compared to in-situ crystallisation, of which the drawbacks have
been mentioned. Secondary seeded growth effectively decouples nu-

cleation from the film growth process. The process involves:

¢ the formation of seed crystals, in which the size and shape of

the crystals can be controlled,

¢ deposition of the seed crystals on the desired support to form

an oriented seed layer,
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¢ followed by secondary and tertiary treatment (if required) of
the seed crystals to form a monolayer with aligned crystals and

pores.
Steam Assisted
Sbin Coating Q@Q Crystallisation Oriented Zeolit
— yiyb gg’y H FIEnLeayerEOI ©
A
Precursorsduﬁ :g%ﬁ f %Dﬂﬂy

" Substrate
Zeolite Crystals

Figure 24: Secondary (seeded) growth process

This approach allows for greater control of crystallite and pore ori-
entation. 291397146 The synthesis of the colloidal zeolite suspension
of the seeds usually occurs at low temperatures allowing for control

over seed size, homogeneity and yield.

1.6 SUMMARY

The introductory chapter has outlined the materials processing tech-
niques and has mainly focussed on chemical vapour deposition and
the basic physics crucial to understanding semiconducting thin films.
Transparent conducting oxides were looked at in particular due to the
wide range of applications for this class of materials as well as novel
synthetic routes to microporous oxide materials as films which have
potential use in areas ranging from corrosion resistance to microelec-
tronics as dielectric films.

The importance of these materials should not to be overlooked as
they play a major part in changing our current habits with respect
to fossil fuels consumption and moving towards more reliable renew-
able sources of energy.

Chapter 2 describes the experimental set-up used to deposit thin
films by CVD and hydrothermal/solvothermal synthesis and the the-
oretical basis behind the techniques used to characterise the films.
The main analytical techniques in this thesis have been X-ray diffrac-
tion to determine the long range structure and scanning electron mi-
croscopy to determine the microstructure of the films. X-ray absorp-
tion spectroscopy was also used to determine the short-range order

of some of the systems investigated.
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EXPERIMENTAL AND CHARACTERISATION
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EXPERIMENTAL

2.1 INTRODUCTION

This chapter serves to discuss the experimental methods used to de-
posit thin films by CVD describing both the set-up used in AACVD,
APCVD and hydrothermal methods. The theory behind the analyti-
cal techniques and data analysis conducted on the films is discussed.
The main analytical techniques this chapter concentrates in is X-ray
dffraction (XRD), scanning electron microscopy (SEM) and X-ray ab-
sorption spectroscopy (XAS).

2.2 SYNTHESIS TECHNIQUES
2.2.1 CVD Set-Up

Atmospheric pressure and Aerosol Assisted Chemical Vapour De-
position (APCVD) and (AACVD) respectively was performed on a
horizontal-bed, quartz, cold-walled tubular carbon reactor with a lam-
inar gas flow.

The reactor consists of a cylindrical quartz tube, 60 mm in diameter
and 160 mm in length. There is a carbon block contained within the
quartz tube which holds a cartridge heater and and two thermocou-
ples. The quartz tube is capped by two stainless steel end plates at
both ends. Gas is allowed to enter through one of the stainless steel
end plates by use of a brass manifold and allowed to exit the reactor

via an exhaust at the opposit end. The desired substrate was cleaned

Steel End Plate

Top Plate (Glass)
‘ Quartz Tube
o
Flow Meter———| o [~ Aerosol Droplets Substrate
o
I —— Precursor Solution
GasIn 1 Water
( 160 Vg
Brass Manifold mm

Piezoelectric Element

Figure 25: Schematic of the AACVD set-up used to deposit films.
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in piranha solution and rinsed with copious amounts of distlled wa-
ter, dried and then placed ontop of the carbon block and SiO, coated
float glass supplied by NSG placed 10 mm above to act as a top plate.
Once the reactor was loaded with the substrate, top plate and sealed
the substrate was then directly heated, hence the overall experimental
set-up is cold-walled.

For an aerosol delivery system (AACVD), the precursor was loaded
into a glass flask with a thinned base which allows for more power
transfer from the piezoelectric element allowing for easier aerosol
generation. The application of high frequency sound waves, known as
ultrasonic generation, produces droplets where the size is related to
the density and surface tension of the solvent as well as the operating
frequency of the piezoelectric and are associated by Lang’s equation.
The average droplet size produced using a standard humidifier (20
kHz) and methanol as the solvent is 45 um. The aerosol is then car-
ried towards the reaction chamber using a plain flow of nitrogen gas
(BOC). The aerosol passes through a brass manifold, engineered such
that laminar flow is achieved across the width of the reactor. Once the
reaction has ceased, the substrate was cooled under a flow of nitrogen
to room temperature and the films handled in air.

For a vapour delivery system (APCVD), the precursor was loaded
into bubblers in this manner. The temperature of the bubbler was set
by the vapour pressure of the precursor and the desired flow rate. The
desired substrate was cleaned in piranha solution and rinsed with
copious amounts of distlled water, dried and then placed ontop of
the carbon block and SiO, coated float glass supplied by NSG placed
10 mm above to act as a top plate. Once the reactor was loaded with
the substrate, top plate and sealed the substrate was then directly
heated as mentioned before. Nitrogen was then passed through the
bubblers containing the precursors and the bypass valve closed so
that the flow could stabilise through the exhaust. Once the flow had
stabilised for approximately 30 s the three-way valve was turned to
allow the precursors to enter the mixing chamber and then to enter
the reaction chamber. Once the reaction had ceased the precursor flow
was diverted to the exhaust and the flow through the bubbler was
diverted to the bypass. The reactor was turned off and the substrate
was cooled in a flow of nitrogen to room temperature. All samples

were handled in air and stored in plastic bags.
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Figure 26: Schematic of apparatus used in a typical hydrothermal synthe-
sis.'*?

2.2.2  Hydrothermal Synthesis

Hydrothermal synthesis involves crystallising materials from high
temperature aqueous solutions under autogenous pressure. HT syn-
thesis was typically carried out in a steel pressure vessel known as
an autoclave. Within the autoclave a temperature gradient is estab-
lished and maintained at the opposite eneds of the growth chamber
such that the hotter end aids dissolution and the cooler end aids crys-
tal growth. Figure 26 shows a schematic of the apparatus used in
a typical hydrothermal synthesis starting from a dry gel and water.
The crystal growth mechanism for hydrothermal synthesis is a con-

tentious issue, but is deemed to proceed via a solid/solid transforma-
tion. 122,147,148

2.3 CHARACTERISATION TECHNIQUES
2.3.1 Powder X-ray Diffraction (PXRD)

All diffraction work was performed on polycrystalline thin films, which
can be thought of as analagous to powders. X-rays are diffracted from
a set of periodic planes (in actual fact by the electron cloud of atoms)
according to the Bragg equation. The separation between these planes
of atoms, known as Miller planes is of the order of planes 107° m,
therefore the wavelength of light which is diffracted from these planes
corresponds to X-rays. The information gleaned from PXRD is very
rich and as it tells us the phase of the material, lattice parameters of
the the unit cell and atomic positions as well as crystallite size and
crystallite strain. Before moving on however, the distinction between

single crystals and powders should be discussed. *49*5°
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Figure 27: The interaction of a crystallite with incoming X-ray.

A crystal is developed by adding the unit cell (identical building
block) up in all dimensions. Crystals observed in every day life (e.g.
diamond, quartz, silicon) typically contain about 10*® unit cells. These
are more typically single crystals, but powders are also composed of
very small crystals known as “crystallites”. Powders viewed under an
electron microscope easily show crystallites. Powders viewed under
an electron microscope may look like minute crystals, i.e. scaled down
versions of larger crystals or may have no distinguishing morphology.

In order for a polycrystalline thin film or powder to give rise to
a diffraction event the crystallites must be correctly oriented with
respect to the X-ray beam of a fixed wavelength. Figure 27 shows
the interaction of a crystallite with an incoming X-ray beam. A set
of planes (black) in (1) results in incoherent scattering of the incident
X-rays. By rotating the crystallite the planes would rotate with the
crystallite and there comes a point, (2), where the planes are correctly
oriented with respect to the X-ray beam in rder to diffract in phase
resulting in an intense diffracted ray.'4°

If the rotation was to continue to point (3) in the diagram then
a second set of planes in purple would be correctly oriented in or-
der to give rise to a diffraction event. If the crystallite was reoriented
through all possible orientations such that every set of planes had
the opportunity to diffract then over a period of time would result in
many diffracted rays. A powder consists of many millions of crystal-
lites each at different orientations with respect to the X-ray beam and
statistically speaking there will be some at the correct orientation for

diffraction to occur in contrast to manually rotating and re-orienting
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Figure 28: Schematic of X-ray diffraction from part of a single crystal.

a single crystal. In order for a crystal to diffract light, the Bragg equa-

tion must be satisfied:

nA = 2d.sinf (45)

where } is the wavelength of the radiation used, d is the spacing be-
tween the planes and ¥ is the angle between the incident (or diffracted)
ray and the corresponding crystal plane; n is an integer and is re-
ferred to as the order of diffraction and is often unity.

Figure 28 shows the idea behind Bragg’s Law, that when achieved,
X-ray beams scattered from successive planes in a crystal travel dif-
ferent different distances. If the difference is an integer number of
wavelengths then the X-rays scattered from successive planes will in-
terefere constructively when they reach the detector. %4149

The position of a diffracted peak gives information about the unit
cell parameters whereas the intensity of a diffracted peak gives infor-
mation about the atomic positions. The intensity of a diffracted X-ray

beam is given as:

I = cjPLAF?, (46)

where j is the multiplicity (symmetry equivalent reflections), P is the
polarisation factor (polarisation of an X-ray photon can change as
a result of scattering/diffraction), L is the Lorentz factor (geometric
correction), A is the X-ray absorption (X-rays are absorbed as they

pass through materials) and F is the structure factor (mathematical
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treatment of how atoms scatter light). If the structure factors Fpy
are known for a full set of reflections then the electron density, at
any position xyz in the unit cell can be calculated, corresponding to
atomic positions. It is possible to measure F,, and consequently |Fpy|
but not the sign of Fy. Computer programmes are often required to
solve the structure, but more importantly a combination of X-ray and
neutron diffraction is desirable.

PXRD data collected was used mainly for phase identification, unit
cell refinement to yield lattice parameters, qualitative analysis of pre-
ferred orientation and crystallite size calculation. Unit cell refinement
was performed via the Le Bail method, which estimates the reflec-
tion intensities without a structural model in contrast to the Rietveld
model which estimates reflection intensities from a starting model. In
the Le Bail'>* method all the reflection intensities are set to an arbi-
trary value and are treated as “calculated” values as if they had been
derived from a structural model (i.e. Rietveld). The Rietveld code is
then modified to extract “observed” intensities. '>>'>3 These observed
intensity values will be biased by the starting values set for the “cal-
culated” intensity but closer to the true value for the observed I(hkl)
than any arbitrary value. The “calculated” intensity is then set to the
value of the “observed” intensity and a least squares refinement per-
formed on the diffraction profile to yield cell parameters and peak
positions as well as resolution parameters such as peak widths and
peak shapes. This procedure is then iterated so that a new set of
observed intensities are obtained. As well as obtaining information
about the unit cell parameters, peak shape also yields valuable infor-
mation such as crystallite size and strain vital to materials chemistry.
There are several parameters regarding peak shape that should be
defined:

® Peak maximum (or peak height) is often denoted as I, al-
though it should not be used as an indicator of diffracted in-

tensity.

¢ The area under the peak is generally taken as the peak intensity
as it represents the sum of all the diffracted X-ray photons that
have been detected regardless of peak shape.

¢ The broadness of a peak is dictated by the peak width. The full
width half maximum (FWHM) of the peak is a common parame-

ter describing peak width.
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Peak broadening arises from two main sources:
1. Instrumental contributions
2. Sample contributions

Instrumental broadening arises from a variety of factors such as:
¢ the radiation not being perfectly monochromatic
¢ the source of the radiation has a finite physical size
¢ axial divergence of the incident and diffracted beam
¢ slit configuration in the diffractometer and
¢ misalignment of the diffractometer.

Sample broadening arises from:
¢ the size of the crystallite

¢ the micro-strain in a crystal lattice due to dislocations and con-

centration gradients

¢ stacking faults and twins which are grouped as structural mis-

takes and
¢ concentration gradients in inhomogenous compounds.

In order to determine sample broadening effects which may yield
information about the size and stress of the diffracting crystallites,
it is vital to remove any instrumental broadening effects by using a
near perfect standard sample exhibiting zero sample broadening. A
standard should be chosen so that the absorption of X-rays is similar
to the sample in question. The measurement is then repeated to give
the broadening effects of both the sample plus the instrument. *4? The
instrument contribution is then substracted from the total to yield
the broadening due to the sample only. The subtraction performed is
dependent on the line profile (i.e. Gaussian or Lorentzian type). The
crystallite size is given by the Scherrer relation who related the mean
(volume average) crystallite size, L, of a powder to the broadening, {3,

of the diffraction peaks:

KA
L= Lcos6

(47)
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where ¥ is the Bragg angle in radians, ) is the wavelength of radia-
tion used and K is a constant dependent on peak shape and crystallite
shape, but is usually taken as 0.9. A common effect observed for thin
film samples is that of preffered orientation of the crystallites. This is
where the crystallites are oriented in a certain way resulting in fewer
reflections being observed than expected. The degree of preferred ori-
entation can be estimated by comparing the observed intensities in a
diffraction pattern to a bulk standard. A method for achieving this
was developed by Barrett and Massalski’>* and is known as the tex-
ture coefficient:

I(hkl)/ Io(hkl)
2N I(hkl)/ Io(hkI)

TC(hkl) = (48)
where TC is the texture coefficient of a given plane (hkl), I is the
measured intensity, I, is the intensity of a bulk powder and N is the
number of reflections observed in the pattern. Any deviation of the
texture coefficient from unity indicates a higher degree of preferred
orientation of the crystallites.

XRD was performed using two machines. The Bruker-AXS D8 X-
ray diffractometer with CuKo, and CuKa, radiation of wavelengths
1.54056 A and 1.54439 A respectively, emitted with an intensity ra-
tio of 2:1, a voltage of 40 kV and current of 40 mA. This instrument
allows for data to be collected at relatively short times by using a
2-D area X-ray detector to record large sections of multiple Debye-
Scherrer cones simultaneously. Integration of the Debye-Scherrer cones
after collection allows for a standard 1-D X-ray pattern to be plotted.
X-ray diffraction (XRD) was also performed using a a Bruker D4 En-
deavour X-ray diffractometer (theta/2theta mode) with CuKa, and
CuKa, radiation of wavelengths 1.54056 A and 1.54439 A respectively,
emitted with an intensity ratio of 2:1, a voltage of 40 kV and current
of 30 mA.

2.3.2  Scanning Electron Microscopy (SEM)

SEM uses a high energy electron beam focussed on a sample to pro-
duce high resolution images of the sample surface. Bombardment of
the sample surface with high energy electrons results in the formation

of secondary electrons and backscattered electrons. Secondary elec-
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trons are electrons ejected from the sample as a result of high energy
electrons incident bombarding the sample.’>> As the kinetic energy
of secondary electrons is generally low compared to that of back-
scattered electrons, they are normally recaptured by ionized atoms
within the sample and thus can only escape from the surface of the
sample. Backscattered electrons are electrons that have undergone
elastic or inelastic scattering with the sample surface.?® The kinetic
energy of backscattered electrons is higher than that of secondary
electrons. The intensity of backscattered electrons depends greatly on
the atomic number. The scattering intensity is increased with atomic
number number due to regions of higher electron density. Regions
with higher electron density across a sample appear brighter in back-
scattered electron images. Scanning Electron Microscopy (SEM) was
performed to determine surface morphology and film thickness us-
ing a JEOL JSM-6301F Field Emission SEM at an accelerating voltage
of 4-5 keV. Images were recorded using SEMAfore software. Samples
were coated with a sputtered layer of gold to enhance conductivity
and reduce charging and allow for a conduction pathway between
the film and the stage.

2.3.3 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) was performed using a Veeco Dimen-
sion 3100 in contact mode, where a cantilever with an attached tip
scans the surface of the sample to determine the surface topogra-

phy.73
2.3.4 X-ray Absorption Spectroscopy (XAS)

X-ray absorption spectroscopy gives information on how X-rays are
absorbed by an atom at energies near to and above the core-level
binding energies of that specific atom. XAS is is extremely sensitive to
formal oxidation state, coordination chemistry, coordination number
and bond distances of the species around the atom being probed. Be-
cause of this, XAS is a powerful tool in determining the chemical state
and local coordination environment of specific atoms within a mate-
rial.’® As it is an atomic probe, there is little prerequisite for sam-
ples and importantly sample crystallinity is not required. XAS exper-
iments however do require intense and energy-tunable X-ray sources
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which involves the use of synchrotrons.'>” XAS is usually divided
into two regimes: X-ray absorption near edge spectroscopy (XANES)
and extended X-ray absorption fine structure (EXAFS). XANES is used
as a qualitative tool as it is extremely sensitive to formal oxidation
state and coordination chemistry (e.g. octahedral, tetrahedral coordi-
nation environments) around the atom being probed where EXAFS
is used to determine bond distances and coordination number of the
neighbouring species around the absorbing atom. The main principle
behind XAS is that when X-rays impinge on a material, an X-ray pho-
ton is absorbed by an electron in the material in a tightly bound core
quantum level (i.e. 1s or 2 p level). The binding energy of the core
level must be less than the energy of the incident X-ray in order for
the photon to be absorbed. '577"59 As a consequence of this an electron
is ejected as a photo-electron. *>® The probability that an X-ray will be
absorbed is given by the absorption coefficient, u, described by Beer’s
Law:

I=Ipe ™ (49)

where I, is the X-ray intensity incident on the sample, t is the sample
thickness and I is the transmitted intensity through the sample. The
absorption coefficient is a function of energy and is dependent on the
sample density p, the atomic number Z, atomic mass A and the X-ray

energy E:

~ Pz
V ~ AE3 (50)

The Z* term allows for good contrast between materials and is why
X-rays are useful in medical imaging. As the energy is ramped up in a
XAS experiement there is a sharp rise in absorption, corresponding to
the absorption edge of during the ejection of a photo-electron. A XAS
experiment essentially shows how the absorption coefficient varies
with energies at and above the absorption edge.

Once a photon has been absorbed a core hole is left behind. The
relaxation pathways can be two-fold in order to fill the core hole. The
first relaxation pathway is X-ray fluorescence, where a higher energy
electron fills the core hole, resulting in an X-ray of well defined energy
being emitted. The fluorescence energy is atom specific. The second
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Figure 29: X-ray absorption by a core shell electron accompanied by ejection
of a photo-electron. '5°
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Figure 30: Relaxation pathways after absorption of an X-ray showing X-ray
fluorescence (left) and Auger effect (right). 156

relaxation pathway is where energy is emitted due to a higher energy
electron filling a core-hole which results in the ejection of an elec-
tron (Auger electron). XAS experiments conducted in this thesis were
carried out in fluorescence geometries. The absorption coefficient in

transmission is given as:

H(E) = log(%o) (51)

whereas in fluorescence mode:

p(E) o L 52)
0

where I; is the measured intensity of a fluorescence line associated

with the absorption process.
The XANES signal is much larger than the EXAFS signal and there-
fore the atom being probed can be in lower concentrations compared
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Figure 31: XAS for TiSiOx film showing the transitions attributed to the ris-
ing edge, absorption edge (i.e. XANES region) and the EXAFS
region also.

to that of the EXAFS regime. Unfortunately there is not a XANES
equation as the EXAFS equation breaks down at low-k due to the in-
crease in mean free path at low-k. The XANES region is very useful
though as the edge position is extremely sensitive to valence state, lig-
and type and coordination environment. The 3d levels in transition
metal oxides are not normally involved in the absorption process un-
less there is strong hybridization between the metal 3d levels and
the O 2p levels and XANES spectra is extremely sensitive to this hy-
bridization. O 2p levels are normally too far away to result in mixing
with metal 1s levels. The pre-edge feature in XANES region for exam-
ple is most intense for metal ions having tetrahedral coordination and
least intense for octahedral coordination; the intensity also depends
on the electronic structure of the metal ions in a given oxidation state,
for example systems with d° electron configuration tend to have the
highest intensity. '5°

When looking at information for the EXAFS regime, the oscillations
above the absorption edge are of interest as shown in figure 31. The
EXAFS regime is best described by the wave-behaviour of the photo-
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’
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Figure 32: Schematic representation of the EXAFS process showing the in-
teraction of the photo-electron and the back-scattered wave.

electron as shown pictorially in figure 32. The EXAFS fine structure
is given by:

_ W(E) — po(E)
X(E) = T(b?) (53)

where u(E) is the measured absorption coefficient, u,(E) is a smooth
background which represents the absorption of the isolated atom
only and Ay,(E) is the step measured in the absorption u(E) at the
threshold energy E,.

It is convention to convert the energy of the X-rays to k-space, the
wave number of the photo-electron which is the inverse of distance
and given as:

_ 2m(E — Eo)

where E, is the absorption edge energy and m is the electron mass.
The quantity of note in EXAFS is y(k) which is essentially the oscil-
lations as a function of the photo-electron wave number. The oscil-
lations in EXAFS decay with k and and is usually multiplied by k3.
The nearest neighbour coordination shells show up as different fre-
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quencies in the oscillations in y(k). These can be modelled using the
EXAFS equation:

Nifi(k)e 2%
) = ¥ 0 ok, + 0 5
]

where f(k) and 5(k) are the scattering properties of the neighbouring
atoms of the atom being probed, N is the number of neighbouring
atoms, R is the distance from the atom being probed to the neigh-
bouring atoms and ¢? is the diorder in the neighbour distance. The
number of atoms neighbouring the atom being probed, the bond dis-
tance and disorder can all be calculated knowing the scattering am-
plitude and phase shift.'5%15°

2.3.5 UV/Visible/Near IR Absorption Spectroscopy

UV/Visible/near IR spectra were taken using a Perkin Elmer Fourier
transform Lambda 950 UV /Vis spectrometer over a wavelength range
of 300 nm to 2500 nm in both transmission and reflection modes.
The transmission spectra background was taken against an air back-
ground.

2.3.6  Electrical Testing

Hall effect measurements were carried out using the van Der Pauw
method to determine the sheet resistance, free carrier concentration
(N) and mobility (p). A square array of ohmic contacts arranged on
1 cm® samples were then subjected to an input current of 1 mA and
a calibrated magnetic field of 0.58 T. The transverse voltage was then
measured. The measurement was repeated by reversing the direction
of the magnetic field and the current. The magnitudes of the mea-
sured voltages were similar but with opposite signs indicating that
the hysteresis was negligible. The Hall coefficient Ry was calculated
from transverse voltage, dc current injected, the magnetic field and
the film thickness.
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2.3.7 Raman Spectroscopy

Raman microscopy was performed using a Renishaw In Viva system
which consisted of a light microscope (Leica DL-LM; Olympus BX)
coupled to a Raman spectrometer with a laser (Ar™) excitation wave-
length of 514.5 nm. The microscope was equipped with a 50 x ob-
jective (N-plan). The microscope optics were used to focus the laser
beam onto the sample and to collect the scattered light to a focus
of approximately 10 um?.The Rayleigh scattering component was re-
moved using a notch filter. The instrument was calibrated against the

Stokes Raman signal of pure Si at 520 cm ™.
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TIN DIOXIDE FILMS



FLUORINE DOPED TIN DIOXIDE FILMS

The following chapter describes the deposition of doped tin oxide
tilms using Aerosol Assisted Chemical Vapour Deposition (AACVD)
and Atmospheric Pressure Chemical Vapour Deposition (APCVD) on
glass and polymer coated stainless steel substrates. The main dopants
chosen for this study was fluorine (anionic) in order to observe any
electrical /structural changes to the tin oxide system. It was found
that the use of aerosol delivery system to deposit fluorine doped tin
dioxide (FTO) resulted in films with enhanced functional properties
in terms of sheet resistance and surface morphology for use as elec-
trodes in solar cell devices compared to commercially available FTO
coatings.

3.1 INTRODUCTION

Chapter one discussed the need for energy based materials and in
particular the role that TCOs play in energy capture and conservation
through a wide range of applications. As mentioned before TCOs are
materials which combine optical transparency with electrical conduc-
tivity.3>%3 In order for materials to be transparent they must display
a band gap greater than the highest frequency of visible light (3.1 eV).
Metals for instance are highly conductive but do not transmit visible
light and transparent materials such as glasses are insulators. By ex-
trinsic doping with aliovalent elements the conductivity of TCOs can
be improved. The introduction of impurities into the crystal structure
results in donor states near the conduction band if the conductivity
is n-type or acceptor states near the valence band if the conductiv-
ity is of p-type character. An important requirement in doping is that
these states must be shallow in order to maintain optical transparency.
These materials underpin the photovoltaic industry by providing the
transparent electrodes for thin film amorphous silicon solar cells, dye
sensitized solar cells (DSSC), flat panel displays in polymer light emit-
ting devices.555%% For practical applications in devices ranging from

solar cell electrodes to light-emitting diodes a TCO must have a resis-
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tivity of less than 103 Q.cm and over 80% transmittance in the visible
region. TCO materials are generally limited to materials that show
n-type conductivity such as In,O;, SnO, and ZnO although some
p-type materials are known. Given the production cost of tin doped
indium oxide (ITO) research into improving FTO and zinc oxide films
must be increased. Conducting polymer films, such as polyaniline are
also of interest primarily due to their flexibility but unfortunately are
not stable in air. Fluorine doped tin dioxide coated glass has been ex-
ploited since the 1940s for use as an anti-fogging coating for aircraft
windows by using an electrical current to heat the glass. Over 35 mil-
lion sq. metres of F:SnO, are made annually in the USA. This has
included a rapid increase in production for the photovoltaic industry.
The use of fluorine doped tin dioxide for photovoltaic applications
has risen from an almost zero market share in the year 2000 to a
50% share in 2009, with an impetus towards replacing sputtering de-
position techniques with CVD and nanoparticle printing methodolo-

gies 88,160

However, optimising the optical and electronic properties
of TCOs for specific applications are a key commercial challenge.5*>3
The following chapter investigates the use of Aerosol Assisted Chem-
ical Vapour Deposition (AACVD) of doped tin dioxide thin films as
a low cost, scalable alternative to traditional deposition techniques
such as APCVD, dc/rf sputtering, sol-gel and spray pyrolysis. 2978
The use of AACVD resulted in control over the electrical and crystal
properties of films by optimising the temperature and dopant concen-
tration. This work also highlights the crucial role which droplet size
plays in the deposition process, for controlling morphology and phys-
ical characteristics of the films by comparing two methods of aerosol
generation. Control over the film properties can be achieved through
variations in temperature, dopant concentration and aerosol droplet
size using Aerosol Assisted Chemical Vapour Deposition (AACVD) **!
and that this enables materials with enhanced functional properties

keeping up with the increasing demands of novel technologies.

3.2 EXPERIMENTAL

Aerosol Assisted Chemical Vapour Deposition (AACVD) was per-
formed on a horizontal-bed, quartz, cold-walled tubular carbon re-
actor with a laminar gas flow. The horizontal tubular reactor with
a cross sectional area of 10 cm3 was fitted with a top plate above
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the substrate to limit the longitudinal roll convection and provide a
laminar gas/aerosol flow. The aerosol which was fed over the heated
substrate in the reaction chamber was produced using two distinct
techniques: ultrasonic generation and Collision type. These two meth-
ods for aerosol droplet generation produce different size distributions
of droplets, which in turn resulted in very different film characteris-
tics. The application of high frequency sound waves, known as ul-
trasonic generation, produces droplets where the size is related to
the density and surface tension of the solvent as well as the operat-
ing frequency of the piezoelectric and are associated by Lang’s equa-
tion. The average droplet size produced using a standard humidi-
fier (20 kHz) and methanol as the solvent is 45 ym. The aerosol is
then carried towards the reaction chamber using a plain flow of ni-
trogen gas (1 1/min). This technique, which produced relatively large
aerosol droplets, shall be referred to from here on in as ultrasonic-
AACVD (u-AACVD).

In contrast to the ultrasonic technique, a Collison type atomizer
was also used to generate an aerosol, but of smaller droplet diameter.
The precursor solution was delivered as an aerosol which was created
using a TSI 3076 constant output Collison type atomizer, using com-
pressed air as the carrier gas. The Collison method was described in
chapter 1. This type of aerosol generator produces a constant droplet
concentration of 107/cm? and a mean droplet diameter of 0.3 ym."”
These relatively small droplets have a higher surface area to volume
ratio and shall be referred to as Collison-AACVD (c-AACVD).

The aerosol solution was prepared using mono-butyl tin chloride
(MBTC), 10 g, in methanol (200 ml). trifluoroacetic acid (TFA) served
as the fluorine dopant source. Pilkington barrier glass (50 nm layer of
SiO, coated onto glass) was used as the substrate material to prevent
leaching of ionic impurities from the glass. These were cleaned using
isopropyl alcohol (IPA) and acetone and allowed to fully air dry prior
to use.

The substrate temperature was varied from 350-550 °C along with
the molar ratio of F/Sn from 0-50 mol.% in the precursor solution.
The substrate temperature and fluorine content were varied in order
to optimize the process and form the highest quality films. The depo-
sition time was kept constant at 30 minutes. Both ultrasonic and Col-
lison type aerosol generation were tested under the different growth
conditions.

8o



3.3 RESULTS AND DISCUSSION

Atmospheric Pressure Chemical Vapour Deposition (APCVD) was
also used as a deposition technique for F:SnO, thin films in order to
allow for comparison with a similar precursor set: MBTC was used as
the tin precursor delivered by a heated bubbler (160 °C). A schematic
of the APCVD set-up used to grow tin dioxide thin films is shown in
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figure 33.
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Figure 33: Schematic of the APCVD set-up used to deposit FTO films, where
B1 is monobutyltin trichloride, B2 is ethyl acetate and the fluorine
source is introduced via the plain line.

Aqueous trifluoroacetic acid was used as the fluorine source deliv-
ered by a syringe driver through a heated evaporator (10 vol.% acid,
200 °C) with a plain flow of nitrogen carrier gas. A gas flow of ethyl
acetate was used as the oxygen source (60 °C). The deposition was
performed in a similar carbon reactor as mentioned previously, with
a barrier glass substrate, and over 350- 550 °C. The flow rates and
syringe driver speed were varied to optimize the films with regards
to sheet resistance.

3.3 RESULTS AND DISCUSSION

Tin dioxide and fluorine doped tin dioxide films were produced over
a range of deposition temperatures and concentrations of fluorine in
the precursor solution, by using both c-AACVD and u-AACVD, from
MBTC and TFA acid in methanol. By varying the fluorine content in
solution from o0-50 mol.% the films were appraised in terms of their
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sheet resistance. It was found that by changing the fluorine concentra-
tion in solution and depositing films at a constant temperature (450
°C) that the sheet resistance dropped to a minimum at ~ 10 mol.%
of fluorine in solution which levelled off but then started to increase
at ~ 40 mol.% fluorine. Therefore 30 mol.% of fluorine was chosen
as the constant amount of dopant in the precursor solution. Films
were also produced using an APCVD thermal delivery method from
a similar precursor set. These three techniques were chosen to high-
light the changes in functional properties afforded by changing the
state of the incoming precursor. APCVD uses a stream of molecular
gas species reacting on the surface of the substrate for film forma-
tion. AACVD utilises an incoming solution based liquid droplet as
the transport medium and reacting species. By controlling the droplet
size of the aerosol, i.e. using a small droplet size (0.3 um), generated
by a Collison-type atomiser, superior films in terms of opto-electronic
properties could be grown. As such the following chapter will focus
on the comparison between c-vAACVD grown F:SnO, to those grown
by u-AACVD (large droplet ca 45 pym) and APCVD films deposited
in our lab and data recorded from leading commercial products. Fig-
ure 34 shows a schematic of the various deposition processes used to

grow tin dioxide thin films.
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Figure 34: Schematic of the different deposition processes, ranging from
APCVD (left) which delivers the reagent to the heated sub-
strate via a molecular gas, u-AACVD (middle) which delivers
the reagent via a large aerosol droplet (~ 45 ym) and c-AACVD
(right) which delivers the reagent species to the heated substrate
for reaction via a small aerosol droplet (~ 0.3 um). These varying
delivery routes affect the growth modes and end properties of the
resultant thin films.
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3.3.1 AACVD of FTO Thin Films

FTO films were produced via AACVD showed high optical trans-
parency (~ 80% across the visible) and film growth rates were recorded
between 5-15 nm/min as a function of the deposition temperature.
The films were free from pin-hole defects, indicating that the depo-
sition process did not involve any large scale gas-phase nucleation.
The films showed good adhesion to the glass substrate passing both
the Scotch tape test and steel scalpel scratch test. This is somewhat
unusual for AACVD derived films which can tend to be particulate
in nature from extensive gas phase reaction. Further, it indicates that
the films are likely to be growing from finely attached nucleation
points at the surface. Solubility testing of the films was carried out
in organic solvent (ethanol and toluene), under basic conditions (2M
NaOH) and acidic conditions (2M HCI). The presence of the film on
the substrate surface was monitored using electrical resistance mea-
surements as the electrical resistance of plain glass is too high to be
measured using a multimeter. The films were suspended in the or-
ganic solvents, acid and base showed no change after a period of over
one month. The films were stable in air for over six months, showing
no change in optical or electrical properties. Films derived from both
c-AACVD and u-AACVD gave transparent conducting thin films of
F:SnO, which produced repeatable properties, including electrical re-
sistance measurements. The c-AACVD produced films gave superior
results with a repeatable sheet resistance of 4-5 2/sq whilst the u-
AACVD process gave films with repeatable values of go €1/sq for
films deposited at 500 °C.

3.3.2 APCVD of FTO Thin Films

FTO thin films were synthesised by thermal APCVD. The films showed
high optical transparency (~ 80% across the visible) and the film
growth rate was ~ 1 um/min as a function of the deposition temper-
ature. The films showed good adhesion to the glass substrate pass-
ing both the Scotch tape test and steel scalpel scratch test. Solubility
testing of the films was carried out in organic solvent (ethanol and
toluene), under basic conditions (2M NaOH) and acidic conditions
(2M HCI). The films were screened by their electrical properties mon-
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itored using electrical resistance measurements as the electrical resis-
tance of plain glass is too high to be measured using a multimeter.

A series of films were synthesized using MBTC as the tin source,
EtOAc as the oxidising agent and trifluoroacetic acid as the dopant
source. The precursor ratio was kept constant at 1:20 MBTC: EtOAc
along with the deposition temperature at 500 °C. The deposition time
was varied independently. Nitrogen (BOC, 99.99%) was used to de-
liver the precursors to the CVD chamber. The plain line flow was
1.5 L/min, bubbler one (MBTC) was heated to 165 °C and the nitro-
gen flow kept at 1 L/min and bubbler two (EtOAc) was heated to 62
°C and the nitrogen flow kept at 3 L/min for films produced with
varying deposition time. The amount of precursor delivered to the
reaction chamber was calculated from a = (VP x F)/((760 - VP) x 24.4),
where a is the molar flow rate (mol/min), VP is the pressure of the
material at the bubbler temperature (mmHg) and F is the carrier gas
flow rate through the bubbler (L/min). The molar flow rates for the
precursors corresponds to 7.9 mmol/min for MBTC, 165 mmol/min
for ethyl acetate and 0.65 mmol.min for TFA.

The precursors were delivered to the exhaust by passing nitrogen
gas through the bubblers and the dopant was introduced via the plain
flow line by opening the syringe driver valve, kept at 5 ml/min. Once
the flow had stabilised the three-way valve was switched to allow the
precursors to enter the mixing chamber for deposition to occur. After
the allotted reaction time the three-way valve was switched to the
exhaust and the bubblers were closed. The as-deposited films showed
no obvious trends with respect to changing the deposition time. A
deposition time of 60 seconds produced films of comparable sheet
resistance but this parameter proved unreliable as the films varied in
sheet resistance from 10 §2/sq to 250 §2/sq using identical deposition
conditions. Structural characterisation was performed on the films
obtained via APCVD. Opto-electronic characterisation however was
performed on Pilkington-NSG TEC glass to compare AACVD derived

films with commercial products.

3.3.3 XRD Analysis

X-ray diffraction patterns of the as-deposited c-AACVD F:5nO, films
at substrate temperatures ranging from 400-550 °C are presented in
figure 35. The films deposited at 350 °C were partially amorphous
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and films deposited at higher temperatures were polycrystalline in

nature. Furthermore they showed increasing crystallinity with respect

to deposition temperature. The diffraction patterns all correspond to

the cassiterite structure of tin dioxide. The lattice parameters were

computed by fitting a Le Bail model to the patterns using General

Structure Analysis System (GSAS).*'%3 Stoichiometric tin dioxide

powder has a tetragonal rutile structure and crystallises in the space

group P4,/mnm. The cell parameters used for modelling were a =

b = 4737 A and ¢ = 3.185 A. The lattice parameters a and c varied

from 4.735-4.749 A and 3.167-3.205 A respectively, depending on con-

ditions (Table 1). It was seen from Scherrer width calculationa that

the crystallite size increased with deposition temperature. *>°

Substrate T/°C | Crystallite Diameter/nm | a/A | ¢/A | Unit Cell Volume/A3
400 10 4.749 | 3.167 71.43
450 24 4.735 | 3.185 71.42
500 28 4.737 | 3.197 71.75
559 26 4-744 | 3-205 72.14

Table 1: Variation in film thickness, crystallite diameter size and unit cell
parameters of F:5nO, films deposited by c-AACVD (aerosol droplet
size of 0.3 pm) with varying substrate temperature.

Offset Intensity/A.U.

Figure 35:
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XRD patterns of F:SnO, films deposited by c-AACVD (30 mol.%
F:Sn in solution) at (a) 400 °C, (b) 450 °C, (c) 500 °C and (d) 550
°C.
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Figure 36: Variation of the texture coefficient (TC) with different tempera-
tures of FTO using ¢c-AACVD (30 mol.% F:Sn in precursor solu-
tion).

The preferred orientation of the crystallites in doped tin dioxide
films have been reported and correspond to (211), (110), (200) and
(301) planes depending on the substrate temperature, film thickness
and dopant concentration. Afify et al. and Agashe et al. reported
that the (200) plane is particularly sensitive to substrate temperature
which controls the growth of the films.33749" Belanger et al. prepared
FTO films by CVD and observed that films with a thickness of c.a.
0.4 um the dominant planes were found to be the (200), (400), (301)
and (211).°" Belanger et al. also found that deep trap levels of grain
boundaries surfaces are mostly associated with the (110), (211) and
(301) orientations and not with the (200) plane.

The diffraction patterns show that at lower deposition temperature
there is an initial broad feature in the diffraction pattern at low 29,
attributed to the amorphous nature of the glass substrate. From the
above results it can be seen that the films produced by c-AACVD as a
whole showed crystallites preferentially aligned along the (200) plane
as calculated from the texture coefficient.”4 The TC(200) calculated at
a substrate temperature of 400 °C was found to be 0.66. The inten-
sity of the (200) reflection increased with temperature and TC(200)
increased also showing the crystallites preferentially oriented along
this plane. This particular plane is predicted to have no deep lying
trap levels at grain boundary surfaces correlating to a higher degree
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of conductivity across the substrate plane.”" The calculated TC(200)
at a substrate temperature of 450 °C was 2.41, this decreased with sub-
strate temperature as the (110), (101) and (211) reflections increased
in prominence.

The XRD patterns for u-AACVD and APCVD derived films are
given in figure 37. Cassiterite structured SnO, films were synthesised

in both cases.
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Figure 37: XRD pattern of (a) as deposited F:SnO, film by thermal APCVD
at substrate temperature of 500 °C (precursor set: MBTC, ethyl
acetate and TFA aqueous solution) and (b) as deposited F:SnO,
film by u-AACVD at substrate temperature of 500 °C (30 mol.%
F:Sn in solution).

The degree of preferred orientation with each of the methods was
shown to be variable. Each technique shows the crystallites prefer-
entially oriented along the (200) plane, however the APCVD and u-
AACVD routes seem to result in a higher degree of surface diffusion
at 500 °C with texture coefficient values of 3.21 and 3.22 respectively.
The crystallite size was also calculated for both the APCVD and u-
AACVD films produced at 500 °C using the Scherrer equation, this
gave values of 34 nm and 44 nm respectively. Both show a larger crys-
tallite sizes compared to c-AACVD film at 500 °C. This indicates a
greater level of surface reaction leading to larger crystal regions in
the polycrystalline films.
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3.3.3.1  Film Morphology

SEM and AFM were used to study the surface morphology of the
F:SnO, films. Films deposited at 350 °C were X-ray amorphous which
was evident from the XRD data.?> Figure 38 shows the films de-
posited by c-AACVD between 400 °C-550 °C which demonstrate a
surface structure composed of octahedral particles. The octahedral
particles increase in size with the deposition temperature from ca. 100
nm to 400 nm in diameter. This size increase follows the trend given
by crystallite size from the XRD patterns, however they are much
larger agglomerations. The film grown at 550 °C shows formation of

discrete octahedral particles.

Figure 38: SEM images of F:SnO, films deposited by c-AACVD (30 mol.%
F:Sn in solution) at (a) 400 °C, (b) 450 °C, (c) 500 °C and (d) 550
°C (inset shows close up particle).

The film morphologies of films produced by u-AACVD and APCVD
(figure 39 and 40 respectively) show a noticeable difference compared
to films were produced using c-AACVD (figure 38). The particle shape,
coverage and roughness all vary in comparison to the c-AACVD
method. The films produced by APCVD were smoother than those
produced by both AACVD procedures. The SEM images showed
void spaces for films produced by APCVD in certain areas as well

as poor particle connectivity and coverage compared to films pro-
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duced by AACVD, which has a detrimental effect on the conductiv-
ity and hence performance of the films. The AFM imaging (Figure 41)
demonstrates the 3 dimensional depth profile of a c-AACVD thin film.
A hierarchical structure is shown, comprised of the octahedral parti-
cles which have formed larger aggregates in the 500 nm range. This
larger texturing can be attributed to the c-AACVD delivery process
whereby the precursors begin pre-reacting in the aerosol droplets as
they approach the heated substrate, owing to the high surface area
to volume ratio in the aerosol droplets.” The shape and size regime
of these larger aggregates is approaching the optimised surface struc-
turing required for light scattering and trapping in thin film solar
cells.”* The optimised surface structure being pyramidal morphology
with particles in the size range of 400-700 nm which corresponds to

the visible wavelengths of light.

Figure 39: SEM image of F:5SnO, deposited by u-AACVD (30 mol.% F:5n in
solution) at 500 °C (a) side-on image and (b) top down image.

200 nm

Figure 40: SEM images of F:SnO, deposited by APCVD at 500 °C from a
monobutyltin trichloride, ethyl acetate and trifluoroacetic acid
precursor set (a) side-on image and (b) top down image.
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200.0 nm

Figure 41: Atomic Force Microscopy image of F:5nO, thin film deposited by
¢-AACVD at 500 °C (30 mol.% F:Sn in precursor solution).

Sample | Substrate T/°C ‘ Roughness (RMS)/nm ‘ Surface Area/ym?* ‘

c-AACVD 500 62.3 6.10
u-AACVD 500 52.2 4.85
APCVD 500 20.7 4.25

Table 2: Comparison of surface roughness and surface area for F:SnO, de-
posited by c-:AACVD, u-AACVD and APCVD derived films.

‘ Sample ‘ Average visible light transmission/% | Haze Value (T gt/ Ttot)/ %

53(450°C) 79-4 1.74
S4(500°C) 79-1 7-84
S5(550°C) 80.1 11.42

Table 3: Transmission and Haze values for F:SnO, films deposited by c-
AACVD at varying substrate temperatures (30 mol.% F:5n in so-
lution).

Haze measurements were taken in order to determine the ability
of the F:SnO, films to scatter and trap light. Desirable haze values
for use in solar cells are in the 8-15 (Tgif/Ttot) range. As shown in
Table 3 the higher temperature films display a haze value within the
correct range. The origin of haze in tin dioxide films with thickness
(> 500 nm) is due to the surface roughness of the films and particle
sizes which correspond to the wavelengths of visible light. This is
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coupled with an average light transmission across the visible of 80%
and the desired surface morphology demonstrated by the SEM and
AFM imaging.

3.3.3.2 Electrical Properties

Hall Effect measurements were conducted on the F:SnO, films for-
med in this work by using the van der Pauw technique in order to
determine the electrical properties of the films. These studies showed
that F:SnO, films produced to be of n-type character. The c-:AACVD
films gave a minimum stable sheet resistance of 4 2/sq. The APCVD
derived films and u-AACVD films gave minimum sheet resistances
of of 40 {2/sq and 9o €2/sq respectively. The incorporation of fluorine
is well known to enhance the conductivity of SnO,. Fluorine doped
tin oxide is known to have fluorine incorporated by substitution of
oxygen as the ionic radii are comparable, (F: 1.17 A, O 1.22 A)
which results in free electrons in the conduction band. Ramaiah et
al. 4 reported that the conductivity of heavily doped samples, where
(F/Sn molar ratio = 0.15) resulted in decreased conductivity as excess
fluorine in the films resulted in the formation of reduced tin species.
The effect of deposition temperature on the carrier density, mobility
and resistivity is very significant as the conduction mechanisms of
F:SnO, are highly dependent on the carrier concentration. When the
carrier concentration is of the order of 10'® cm™ the scattering of the
electrons is greatly affected by the grain boundaries. When the carrier
concentration is between 10'® and 109 cm?3 the scattering of the elec-
trons is affected by grain boundaries and bulk properties.®>** When
the carrier concentration is in excess of 10" cm™3 the scattering pro-
cesses are mainly attributed to bulk properties which screen the grain
boundary effects. Also to a first approximation grain boundary con-
duction mechanisms can be largely ignored if the grain size is much
larger than the electron mean free path (~ 10 nm).
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‘ Sample ‘Film thickness/nm | N/cm3 “L/cmz(\/.s)'1 ‘ Rsp/Qsq™ | p/Qlcm

S2 (400 °C) 610 - - 18 1.1 X 107
S3 (450 °C) 680 5.7 X 10%° 25 5 2.7 X 104
S4 (500 °C) 720 6.4 x 10*° 12 4 2.2 X104
S5 (550 °C) 700 8.2 x 10" 9 28 2.0 X 103
TEC 8 650 5.3 X 10%° 28 8 52X 104
TEC 15 350 5.6 X 10%° 21 15 5.3 X 10
Asahi-U 900 2.2 X 10*° 32 9.7 8.8 x 10

Table 4: Film thickness, charge carrier density, Hall mobility, sheet resistance
and resistivity of F:5nO, thin films as a function of deposition tem-
perature produced by c-AACVD (30 mol. % F:5n in solution) and
compared to TEC 8, TEC 15 and Asahi-U produced by Pilkington
NSG and Asahi Glass Company respectively.
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Figure 42: Variation in sheet resistance with deposition temperature of
F:5nO, thin films produced by c-AACVD (30 mol.% F:Sn in so-
lution).

It can be seen from the data that the sheet resistance decreases
with increasing deposition temperature. The crystallinity and crys-
tallite size were noted to increase with deposition temperature up
to 500 °C. This indicates that grain boundary resistance effects at-
tributed to smaller crystallites comparable to the electron mean free
path are negligible. The sheet resistance increases again with films
deposited at 550 °C and from the SEM images it is clear that there
is poor connectivity of the particles compared to those deposited at

lower temperatures.
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The charge carrier density was determined using the van der Pauw
technique. Hall effect data could not be obtained for films deposited
at 400 °C and the fluorine content could not be determined by WDX
analysis. Hall effect data showed that the carrier density increased
from 5.7 x 10*° cm3 for c-AACVD films formed at a substrate tem-
perature of 450 °C to 6.4 x 10*° cm? for films deposited at 500 °C. The
concentration of fluorine for films deposited at 450 °C was 1.6 at.%
compared to 2.2 at.% for films deposited at 500 °C as determined
from WDX analysis. The decrease in sheet resistance with increasing
temperature can be attributed to the increase in charge carrier con-
centration but the mobility of the charge carriers reduced, possibly
due to an increase in the number of defects in the film, hindering
the mobility of the electrons. At a substrate temperature of 550 °C
the carrier concentration decreased to 8.2 x 10" cm?3, thus tending to
more stoichiometric tin dioxide.®* The fluorine content in the films
deposited at 550 °C was ca. 1 at.% supporting the Hall effect data, in
which a reduction in the charge carrier concentration was observed.
The mobility for films deposited at 500 °C was 12 cm?/V.s and did
not drop significantly for films deposited at 550 °C (9 cm?/V.s) but
the sheet resistance did increase from 4 2/sq to 28 €1/sq respectively,
which could be attributed to a reduction in the number of charge
carriers. It has been shown previously for FTO films that the sheet re-
sistance/bulk resistivity increases with deposition temperature due
to a reduction in the carrier concentration as well as the diffusion of
alkali ions into the films. The depositions however in our case, were
carried out on silica barrier glass, ruling out the possibility of alkali
metal diffusion. On a more qualitative note, it was seen from the the
SEM images that for films deposited at 550 °C, the formation of dis-
crete particles could be seen resulting in poor connectivity between
grains which could impact the electrical properties of the films.

Comparison of the electrical properties of c-AACVD F:SnO, films
to those produced by thermal APCVD by Pilkington NSG are shown
in table 4. The u-AACVD films of F:SnO, exhibited a sheet resistance
too high (> 90 Q/sq) for accurate Hall effect measurements. This level
of resistance is also too high for any infrared reflectivity. The APCVD
derived films gave a minimum sheet resistance of 40 2/sq but were
deemed too inconsistent to take forward to electrical testing, hence
a comparison with commercial APCVD films (TEC 8 and TEC 15)
produced by Pilkington NSG was considered appropriate. It can be
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seen that the films we have produced by c-AACVD are comparable
to those produced by Pilkington NSG in terms of sheet resistance,
resistivity and show very similar levels of carrier concentration and

electron mobility.

3.3.3.3 Optical measurements

The room temperature transmission and reflection characteristics of
the F:SnO, films produced by c-AACVD were investigated using vis-
ible/near IR spectrometry. The spectra shown in figures 43 and 44
were taken using an air background and indicate a high transparency
across the visible (~ 80% transmission at 550 nm in air, including the
substrate absorbance) and a high reflectivity in the infrared (~ 80%

reflection at 2500 nm in air).
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Figure 43: Optical transmittance and reflectance taken with an air back-
ground comparing c-AACVD grown F:5SnO, (450 °C deposition
temperature and 30 mol.% F:Sn in solution (5 £2/sq) and commer-
cial F:5nO, (8 €2/sq Pilkington TEC 8)).
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Figure 44: Optical transmittance and reflectance spectra taken with an air
background comparing c-AACVD grown F:5nO, (400 °C depo-
sition temperature and 30 mol.% F:Sn in solution (18 ©/sq) and
commercial F:5nO, (15 §2/sq Pilkington TEC 15)).

The films display prominent interference effects. These interference
fringes are caused by the multiple reflections at the three interfaces
of the air/thin film/transparent substrate bi-layer. Included in fig-
ures 43 and 44 are plots of spectra taken from leading commercial
F:SnO, thin films on glass substrates. Pilkington TEC 8 and TEC 15
glass was used as the reference products with a sheet resistance of
8 1/sq and 15 2/sq respectively as well as resistivities of the same
order of magnitude. This allows for comparison of optical properties
between our c-AACVD films (400 °C (18 €2/sq) and 450 °C (5 ©2/sq))
with commercial films of a similar electrical conductivity. The onset
of the infrared reflection occurs at the plasma resonance frequency
where the electromagnetic radiation incident on the film can induce
resonance of the free carriers within the metal oxide matrix. It can
be shown that the plasma frequency is dependent upon the conduc-
tivity, the di-electric constant and the mean free relaxation time of
the material. This means that increasing the charge carrier density
and decreasing the charge carrier effective mass (reducing retarding
forces on the free electrons, such as scattering defects) will increase
the plasma resonance frequency of the TCO, thus shifting the res-
onance reflection effect to a shorter wavelength. This effect can be
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seen in figure 43 and more pronounced in figure 44 where an ap-
proximate 200 nm blue shifting of the plasma edge has occurred. The
c-AACVD FE:5n0O, films show a rapid onset of the IR reflection and a
reflectivity at 2500 nm which is 10-15% higher than the commercial
products. It should however be noted that a 2-5% drop in transmis-
sion (ignoring the interference pattern) over the visible accompanies
the high IR reflectivity, however the commercial coating has a built in
anti-reflective layer that improves transmission. Essential properties
for low-e-coatings include a high reflective value for IR radiation (>
2000 nm) and a rapid onset of the plasma edge which separates the
transparent and reflective regime across the wavelength range.”"'%5
Both of these attributes are present in the films formed in this work
and exceed commercially available films.

It has been shown that by changing the precursor delivery method
that the functional electronic, crystal and surface texture properties
of F:SnQO, films can be tailored for different applications. Other work
has been published using a spray deposition technique to deposit
F:SnO, films close to 1 um thick with a sheet resistance of 3.42 Q/sq,
a charge carrier concentration of 25 x 10*° cm™ and a mobility of 6.6
cm?/V.s. Ultra sonic spray pyrolysis has been used to achieve a high
charge carrier density of 8 x 10** cm™3 and mobility of 20 cm?/V.s
with a transmission across the visible of 77%.% These results show
similar electrical characteristics to films which have been deposited by
c-AACVD, however, we achieve the same performance with a much
thinner film. In addition to the excellent electrical performance the
c-AACVD films show a surface morphology which can be tailored
using the temperature of deposition to suit different applications. A
shifting of the plasma edge was also observed for films grown using
c-AACVD as a deposition technique. These attributes indicate that
c-AACVD can make coatings with superior properties that could be

scaled for application in solar cells.

3.4 CVD OF FTO ON POLYMER COATED STEEL

Fluorine doped tin oxide films were synthesized on high tempera-
ture resistant polymer coated steel substrates using a variety of CVD
techniques for the potential use in dye sensitized solar cells (DSSC)
forming the back electrode. Atmospheric pressure chemical vapour

deposition (APCVD) and variants of aerosol assisted chemical vapour
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deposition (AACVD) were used to prepare films comparable to com-
mercial standards. Films were synthesized by APCVD using MBTC,
ethyl acetate and TFA. Films synthesized by AACVD were produced
using MBTC, TFA and methanol. This work highlights the rapidity of
APCVD compared to AACVD, essential when depositing films on a
sensitive polymer substrate, in producing high quality films at a frac-
tion of the time. The films displayed high conductivity (< 10 ©2/sq) as

well as the correct morphology to be used as solar cell electrodes.

3.4.1 APCVD Films on Polymer Substrates

3.4.1.1 Reagents and conditions

The substrates were cleaned using isopropanol and acetone then left
to dry in air before being mounted in the CVD chamber. A series of
films were synthesized using MBTC as the tin source, EtOAc as the
oxidising agent and trifluoroacetic acid as the dopant source. The pre-
cursor ratio was kept constant at 1:20 MBTC: EtOAc along with the
deposition temperature but the deposition time was varied. Nitrogen
(BOC, 99.99%) was used to deliver the precursors to the CVD chamber.
The plain line flow was 1.5 L/min, bubbler one (MBTC) was heated
to 165 °C and the nitrogen flow kept at 1 L/min and bubbler two
(EtOAc) was heated to 62 °C and the nitrogen flow kept at 3 L/min
for films produced with varying deposition time. The amount of pre-
cursor delivered to the reaction chamber was calculated from a = (VP
x F)/((760 - VP) x 24.4), where a is the molar flow rate (mol/min), VP
is the pressure of the material at the bubbler temperature (mmHg)
and F is the carrier gas flow rate through the bubbler (L/min). The
molar flow rates for the precursors were identical to the APCVD films
deposited on glass substrates. The precursors were delivered to the
exhaust by passing nitrogen gas through the bubblers and the dopant
was introduced via the plain flow line by opening the syringe driver
valve, kept at 5 ml/min. Once the flow had stabilised the three-way
valve was switched to allow the precursors to enter the mixing cham-
ber for deposition to occur. After the allotted reaction time the three-
way valve was switched to the exhaust and the bubblers were closed.
The reactor was switched off and the substrate was allowed to cool
under a flow of nitrogen gas and taken out of the reactor below 150
°C.
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3.4.2 Results and Discussion

3.4.2.1  X-ray Diffraction

X-ray diffraction patterns for the as-deposited fluorine doped tin diox-
ide thin films on polymer coated substrates with varying deposition
time were recorded. The films with shorter deposition times were
partially amorphous in nature and with increasing deposition time
(> 30 seconds) the films were polycrystalline. The diffraction patterns
recorded corresponded to the cassiterite structure of tin dioxide. The
peaks were indexed to the bulk powder pattern of tin dioxide ob-
tained from ICSD-16635, which can be seem clearly from 45(a). There
also appears to be a small amount of impurity as peaks at 24° and 31°
(219) were also recorded which could be attributed to B-SnO. Peaks at
44°, 65° and 83° (20) are due to the underlying electro-chrome coated
steel (ECCS) substrate. The (112) reflection expected at 64° (29) is more
than likely to be a convolution of the ECCS reflection which occurs
at 64° (290) as is the (222) reflection at 83° (20) which is also coupled
with the ECCS peak at 82° (219). The most intense peak was the (211)
plane, which has been reported to be a crystallographic plane associ-
ated with deep lying traps but as the particle size is larger than the
electron mean free path the scattering by grain boundaries becomes
negligible. The enhanced conductivity even with this crystollgraphic
plane as the most intense could also be an indication of the concentra-
tion of free electrons in the films, indicating a high concentration of
free carriers. When N > 10" ¢m™ the conductivity can be attributed
to the bulk of the film with nearly free electron (homogeneous) con-
duction and is not limited to temperature mediated hopping mech-
anisms as would be the case if grain boundary scattering was to be
a governing factor. The particle size increased with deposition time,
as expected due to the greater amount of reactants delivered to the
reaction chamber, which can also be seen on the SEM images where

the particle size increases with deposition time.
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Figure 45: X-Ray Diffraction pattern of (a) F:SnO, film deposited on
PI/ECCS from the APCVD reaction of monobutyltin trichloride
with ethyl acetate and trifluoroacetic acid for 40 seconds and (b)
PI/ECCS substrate indicating peaks arising from iron in steel.

3.4.2.2  Raman Spectroscopy

Raman spectroscopy was performed in order to provide additional
information to the XRD data on the presence of tin oxide and it can
be used to distinguish between SnO and SnO, but as tin dioxide thin
films are low volume Raman scatterers obtaining good data is diffi-
cult. Tin dioxide, which contains 6 unit cell atoms, has 18 vibrational

modes. Group theory gives these as:

I = Alg + A2g + Blg + BZg + Eg + 2A2u + ZBlu + 4Eu (56)

Of these 18 modes, four are Raman active (three non-degenerate mo-
des, A;g, Big, Byg) and the doubly degenerate Eg. Two are silent (A,g
and B;y). In the Raman active modes, the oxygen atoms vibrate while
the Sn atoms are at rest. The non-degenerate modes vibrate in the
plane perpendicular to the c-axis while the doubly degenerate mode
vibrates in the direction of the c-axis, with all six oxygen atoms of the
octahedral participating in the vibration. From the spectra shown in
tigure 46, it can be seen that due to the fluorescence of the polymer un-
der the action of laser light the large number of counts recorded can
mainly be attributed to laser light and not Raman light. As a direct
consequence of this, bands expected to be detected are washed out.
Any bands arising from the substrate are also not identified. To de-
termine the Raman active vibrations, bulk tin oxide powder (Tin(IV)
oxide; Sigma Aldrich, -325 mesh, 99.9 %) was placed upon float glass
and used as a reference as can be seen from figure 46(a). The A;g
mode (totally symmetric) is readily identified as it is the most intense
peak, followed by the B,g.
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Figure 46: Raman patterns of (a) bulk tin dioxide powder and (b) F:SnO,
film grown by the APCVD reaction of monobutyltin trichloride
with ethyl acetate and trifluoroacetic acid for 40 seconds on a
PI/ECCS substrate.

The doubly degenerate mode E; is more difficult to see especially
as a thin film. The peak at 1100 cm™ in the reference spectrum is
attributed to the float glass substrate and is known as the silicate
peak, corresponding to a SiO, tetrahedron connected to a single non-
bridged oxygen. The laser power was set to 10 %. Figure 46(b) shows
the spectrum recorded for FTO on PI coated ECCS which shows C=C,
C-N and C=0 vibrations attributed to the polymer. It is clear that any
peaks relating to the tin oxide are being masked by the fluorescence

of the substrate.

3.4.2.3 Film Morphology

The films produced by APCVD were optically transparent, showed
interference fringes along the length of the substrate and were chem-
ically bound to the polymer surface passing the Scotch tape test. The
colour of the underlying polymer substrate was noted to have turned
slightly darker over the course of the deposition as a result of heating.
The film thickness was determined by side on SEM images and was

found to be 1 ym for a 60 second deposition.
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Deposit- MBTC EtOACc Reactor | Gas phase | Rsy/
ion time | flow rate/ | flow rate/ | temp/ MBTC: Q.sq™
/s L.min~! L. min—! °C EtOAc
:bubbler :bubbler ratio
temp/°C | temp/°C
10 1:165 3:62 500 1:20 8o
30 1:165 3:62 500 1:20 40
40 1:165 3:62 500 1:20
10
60 1:165 3:62 500 1:20 20

Table 5: Conditions used to grow F:SnO, thin films from the APCVD re-
action of monobutyltin trichloride with ethyl acetate and trifluo-
roacetic acid dissolved in water and the resulting sheet resistance
values of the obtained films.
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Figure 47: Top down SEM images of F:5nO, thin films deposited by the
APCVD reaction of monobutyltin trichloride with ethyl acetate
and trifluoroacetic acid for (a) 10s, (b) 30s, () 40 s and (d) 60 s.
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1um

Figure 48: Side on SEM images of F:5SnO, thin films deposited by the
APCVD reaction of monobutyltin trichloride with ethyl acetate
and trifluoroacetic acid with a deposition time of 40 seconds (a)
30° tilt and (b) o° tilt.

Scanning electron microscopy (secondary electron) was used to
study the surface morphology of the FTO films. The films with a
deposition time of 10 seconds showed incomplete substrate coverage,
as cracks and voids could be seen from the SEM images. The parti-
cles were sharp and appeared pyramidal in nature but were poorly
connected, which can be attributed to the deposition time. As the de-
position time increased the greater packing and connectivity of the
particles became evident with little to no voids apparent from the
SEM images. Films deposited for 40 seconds, figure 47(c), showed
larger particles from the SEM images comapred to those of shorter
deposition time, around 500 nm in diameter. The thickness of the
films (figure 48) deposited for 40 seconds was found to be around
800 nm and the distinctive layers of ECCS, a 24 ym polymer layer

and tin oxide could be seen very clearly.

3.4.2.4 Electrical Properties

The doped tin dioxide films exhibited n-type conductivity with a min-
imum stable sheet resistance of 10 2/sq. The incorporation of fluorine
greatly enhances the conductivity. The fluorine doping level was kept
constant for each deposition and was controlled by the amount forced
through by the syringe driver. Films deposited for 10 seconds, the
Rsy= 80 §/sq and this decreases with deposition time to 40 2/sq for
a 30 second deposition. The fluorine content was determined at ca. 0.7
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at.% for these films by WDX analysis. Films deposited for 40 seconds
showed a mininum sheet resistance of 10 2/sq and a corresponding
fluorine content of 1.8 at.%.

This value increases slightly to 20 §2/sq for a 60 second deposi-
tion with a fluorine content of 1 at.%. This could be attributed to a
slight blockage at the inlet as the substrate showed incomplete cov-
erage. It can be seen from the SEM images that as the deposition
time increases, the films appear to become more densely packed with
tewer cracks and voids and as a result of better connectivity between
the particles as well as increasing particle/grain size the resistance
encountered by the electrons to the flow of current is reduced. Hall
effect could not be used on steel substrates and electrical data was ob-
tained using the linear 4-point-probe technique described in chapter
1.

3.4.3 AACVD Films on Polymer Substrates

3.4.3.1 Reagents and conditions

The precursor solution was prepared by dissolving MBTC (10 g) and
TFA (0.3 g) in methanol (200 ml) and placed into the Collison atomiser.
The polymer coated ECCS sheets were cleaned with IPA and acetone
and placed into the cold walled CVD reactor at the desired temper-
ature and then the precursor solution was passed through with the

compressed air pressure at 2 bar.

3.4.4 Results and Discussion

The films produced by AACVD were optically transparent showed
interference fringes along the length of the substrate and were chem-
ically bound to the polymer surface passing the Scotch tape test. The
films were completely free from pin-hole defects, indicating that the
deposition process did not involve any large scale gas-phase nucle-

ation.

3.4.4.1 X-Ray Diffraction

X-ray diffraction patterns for the deposited fluorine doped tin dioxide
thin films with varying deposition time were collected. The diffrac-

tion patterns recorded corresponded to the cassiterite structure of tin
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dioxide. It can be seen from figure 49 that for AACVD derived films
the (200) reflection is present compared to APCVD derived films with
no impurities attributed to SnO phase.

The most intense reflection recorded were the (222) and (112) at 64°
and 82°(219). As found with the APCVD derived films these two re-
flections are most probably a convolution of the underlying substrate

peaks coupled with tin dioxide reflections.
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Figure 49: XRD pattern for F:5SnO, film grown by the AACVD reaction (30
minutes) of monobutyltin trichloride with methanol and trifluo-
roacetic acid at 500 °C.

3.4.4.2 Raman Spectroscopy

Raman spectroscopy was once again performed in order to provide
additional information to the XRD data but as mentioned for APCVD
films, any peaks corresponding to tin dioxide were not seen. The pat-
tern recorded shows very high fluorescence as seen with APCVD de-

rived films as a result of the polymer substrate.

3.4.4.3 Film Morphology

Scanning electron microscopy (secondary electron) was used to study
the surface morphology of the FTO films. The films with a deposi-
tion time of 10 minutes showed incomplete substrate coverage, and
appeared to be thinner in comparison to APCVD derived films and
films deposited for 15 minutes or more.
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Deposition F:Sn Methanol Reactor Rsp/
time/ molar vol- temp/ Q.sq?
min ratio ume/ml °C

10 1:3.3 200 500 70

15 1:3.3 200 500 12

20 1:3.3 200 500 15

30 1:3.3 200 500
10

Table 6: Conditions used to grow F:SnO, thin films from the AACVD reac-
tion of monobutyltin trichloride with methanol and trifluoroacetic
acid and the resulting sheet resistance values for the films obtained.

Cracks and voids were evident and focusing on the surface was dif-
ficult as can be seen in figure 50(a). The nucleation of the particles is
evident though from the images but the features are not defined for
films deposited for a shorter time. As the deposition time increased
to 15 minutes the amount of precursor entering the reaction cham-
ber is increased and it is clear from the images that surface features,
such as pyramidal particles, can be identified and the films appear
more dense and better connected than those deposited at shorter run
times. The images obtained for films deposited at 20 minutes how-
ever are not consistent and this could be due to the fact that the area
chosen to analyse did not exhibit optimum conductivity for the given
deposition time and the features appeared to be star/needle like, per-
haps the phase before the denser films seen for depositions carried
out for 30 minutes. Films deposited for 30 minutes were dense and
well packed, with sharp pyramidal features leading on from those de-
posited for 15 minutes and exhibited microstructure comparable to
APCVD derived films.
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Figure 50: Top down SEM images of F:SnO, thin films grown by the the
AACVD reaction of monobutyltin trichloride with methanol and
trifluoroacetic acid at 500 °C for (a) 10 minutes, (b) 15 minutes, (c)
20 minutes and (d) 30 minutes.

3.4.4.4 Electrical Properties

The doped tin dioxide films once again exhibited n-type conductivity
with a minimum stable sheet resistance of 10 2/sq. The incorporation
of fluorine greatly enhances the conductivity. The fluorine:tin molar
ratio was kept at 1:3.3. Films deposited for 10 minutes, the Rgy= 70
(1/sq and had a corresponding fluorine content of ca. 0.8 at.% from
WDX analysis. The sheet resistance decreased down to 12 2/sq for a
15 minute deposition. This decrease in electrical resistance is evident
in conjunction with the SEM images as the film appears to be thicker
and more dense with better connected particles compared to films
derived from 10 minute depositions.

This value increases slightly to 15 {2/sq for a 20 minute deposition
and then once again decreases to 10 {2/sq for a 30 minute deposition.
The fluorine content varied from 1-1.5 at.% for films deposited for
longer deposition times as determined from WDX analysis. In con-
junction with the SEM images the increase in conductivity can be

explained qualitatively however information on the number of free
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carriers and mobility etc is not known to get a greater insight to link
these different parameters.

3.5 CONCLUSIONS

c-AACVD was shown to be a more effective and simple method for
the deposition of fluorine doped tin dioxide films with excellent op-
tical and electrical properties over films produced by APCVD, as
well as films produced by u-AACVD. This chapter demonstrates that
the deposition process using a Collison type atomizer over an ul-
trasonic type or APCVD, resulted in the best coatings in terms of
reproducibility. The c-AACVD method is advantageous over the u-
AACVD method due to the fact that the droplets generated by this
method are significantly smaller in diameter than those generated
by an ultrasonic humidifier. This could result in shorter evaporation
times of the solvent, complete solute precipitation, with a droplet size
similar to the grains as seen by SEM. Control over the carrier mobil-
ity, charge carrier density, IR reflectance, crystallinity and the surface
morphology of the films have shown to be highly dependent upon de-
position temperature using this technique. This work demonstrates a
move towards tailoring functional properties of the films to specific
applications, including transparent conducting materials for thin film
photovoltaics, polymer devices and architectural glazing. Deposition
temperatures of 450 °C for c-AACVD grown F:SnO, thin films were
found to be optimum for use as low-emissivity coatings with a low
visible light haze value (1.74%), a high charge carrier mobility (25
cm?/V.s), high charge carrier density (5.7 x 10> cm™3), high transmit-
tance across the visible (~ 80%) and a high reflectance in the IR (80%
at 2500 nm). A deposition temperature of 500 °C was found to be
optimum for the production of c-AACVD grown F:SnO, thin films
for use as top electrodes in thin film photovoltaics giving a low sheet
resistance (4 €2/sq) and a surface texturing on the micrometer scale
with a haze value of 8% for light scattering and trapping within thin
film photovoltaic devices.

It has also been shown that AACVD and APCVD can be used to
deposit highly conducting doped tin oxide films on polymer coated
steel. APCVD has been developed to produce coatings with conduc-
tivities comparable to those of c-AACVD but at a fraction of the

time as required by industry specifications of the layer properties.
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The surface morphology of the coatings produced by each method
however may affect the performance in their role as a back contact
for DSSCs. The AACVD derived films showed sheet resistance values
comparable to the APCVD derived films but the length of deposi-
tion was much longer. The polymer appeared not to be denatured by
the length of the deposition. It would be beneficial to test the perfor-
mance of the metal oxide coatings on the on-line furnace to test if they
can survive a titania sintering phase for DSSC production. This work
shows that either APCVD or even AACVD is a facile route to produc-
ing electrically conductive thin films of fluorine doped tin dioxide for
the potential use as electrodes in DSSCs.

The next chapter deals with the synthesis and characterisation of
zinc oxide thin films. Zinc oxide thin films have been a promising
alternative to ITO and FTO thin films in terms of optical properties,
electrical properties and stability especially when doped. Undoped
zinc oxide films are of little interest as the films are unstable at high
temperatures. The next chapter discusses the optical and electrical
properties of zinc oxide, fluorine doped zinc oxide and aluminium
doped zinc oxide as stable alternatives to commercially available TCO

products.
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Chapter IV

ZINC OXIDE FILMS



TRANSPARENT CONDUCTIVE ZINC OXIDE FILMS
BY AACVD

The following chapter presents the results from a series of experi-
ments for growing conductive and transparent ZnO and doped ZnO
films via a dual source AACVD route. ZnO films in general were syn-
thesized by the reaction of diethyl zinc (in toluene) with methanol by
dual source aerosol assisted chemical vapour deposition. These films
exhibited electrical and optical properties comparable to commercial
transparent conducting oxides (TCOs) based on oxides of tin or in-
dium. The enhanced electrical properties of these films could possi-
bly be explained by the high solubility of hydrogen in the zinc oxide
structure, which serves as an n-type dopant, as shown by computa-
tional groups. Doping the zinc oxide structure with fluorine resulted
in films with improved electrical properties compared to plain ZnO
as well as showing idealised surface texturing for photovoltaic ap-
plications. The process was not only limited to anionic dopants but
cationic dopants such as aluminium could also be incorporated into

the zinc oxide structure also.

4.1 INTRODUCTION

Transparent conducting oxides (TCOs) have been discussed in chap-
ters 1 and 3 and are materials which combine optical transparency
with electrical conductivity. In order for materials to be transparent
they must display a band gap greater than the highest frequency of
visible light (3.1 eV).9%1% Metals for instance are highly conductive
but do not transmit visible light and transparent materials such as
glasses are insulators.®”17 TCOs exhibit intrinsic conductivity due
to defect states in the crystal structure.3*1%® By extrinsic doping with
aliovalent elements the conductivity of TCOs can be improved. The
introduction of impurities into the crystal structure results in donor
states near the conduction band if the conductivity is n-type or ac-
ceptor states near the valence band if the conductivity is of p-type
character.®> An important requirement in doping is that these states
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must be shallow in order to maintain optical transparency.”* These
materials underpin the photovoltaic industry by providing the trans-
parent electrodes for thin film amorphous silicon solar cells, dye sen-
sitized solar cells (DSSC), flat panel displays in polymer light emit-
ting devices.3%5556° TCO materials are generally limited to materi-
als that show n-type conductivity such as In,O;, SnO, and ZnO al-
though some p-type materials are known such as CuAlO,, SrCu,0,
and NiO.*® For practical applications in devices ranging from solar
cell electrodes to light emitting diodes a TCO must have a resistiv-
ity of less than 103 Q.cm and over 80% transmittance in the visible
region.

A key requirement for advances in TCO technology will be to
reduce resistivity with no deleterious effects to the optical proper-
ties over the visible region. Low resistivity is achieved through very
high levels of doping with concentrations in excess of 1 x 10*® cm3,
This can then result in high free carrier absorption and high plasma
resonance reflectivity, resulting in poor transmission. This may look
bleak but there is the potential for improvements in electrical conduc-
tion while maintaining the optical transmission through increasing
the carrier mobility. This will be achieved through improving the mi-
crostructure of the films, reducing “killer” defect concentrations and
reducing impurity scattering centres. The materials challenge for in-
creasing the TCO grain size, while reducing point defect concentra-
tion is complicated however by the need for high temperature for the
former and low temperature deposition for the latter. An additional
major area for TCO performance improvement for PV applications
is in interfacial properties. These physical (e.g. surface roughness/to-
pography), optical (optical scatter) and electronic properties (losses at
interfaces) at the TCO borders are critical for optimising performance.
For example a controlled degree of scattering is essential for optimis-
ing efficiency and this level should vary with wavelength according
to PV material employed.

The current most used TCO is tin doped indium oxide (ITO)."'+?3
Due to the scarcity and cost of indium alternatives need to be found.
Fluorine doped tin oxide (FTO) is emerging as a replacement to ITO
with electrical properties approaching that of ITO with high transmit-
tance as has been discussed in chapter 3.4%17%171 Zinc oxide films have
received much attention to replace ITO as the industrial standard.

With consideration of the environment, ZnO is a promising alterna-
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tive because zinc is relatively inexpensive, abundant, relatively non-
toxic and can exhibit electrical properties comparable to ITO.*7/491727174
The source of intrinsic n-type conductivity in plain zinc oxide is a
controversial topic. Computational studies have shown that native de-
fects are not high concentration shallow donors. Vacancies however
were found to have sufficiently low formation energies but zinc and
oxygen vacancies are deep acceptors and donors respectively. The
n-type conductivity was attributed to unintentional doping of hydro-
gen. The mechanism for this is the propensity of hydrogen to bond
to oxygen and thus be incorporated into the crystal structure. The
resulting O-H bond is much like doping with fluorine. The studies
showed that H* is the most stable charge state for all Fermi level
positions calculated and the formation energy low enough to allow
for a large solubility of hydrogen in n-type ZnO.3+'75 This chapter
investigates the use of Aerosol Assisted Chemical Vapour Deposition
(AACVD) of ZnO, F:ZnO and Al:ZnO thin films as a low cost, scalable
alternative to traditional deposition techniques such as APCVD, dc/rf
sputtering, sol-gel and spray pyrolysis. 75161176 This work shows that
AACVD gives control over the electrical and crystal properties of the
films. The structural and optical properties play a major role in de-
termining efficiency and practicality of use. Fully characterising and
understanding these relationships via AACVD would be beneficial.
This is because the current routes to these materials by PVD pro-
cesses produce poor crystallinity, due to low substrate temperatures
and unwanted plasma erosion as the films grow. There have been
PVD routes to reduce the impact and improve crystallinity by sput-
tering onto hot substrates. The number of grain boundaries, quality
of crystal structure and the interfaces are problematic. We report that
by combining aerosols of diethyl zinc and methanol we have formed
zinc oxide films with electrical conductivity and optical transparency
comparable to the best extrinsically doped zinc oxide but also to com-
mercial products based on SnO, and In,0;. By intentionally adding
fluorine and aluminium as extrinsic dopants the opto-electronic prop-

erties were further enhanced.

4.2 EXPERIMENTAL

Depositions were carried out under nitrogen (99.99% from BOC). Pre-

cursors were placed in a glass bubbler and an aerosol mist was cre-
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ated using a piezo electric device. ZnEt, (1.1 M in toluene) and AlMe;
(2.0 M in toluene) were procured from Aldrich and were utilised as
bought. C¢H;CF; was also procured from Aldrich and treated with
CaH,, distilled, degassed, and stored over molecular sieves. ZnO
tilms were synthesized by transferring dry toluene (15 ml) to ZnEt,
solution (15 ml) in a bubbler. Dry methanol (45 ml) was transferred
to a separate bubbler. These were then atomized. The metal precursor
flow was kept at 0.6 1/min and the alcohol flow was kept at 0.6 1/min.
The two aerosol flows were then mixed at a Y-junction and then deliv-
ered to the heated glass substrate (Fig. 51). The substrate temperature
was kept at 450 °C. Deposition time was 9o minutes. After the depo-
sition the bubblers were closed and the substrates were cooled under
a flow of nitrogen. Fluorine doped zinc oxide films were prepared by
adding C¢H;CF; (15 ml) to ZnEt, solution (15 ml).

Quartz Tube

Top Plate (Glass)

Bypass valve

Flask N, inlet valve

Exhaust

Carbon Block Heater

Silica barrier glass

Flask containing precursor solution

N, from cylinder

Figure 51: Schematic of dual source AACVD apparatus used for deposition
of ZnO films.

Aluminium doped zinc oxide films were prepared by transferring
dry toluene (15 ml) to ZnEt, solution (15 ml) and adding AlMe; so-
lution (2 ml) to the bubbler. These were then atomized as mentioned
above. At the end of the deposition the nitrogen flow through the
aerosol was diverted and only nitrogen passed over the substrate.
The glass substrate was allowed to cool with the graphite block to
less than 100 °C before it was removed. Coated substrates were han-
dled and stored in air. The coated glass substrate was cut into ca. 1
cm x 1 cm squares for subsequent analysis. The glass substrate was
Si0O,, precoated (ca. 50 nm thick SiO, barrier layer) standard float
glass (NSG) 15 cm x 4 cm x 0.3 cm. A top plate was suspended 0.5
cm above the glass substrate to ensure a laminar flow.

X-ray diffraction (XRD) was used to analyse the samples in a Bruker
D4 Endeavour X-ray diffractometer (theta/2theta mode) with CuKoy
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and CuKua, radiation of wavelengths 1.54056 A and 1.54439 A respec-
tively, emitted with an intensity ratio of 2:1, a voltage of 40 kV and
current of 30 mA. The angular range of the patterns collected was 10°
< 210 < 70°. A step size of 0.05° was used, with 1200 steps at 8s/step
corresponding to a scan time of 3 hours. Le Bail models were fitted
to the collected data using General Structure Analysis System (GSAS)
and EXPGUI suite in order to determine the unit cell parameters and
crystallite size from the Lorentzian broadening term.>103

Scanning Electron Microscopy (SEM) was performed to determine
surface morphology and film thickness using a JEOL JSM-6301F Field
Emission SEM at an accelerating voltage of 4-5 keV.

Wavelength dispersive X-ray spectroscopy (WDX) was used to quan-
tify the atomic percentage of F, Al and Zn using a Phillips ESEM at
an accelerating voltage of 10 kV. The standards used for Zn, F and Al
were metallic zinc, Na;AlFs and AL, Oj; respectively. The oxygen con-
centration was not determined due to interference from the substrate.

Atomic Force Microscopy (AFM) analysis was performed using a
Veeco Dimension 3100 in contact mode, where a cantilever with an
attached tip scans the surface of the sample to determine the surface
topography.

UV/Visible/near IR spectra were taken using a Perkin Elmer Fourier
transform Lambda 950 UV /Vis spectrometer over a wavelength range
of 300 nm to 2500 nm in both transmission and reflection modes.
The transmission spectra background was taken against an air back-
ground.

Hall effect measurements were carried out using the van Der Pauw
method to determine the sheet resistance, free carrier concentration
(N) and mobility (u).° A square array of ohmic contacts arranged on
1 cm® samples were then subjected to an input current of 1 mA and
a calibrated magnetic field of 0.58 T. The transverse voltage was then
measured. The measurement was repeated by reversing the direction
of the magnetic field and the current. The magnitudes of the mea-
sured voltages were similar but with opposite signs indicating that
the hysteresis was negligible. The Hall coefficient Ry was calculated
from transverse voltage, dc current injected, the magnetic field and
the film thickness.

Zn K-edge XAS measurements were carried out at beam-line (I18)
at the UK synchrotron, Diamond, which operates at 3 GeV and 300

mA. The beam line is equipped with Si(111) monochromator and 27

114



4.3 RESULTS AND DISCUSSION

mm period undulator, ion chambers for measuring incident and trans-
mitted beam intensity and a 4 element Si drift fluorescence detector
for measurement in fluorescence mode. All the measurements were
carried out in fluorescence mode and typically 6 scans were averaged
to produce the spectra. X-ray absorption spectra were processed us-
ing ATHENA '5® software and subsequent analysis of the EXAFS data
were performed using ARTEMIS. '5®

4.3 RESULTS AND DISCUSSION

Highly transparent and conductive zinc oxide films and doped ana-
logues were deposited on silica coated float glass by the AACVD
reaction of diethylzinc solution (in toluene) and methanol. The elec-
trical properties combined with the optical properties were better
than any previous plain zinc oxide films reported. The reaction pre-
sumably proceeded via in-situ generation of the organozinc alkox-
ides (RZnOR’) as intermediates. 7377 Fluorine doped and aluminium
doped zinc oxide films were also deposited by adding trifluorotoluene
and trimethylaluminium solution (in toluene) as the dopant sources.
The AACVD reactions for each system were carried out at 450 °C.

Element | Plain Glass | ZnO | F:ZnO | AL:ZnO
Si/at.% 30 0.6 0.8 0.4
O/at.% 70 50.3 | 53.7 49.6
Zn/at.% - 49.1 | 43.4 45.8
F/at.% - - 2.1 -
Al/at.% - - - 4.2

Table 7: Chemical composition of ZnO, F:ZnO and Al:ZnO films grown on
glass by the dual source AACVD reaction of diethyl zinc with meth-
anol at 450 °C determined from WDX analysis.

The films deposited were uniform, showed excellent coverage across
the glass substrates and were adherent, passing the Scotch tape test.
In order to determine the chemcial composition of the films, WDX
analysis was carried out, using standards mentioned in the experi-
mental, on all the samples to establish the presence of dopants within
the system as shown in table 7. XRD was then used to then determine
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the structure of the deposited films. The X-ray diffraction patterns of
the as-deposited films formed by dual source AACVD are shown in
figure 52. From the collected diffraction patterns in all cases a broad
feature can be seen around 20° 29 which is attributed to amorphous
scattering from the glass substrate (Fig. 52). The Bragg peaks for all
the films could be indexed to the wurtzite structure of zinc oxide. The
ZnO films showed a large degree of preferred orientation, with the
crystallites oriented along the (101) plane. Preferred orientation ef-
fects are common in zinc oxide films but the crystallites tend to pack
in the c-direction along the (002) plane.

(101)

(100) L (212)

Offset Intensity/AU

L T y T L T g T y T y ]
10 20 30 40 50 60 70

20/°

Figure 52: X-ray diffraction pattern of ZnO, F:ZnO and Al:ZnO thin films.

Preferred orientation in thin films is related to the surface free en-
ergy of each crystal plane and the (0o02) plane is the most energetically
stable crystal plane for zinc oxide deposited on a surface without the
influence of epitaxy. The mechanism of preferred orientation in zinc
oxide films was studied by Fujimura et al.'7® They observed that (100)
textured films are obtained by promoting the kinetic state (low sub-
strate temperatures and fast growth rates) as opposed to the equi-
librium state (high substrate temperatures and slow growth rates).
Raising the substrate temperature and lowering the deposition rate
should promote the (002) plane. As the fluorine source is added to
the system and incorporated into the crystal structure the relative
prominence of the (100) plane is increased leading to a more random
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growth of crystallites. The introduction of fluorine could be altering
the growth kinetics of the F:ZnO films compared to the ZnO and
Al:ZnO films permitting an alternative pathway for precursor decom-
position and film growth resulting in crystallites growing in the (100)
plane as well as the (101) plane. A change in the growth kinetic and
structural properties was also observed by Juarez et al.’7 This was
confirmed by the SEM micrographs which clearly show a change in
the ordering of the crystallites as fluorine is introduced within the sys-
tem. Aluminium incorporation showed little change to the preferred
orientation from that of plain zinc oxide.

‘ Sample ‘ Dep. T/°C ‘ Film Thickness/nm ‘ Crystallite Diameter/nm ‘ a/A ‘ c/A ‘ Unit Cell Volume/A3 ‘
ZnO | 450 714 108 3-2472(2) | 5.1955(12) 47-442(14)
F:ZnO | 450 820 448 3.2460(2) | 5.2103(18) 47.543(18)
Al:ZnO | 450 600 103 3.2496(4) | 5.1914(16) 47.477(18)

Table 8: Film Thickness, crystallite diameter and unit cell parameters of ZnO
films grown on glass by the dual source AACVD reaction of diethyl
zinc with methanol at 450 °C.

Table 8 shows the film thickness, crystallite diameter and unit cell
parameters as a function of dopant addition. The crystallite diameter
for F:ZnO films was around 4 times greater than ZnO and Al:ZnO.
This could be due to the effect that fluorine has on nucleation and
growth in the ZnO system leading to enhanced crystal growth. The
comparative unit cell parameters increased as a function of dopant ad-
dition. The film microstructure and thickness was investigated with
scanning electron microscopy (SEM) and atomic force microscopy
(AFM). The as-deposited films were composed of granular plate-like
features as can be seen from figure 53. ZnO and Al:ZnO films ex-
hibited very similar particle shape and dimensions and appeared
smoother compared to the F:ZnO film. Figure 54 shows the AFM
topographic images for the as-deposited films. The roughness (rms)
determined by AFM imaging was 20 nm and 10 nm for ZnO and
Al:ZnO respectively. The particle size was much larger for F:ZnO
films however, which also links to the crystallite diameter as deter-
mined from the PXRD data. The PXRD data also showed the emer-
gence of the (101) plane and the change in packing of the crystallites
along this plane can also be seen from the SEM images as well as the
AFM height image.
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Figure 53: SEM images of (a) top down view of ZnO film, (b) top down view
of F:ZnO film, (c) top down view of Al:ZnO film, (d) side on view
of ZnO film, (e) side on view of F:ZnO film and (f) side on view
of Al:ZnO film. All films were grown on glass by the dual source
AACVD reaction of diethyl zinc with methanol at 450 °C.

The features for the F:ZnO film were on the sub-micrometer scale
and the film appeared hazy. The surface roughness also increased
when introducing fluorine into the system to 58 nm, compared to
ZnO and Al:ZnO possibly by in-situ surface etching. This morphol-
ogy is ideal for photovoltaic applications where optimised surface tex-
turing is required for light scattering and trapping in thin film solar
cells. The optimised surface structure required for light trapping and
scattering is pyramidal morphology with particles in the size range
of 400-700 nm which corresponds to the visible wavelengths of light.
Notably the F:ZnO films were an average of 448 nm.

0.1 um

opm

Figure 54: 3-D AFM image of (a) ZnO film, (b) F:ZnO film and (c) Al:ZnO
film all grown on glass by the dual source AACVD reaction of
diethyl zinc with methanol at 450 °C.

Hall effect measurements were conducted on the zinc oxide films
formed in this work by using the van der Pauw technique to de-
termine the electrical properties of the films. These studies showed
that the ZnO films produced were of n-type character. The ZnO films
showed stable sheet resistances of 7 €1/sq. The source of intrinsic
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n-type conductivity in ZnO is a controversial topic. Computational
studies have shown that native defects are not high concentration
shallow donors, typical requirement for conductivity in TCOs. Vacan-
cies however were found to have sufficiently low formation energies
but zinc and oxygen vacancies are deep acceptors and donors respec-
tively. One possibility for the unusually high n-type conductivity ob-
served pristine ZnO films could be due the to unintentional doping
of hydrogen. The mechanism for this is the propensity of hydrogen
to bond to oxygen and thus be incorporated into the crystal structure.
The computational studies showed that H* is the most stable charge
state for all Fermi level positions calculated and the formation energy
low enough to allow for a large solubility of hydrogen in n-type ZnO.
This was also seen in the charge carrier density of 5.80 x 10*° cm™3.
In order to further clarify the presence of unintentionally doped H",
X-ray absorption spectroscopic measurements at the Zn K-edge to de-
termine whether there is any oxygen or zinc vacancy in the system.
Figure 55 shows the Zn K-edge EXAFS and associated Fourier trans-
forms (FT) collected for a plain ZnO film and a bulk ZnO powder.

(a) —— Experimental Experimental
254 Calculated —— Calculated
\
i
[ |

FT Magnitude
K (k)
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Calculated Experimental
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FT Magnitude
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-

Figure 55: Zn K-edge EXAFS and associated Fourier transforms (FT) are
given along with the calculated EXAFS and Fourier transforms
for (a) plain ZnO film and (b) bulk ZnO powder.
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Figure 56: Comparison of the Fourier transforms of Zn K-edge EXAFS of
bulk ZnO and ZnO film data.

System | Atom-Pair | N | R (A) | 62(A?) | R-Factor

ZnO Bulk Zn-0O 4 1.96 | 0.005 0.055

Zn-Zn 12 3.22 | 0.007

ZnO Film Zn-0O 4.24 | 1.95 | 0.006 0.042

Zn-Zn 9.9 | 3.23 | 0.0085

Table 9: Structural parameters obtained from the analysis of Zn K-edge EX-
AFS data of bulk ZnO powder and as deposited ZnO film.

The difference in intensity in the Fourier transform plots between
a plain ZnO film suspected to be doped with H* and a bulk ZnO
powder was significant and a comparison between the Fourier trans-
form of the Zn K-edge EXAFS of ZnO film and bulk ZnO and are
shown in figure 56. The coordination number and bond distances ob-
tained from detailed analysis of the EXAFS data are given in table
9. It is clear from the figure 56 and table 9 that the Zn-Zn coordina-
tion number is less by ca. 18% compared to Zn-O coordination. These
results are similar to those reported recently for a hydrothermally
synthesised ZnO powder claiming hydrogen incorporation into the
ZnO structure. ™® Thus the results indicate the presence Zn vacancies

in the film could support the presence of unintentional substitution of
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hydrogen in the system. Further investigation (a combination of EX-
AFS/neutron diffraction/secondary ion mass spectrometry) would

be required to fully support this argument however.

Sample | Film Thickness/nm | Sheet Resistance/€2.sq™" | Roughness/nm p/Q.cm u/cm?.(V.s)™ N/cm3
ZnO 714 7.2 20 5.12 X 104 21 5.80 X 10*°
F:ZnO 820 4.5 58 3.70 X 107 32 5.31 X 10%°
Al:ZnO 600 14 10 8.35 x 107 17 4.35 X 10*°
TEC 8 650 8 - 5.2 X 10 28 5.30 X 10*°
TEC 15 350 15 - 5.3 X 104 21 5.60 x 10*°
Asahi-U 900 9.7 - 8.8 x 10 32 2.2 X 10%°

Table 10: Electrical properties of as deposited zinc oxide thin films com-
pared against commercial standards.

The introduction of fluorine into the system decreased the sheet re-
sistance. Fluorine-doped zinc oxide is known to have fluorine incor-
porated by substitution of oxygen as the ionic radii are comparable,
(F: 1.17 A, O*: 1.22 A) and this results in free electrons, which popu-
late the conduction band. The fluorine concentration in the films was
2 at. % determined from wavelength dispersive X-ray analysis (WDX)
analysis. The specific resistivity of zinc oxide films decreases from
5.12 X 104 {l.cm to 3.70 x 10* .cm with the introduction of fluo-
rine into the system. The charge carrier concentration in these films
was also lower than the zinc oxide films, with increased charge carrier
mobility (Table 10), resulting in the plasma frequency shifted to lower
energy. The Al:ZnO films deposited had a thickness of 600 nm and
a sheet resistance of 14 ©/sq. The aluminium concentration was 4
at. % determined by WDX analysis. The specific resistivity increased
in Al:ZnO films and the mobility of the charge carriers was also re-
duced. These films however showed a reduction in charge carriers
even though the aluminium concentration determined by WDX was
relatively high (4 at. %), indicating clustering or segregation of dopant
species resulting in deleterious effects to the electrical properties of
the films.

The relatively small size of the surface features coupled with the
low surface roughness make these coatings suitable for electrodes in
dye sensitised solar cells but may also find an application in architec-
tural glazing to reduce radiation energy loss by reflecting the thermal
IR radiation emitted from a room due to low scatter in the visible re-
gion because of the small particle size. All the films displayed promi-
nent interference effects. These interference fringes are caused by the
multiple reflections at the three interfaces of the air/thin film/trans-

parent substrate bi-layer. The room temperature transmission and re-
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flection characteristics of the zinc oxide films deposited by AACVD
were investigated using visible/near IR spectrometry. The spectra
shown in figures 57 and 58 were taken using an air background and
indicate a high transparency across the visible (~ 80% transmission
at 550 nm in air, including the substrate absorbance) for zinc oxide

films. The films also showed 50% reflectivity in the infrared at 2500

nm in air.
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Figure 57: Optical transmission spectrum taken against an air background
showing zinc oxide films and doped analogues grown at 450 °C
compared to commercial F:SnO, (NSG TEC 15).
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Optical reflection spectrum taken against an air background

showing zinc oxide films and doped analogues grown at 450 °C
compared to commercial F:5nO, (NSG TEC 15).
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Tauc plots to determine optical band gap for zinc oxide, fluo-
rine doped zinc oxide and aluminium doped zinc oxide films
deposited at 450 °C.

The transmission for F:ZnO and Al:ZnO decreased slightly to ~
76%. Included in figures 57 and 58 are plots of spectra taken from
leading commercial F:SnO, thin films on glass substrates. Pilkington

TEC 8 and TEC 15 glass was used as the reference products with a
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sheet resistance of 15 2/sq as well as resistivities of the same order of
magnitude. The onset of the infrared reflection occurs at the plasma
resonance frequency where the electromagnetic radiation incident on
the film can induce resonance of the free carriers within the metal
oxide matrix. The plasma frequency is dependent upon the conduc-
tivity, the dielectric constant and the mean free relaxation time of
the material.”" This means that increasing the charge carrier density
and decreasing the charge carrier effective mass (reducing retarding
forces on the free electrons, such as scattering defects) will increase
the plasma resonance frequency of the TCO, thus shifting the reso-
nance reflection effect to a shorter wavelength. This effect can be seen
in figure 58 with zinc oxide films, where the charge carrier concentra-
tion was high and thus the plasma edge was seen at approximately
1400 nm. The ZnO films showed high reflectivity in the IR but lower
than that of commercial products. The reduction in charge carriers
with F:ZnO and Al:ZnO relates to the onset of the plasma edge of
these samples with the onset for F:ZnO around 1600 nm and the of
Al:ZnO around 1800 nm, red shifted compared to ZnO films. The
IR reflectivity however was for F:ZnO and Al:ZnO was around 40%
and 35% respectively. Essential properties for low-e-coatings include
a high reflective value for IR radiation (> 2000 nm) and a rapid on-
set of the plasma edge which separates the transparent and reflec-
tive regime across the wavelength range. ZnO films displayed both of
these attributes in this work and approach that of commercially avail-
able films, whereas F:ZnO and Al:ZnO were more suited to PV appli-
cations. The direct band gaps were determined by constructing Tauc
plots using the (¢hu)* relation as shown in figure 59. These ranged
from 3.7 eV for ZnO to 3.4 and 3.5 eV for F:ZnO and Al:ZnO respec-
tively. This is due to the Burstein-Moss effect, as electrons populate

the conduction band, the optical band gap is effectively increased.

4.4 CONCLUSIONS

AACVD was shown to be an effective and simple method for the
deposition of highly transparent and conductive zinc oxide, fluorine-
doped zinc oxide and aluminium doped zinc oxide films. The un-
intentionally doped zinc oxide films discussed in this chapter dis-
played excellent optical and electrical properties comparable to coat-
ings based on tin and indium oxides. These could be used as low-
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e-coatings or electrodes in photovoltaics. Dopants could easily be in-
corporated into the system and this was shown by synthesizing flu-
orine doped zinc oxide and aluminium doped zinc oxide. Fluorine
doped zinc oxide films displayed high transparency and excellent
electrical characteristics. The surface morphology together with the
opto-electronic properties makes this material ideal for PV applica-
tions requiring light trapping and scattering. Aluminium doped zinc
oxide films also displayed high transparency with electrical proper-
ties suitable for PV applications requiring low haze and light scatter-
ing such as in DSSC. Control over the carrier mobility, charge-carrier
density, IR reflectance, crystallinity and the surface morphology of
the films have shown to be highly dependent upon dopant introduc-
tion using this technique. This work demonstrates a move towards
tailoring functional properties of the films to specific applications, in-
cluding transparent conducting materials for thin film photovoltaics,
polymer devices and architectural glazing.
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Chapter V

ZEOLITE FILMS



ZEOLITE FILMS BY CVD AND HYDROTHERMAL
SYNTHESIS

Zeolites are the most important class of crystalline nanoporous solids
with a range of applications including ion-exchange, gas separation,
absorption and catalysis. These crystalline solids are widely used in
the form of powders. However, over the last twenty years zeolite
membranes and films have been extensively studied not only for gas-
separation applications, but also for more novel emerging applica-
tions, in particular in the field of electronics as low-k dielectrics and
as corrosion resistant materials. The current processes for the prepa-
ration of zeolite films have been limited to solution processing meth-
ods. These processes involve the use of an organic templating agent
in a sol-gel/hydrothermal process, similar to conventional methods
to produce crystalline powder zeolites. To overcome some of these
issues the work in this chapter explores the combination of chem-
ical vapour deposition (CVD) and hydrothermal (HT) synthesis to
deposit amorphous/crystalline oxide films on a given substrate. The
driving force for carrying out the work was initially to see whether
commercially available silica coated barrier glass from NSG coated
with tetrapropylammonium hydroxide (TPAOH) could be converted
into a zeolite film. This proved the concept of converting dense amor-
phous silica films into crystalline zeolites. As a result of this, CVD
was used to deposit precursors for hydrothermal work up to yield
microporous materials. Amorphous silica films deposited by CVD
were successfully converted to zeolite using hydrothermal methods.

5.1 INTRODUCTION

The use of zeolite powders in ion-exchange, gas separation/absorp-
tion and catalysis has been known for decades making zeolites the
most important class of crystalline nanoporous solids.3*%* The use
of zeolites in the form of films dates back to the 1940s in ion-selective
sensing applications. The fabrication of zeolites as films/membranes

during the 1940s is sometimes described as the brute force approach
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where zeolite powders were pressed into pellets or work was con-
ducted on the faces of zeolite single crystals. The performance of
these rudimentary zeolitic films was poor and the processing chal-
lenge for high performance (in terms of coating uniformity) zeolite
membranes became apparent.5%125-127,139-141,182-184 There has been a
large amount of research invested in the last 25 years on zeolitic films
in order to optimise the processing challenge as well as controlling
particle morphology and microstructure which is key to the overall
peformance of the zeolite film for a given application. The oppor-
tunity afforded by growing zeolite films allows for unconventional
applications to be explored such as low-k dielectric coatings in the
electronic industry, corrosion resistant coatings, chemical sensors, ion-
exchange electrodes and light harvesting devices. The first commer-
cially available zeolite films were concentrated to small-scale applica-
tions and the films were coated on 10 m? substrates. The main issues
in commercialisation, despite the intense research, has been the high
cost of fabrication, poor performance of the zeolite films compared
to powder analogues and major difficulties in reproducibly coating
large substrate areas. Large area coatings inevitably require reliable
processing technologies, while satisfying essential film characteristics
such as film continuity, thickness control, crystallite orientation (pore
orientation) and pin-hole (defect) free films. 127:128/140,143,182,183,185

The established laboratory scale routes to zeolite synthesis are in-
situ crystallisation, dry and wet gel conversion and secondary seeded
growth. In-situ growth is where the support is kept in contact with the
zeolite precursor solution and crystal growth is promoted on the sur-
face of the support. The quality of the membrane formed however is
sensitive to procedures and conditions, including the position of the
support in the autoclave. A major factor affecting membrane quality
is the long induction time in the autoclave as over-exposure to the ba-
sic medium required for zeolite growth can result in chemical attack
of the membrane. The second established method is known as the
dry/wet gel conversion.>"/127:182183 This was first described by Xu et
al. with the synthesis of mordenite frameworMFI membranes by coat-
ing an amorphous aluminosilicate gel onto a substrate and crystalli-
sation by exposing the coated substrate to vapours of triethylamine,
ethylenediamine and water. When the structure directing agent is not
involved in the gel synthesis then the process is known as “Vapour
Phase Transport” (VPT). When the gel contains the templating agent
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the amorphous to crystalline conversion is known as “steam-assisted
crystallisation”. The problem with this method is that there is an as-
sociated large volume shrinkage during the gel transformation to ze-
olite which often leads to defects in the films.

In order to improve upon some of the drawbacks associated with
in-situ crystallisation and dry/wet gel conversion, seeding and sec-
ondary growth (SSG) is the third established route to synthesising
zeolite films. Secondary seeded growth essentially decouples the nu-
cleation step from crystal growth. For film synthesis a layer of seed
crystals, previously nucleated and deposited on a support, are grown
into a continuous layer. Seeded films tend to have enhanced physical
and mechanical properties than in-situ or wet/dry gel grown films.
SSG films are currenty seen as the most attractive route for deposit-
ing zeolite layers due to improved control over physical and mechan-
ical properties such as crystal orientation and film defects. Although
SSG offers more in scalability than zeolite films grown by in-situ crys-
tallisation and dry/wet gel conversion there are however issues with
scalability. 5125126:142

To overcome some of these issues and more importantly to enhance
the possibility of large-scale membrane and film production capabili-
ties, chemical vapor deposition (CVD) was used to deposit an amor-
phous film on a given substrate, followed by conversion to a zeolite
using hydrothermal methods.2%4® The MFI system was chosen due to
the forgiving synthesis conditions and because the MFI structure is a
model system for zeolite membranes to investigate crystal preferred
orientation on membranes. The mordenite framework inverted (MFI)
structure, as described in the introduction chapter, is orthorhombic
(crystallises in Pnma) but can exist as monoclinic (P12,/n1) after cal-
cination. For separation membranes crystals oriented in the b-axis i.e.
parallel to the substrate are more favourable than c-axis oriented crys-
tals. The crystal orientation is heavily influenced by the hydrothermal
conditions used during the synthesis. For b-axis oriented crystals, ide-
ally lower temperature synthesis and shorter durations are required
compared to c-axis oriented films. This chapter describes the conver-
sion of a dense, amorphous silicon dioxide film into silicalite-1 (S-1)
and a titanium doped silicon dioxide film into titanium silicalite-1
(TS-1). As well as titanium doped silica films, iron doped silica films
could also be synthesized during the CVD stage of the process as

well as retention of local-structure upon conversion to the MFI struc-
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ture. This new methodology represents a powerful strategy for facile
incorporation of titanium into the silicate matrix with retention of
the local structure during conversion to crystalline zeolite. It also of-
fers the possibility for including a range of alternative metal dopants
into silicon dioxide matrices in a controlled fashion that could enable

formation of a wide range of functional zeolitic films.

5.2 EXPERIMENTAL

Silica coated barrier glass supplied by NSG was cut into 1 cm? pieces
and dip coated with tetrapropylammonium hydroxide (TPAOH, 1M)
solution. TPAOH is described as a template molecule in zeolite syn-
thesis. It is described as a template molecule because it is thought
to direct the structure of the porous silicate/aluminosilicatezeolite
framework over the template molecule, and the template molecule is
retained in the pores of the structure. It is also described as a struc-
ture directing agent (SDA) but the exact mechansim of zeolite crys-
tallisation is unclear. The template can be removed from the resultant
structure by calcination at 550 °C without collapse of the porous struc-
ture. The template coated glass was then suspended above distilled
water (0.5 g) in a PTFE liner. The liner was loaded into a stainless
steel autoclave and a SAC was carried out at 180 °C for 24 hours. The
autoclave was then cooled to ambient temperature and the product
was washed with distilled water and dried in the oven.

Amorphous silicon dioxide and titanium doped silicon dioxide
were both synthesized on two different substrates, alumina and sil-
icon wafers. The procedure of forming dense films is schematically
described in figure 60. Aerosol-assisted chemical vapour deposition
(AACVD) was carried out using a hot-walled quartz tube loaded with
the specific substrates. Tetraethylorthosilicate (TEOS) or a mixture of
TEOS and tetraethylorthotitanate (TEOT), in the molar ratio of 100:1
Si:Ti, were nebulised using a humidifier (operating at 20 kHz) and
transferred to the reaction chamber using nitrogen carrier gas while
maintaining the substrate temperature at ca. 700 °C in the reaction
chamber. Iron doped silicon dioxide films were synthesised in the ex-
act same manner with a mixture of TEOS and ferrocene in the molar

ratio of 100:1.
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Figure 60: Schematic diagram of the process for making amorphous films
and conversion to crystalline zeolite is shown.

The CVD reaction setup is shown is figure 61. Typically after an
hour, the substrates were cooled and then coated with a solution of
tetrapropylammonium hydroxide (TPAOH, 1 M) and transferred into
a PTFE-lined stainless steel autoclave. Hydrothermal reactions were
performed at ca. 165 °C for 24 hours. The conversion process for iron
doped silicon dioxide films to Fe-Silicalite however took 48 hours.
Products were then washed with distilled water and dried at ambient
temperature. The structure directing agent was removed by calcina-
tion of the films at 550 °C and both the as-synthesized and calcined
samples were characterized in detail.

- Quartz tube loaded with
Tube furnace N "
I I alumina and silicon substrates

Precursor inlet

/Exhaust

p—Flask containing precursor

solution
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Figure 61: Schematic of the AACVD process used to deposit silica films on
alumina and silicon substrates.

The standard characterisation techniques for zeolite films in terms
of structure are by X-ray methods (angle and energy dispersive) and
scanning electron microscopy (SEM). XRD gives information about
the phase, crystal orientation and atomic positions. SEM gives in-
formation about the crystal size, morphology, defects and thickness.
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Complimentary techniques such as AFM and HR-TEM can also give
valuable information regarding zeolite films growth and zeolite com-
position resepctively. The relative quantity of zeolite on a porous sup-
port can be estimated by gas adsorption (BET). If a dense support is
used then ellipsometry is the preferred tool to determine film thick-
ness and void volume fraction.

XRD data was collected using a Bruker D4 diffractometer equipped
with a copper X-ray tube. SEM micrographs were recorded using a
JEOL JSM-6301F field emission SEM operated at an accelerating volt-
age of 5 kV. Ti K-edge XAS measurements were carried out at beam-
line (B18) at the UK synchrotron, Diamond, which operates at 3 GeV
and 300 mA. The beam line is equipped with Si(111) double crys-
tal monochromator, ion chambers for measuring incident and trans-
mitted beam intensity and a 9 element Ge fluorescence detector for
measurement in fluorescence mode. All the measurements were car-
ried out in fluorescence mode and typically 6 scans were averaged to
produce the spectra. X-ray absorption spectra were processed using
ATHENA 58 software and subsequent analysis of the EXAFS data
were performed using EXCURVE*®. Atomic force microscopic im-
ages were recorded using VEECO diDimension in tapping mode.

5.3 RESULTS AND DISCUSSION

Zeolite films were prepared on silica barrier glass supplied by NSG
by dip coating the glass slides with TPAOH followed by hydrother-
mal treatment at 180 °C for 24 hours. The resultant films were white
in appearance and adhered to the glass substrate. The films were re-
sistant to peeling by the Scotch tape test and could not be removed
by a brass scalpel but could be removed from the support by a steel
scalpel. Figure 62(a) shows the SEM image of films grown on silica
barrier glass and highlighted is the conventional morphology of S-1
crystals lying beneath unusual plate-like morphology of S-1 crystals.
Figure 62(b) shows a high-resolution image showing the plate-like
morphology.
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Figure 62: SEM of (a) low-resolution image of silicalite-1 (S-1) film grown
on Si0O, barrier glass highlighting the nature of prismatic crystals
underneath platelet type morphology of zeolite crystals and (b)
high-resolution image of silicalite (S5-1) film grown on SiO, barrier
glass highlighting unsual plate like morphology of S-1 crystals.
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Figure 63: XRD pattern for silicalite-1 film grown on SiO, barrier glass
(NSG) by dip coating the surface with TPAOH followed by SAC
at 180 °C.

The corresponding XRD pattern associated with the S-1 film/SiO,
glass is shown in figure 63. The characteristic low angle reflections for
silicalite can be seen. Uncharacteristic reflections for silicalite at high
angle were also observed indicating a degree of preferred orientation
of the crystals also seen in the SEM micrographs from the plate like
morphology of the crystals.
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Dense compact silica films were synthesised on alumina and sili-
con substrates by the pyrolysis of tetraethylorthosilicate (TEOS) using
AACVD. TEOS is commonly used in APCVD to deposit silica films.
AACVD was used here due to the simplicity of non heated lines and
the compatibility of TEOS with the AACVD process.® The deposi-
tion process of silica requires no external oxygen source. Studies have
shown that possible decomposition pathway for TEOS is most likely

to liberate ethylene as such:

(510)25i(OC,Hs )2 — (5i0)2Si(OC,Hs ) (OH) + CoHy (57)

(Si0),Si(0OC,Hs) (OH) — (Si0),Si(OH), + CoHy (58)

The deposition rate is most likely to be limited by the rate of re-
moval of surface alkyl groups as ethylene. The introduction of oxy-
gen has no bearing on the deposition rate. The introduction of ozone
however can be used to enhance the deposition rate of silica films
as it provides a lower energy pathway for decomposition by trap-
ping TEOS molecules on the surface and reacting with the ethoxy
ligands. In order to dope titanium into these films, the titanium ana-
logue of TEOS, tetraethylorthotitanate (TEOT) was mixed with TEOS
during the CVD stage. These films were then converted into dense
zeolite films by hydrothermal treatment of CVD grown amorphous
films of silicon dioxide and titanium doped silicon dioxide into S-1
and TS-1 films respectively on both silicon and alumina substrates.
The zeolite films were white in appearance and were adherent to the
substrate. Typical XRD patterns of the as-synthesized films on alu-
mina are shown in figure 64. It is clear from the XRD pattern that the
amorphous silicon dioxide film on alumina (a:5iO, on Al,O;) does
not have any reflections related to a dense silicate phase, in particular

no reflections related to quartz were observed.
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Figure 64: Typical XRD patterns of the as-synthesized films deposited on
Al O3 on the left and silicon substrates on the right. A reflection
from the alumina support is asterisked and silicon reflections ap-
pear above 30° in 29. Also note that the relative intensities of the
reflections of the zeolite films are not similar to those typically
seen for the corresponding powder which is due to preferred ori-
entation of the zeolite crystals.

Similar observations were made for the titanium system and no
forms of dense titania were present. Minor reflections from the alu-
mina substrate are asterisked. Substrate reflections were also seen for
films deposited on silicon wafers. The XRD patterns demonstrate that
the amorphous film has been converted to phase-pure silicalite, as
shown in figure 65. However, the relative peak intensities of the zeo-
lite films differ to those seen in the corresponding bulk powder, due
to preferred orientation effects. For example, the 020/200 reflection
appears to be intense compared to the -101/ 011/101 reflection. A
similar observation has been made for oriented zeolite films, how-
ever, our samples appear to be not completely b-oriented. **>

Figure 65(a) and (c) shows SEM micrographs of amorphous silicon
dioxide and titanium doped silicon dioxide films deposited on alu-
mina. All the amorphous films produced by the CVD process showed
dense, compact uniform films composed of spherical particles inde-
pendent of substrate. Figure 65(b) and (d) show SEM micrographs of
crystalline S-1 and TS-1 films deposited on alumina. The SEM images
back up the XRD data showing that Figure 66 shows low resolution
SEM micrographs of amorphous titanium doped silicon dioxide and
TS-1 on alumina substrates showing that there are no macroscopic
cracks/defects which would limit film application in catalysis and
gas separation.
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Figure 65: Typical SEM micrographs of (a) amorphous silicon dioxide film
on alumina, (b) amorphous titanium doped silicon dioxide films
on alumina, (c¢) S-1 film on alumina and (d) TS-1 film on alumina.

200 um 200 um

Figure 66: Low resolution SEM micrographs of (a) amorphous titanium
doped silicon dioxide film on alumina and (b) TS-1 film on alu-
mina showing that there are no visible macro-cracks in the as-
deposied amorphous film as well as the crystalline zeolite film.

Amorphous silicon dioxide and titanium doped silicon dioxide
films were also deposited on silicon substrates and are shown in fig-
ure 67 for completeness. The amorphous silicon dioxide films and
doped analogues looked identical to amorphous films deposited on
alumina substrates. The zeolite films on silicon however differed to
zeolite films on alumina. The preferred crystal orientation of zeolite
tilms deposited on silicon substrates appears more random compared
to zeolite films deposited on alumina. A reason for this could be the
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length of crystallisation and zeolite films deposited on silicon sub-
strates may require less time to form on the parent substrate com-
pared to films deposited on alumina. Okubo et al. showed that it was
possible to convert silicon wafers with a native oxide layer into S-1
films and during the conversion process it is not known whether sil-
icon is being dissolved and re-deposited as zeolite.'3” The difference
in preferred crystal orientation of the zeolite films deposited on alu-
mina and silicon can be clearly seen in the XRD patterns (figure 64)
as the films deposited on silicon substrates reflect a more random
distribution of zeolite crystals to that of a pure powder sample of S-1
compared to zeolite films deposited on alumina substrates which are
somewhat b-oriented. A full time-evolution of zeolite films on alu-
mina and silicon substrates however would be needed to carry out
in order to verify this observation. In light of this, the majority of the
analysis was focussed on alumina substrates to reduce any ambiguity

arising from using silicon substrates.

Figure 67: Typical SEM micrographs of (a) amorphous silicon dioxide film
on silicon, (b) amorphous titanium doped silicon dioxide films
on silicon, (c) S-1 film on silicon and (d) TS-1 film on silicon.

Atomic Force Microscopic (AFM) was performed on amorphous
titanium doped silicon dioxide films and crystalline TS-1 films on
alumina and is shown in figure 68. The image suggests that the ze-
olite crystals were formed from the spherical amorphous particles
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indicating a direct solid-solid conversion of the amorphous matrix to
a crystalline solid. The mechanism of conversion of a dry amorphous
gel into a crystalline metastable phase (zeolite) is still a contentious
subject but it is believed to be via a solid-solid transformation, but
studies have shown that if a pathway exists, then a hydrothermal/-
solvothermal route will prevail over true solid-solid transformations
as the activation energy for the former case is lower. It has been pro-
posed that potential growth units from the amorphous material may
detach (dissolve) and migrate through the solution to a crystal growth
site. Another case proposed is that the detached unit may never fall
into solution but but be transferred from an amorphous region to
an adjacent centre of crystal growth. AFM studies conducted at dif-
ferent time periods of crystallisation would shed more light on the
mechanism of transformation of CVD grown amorphous layers to
crystalline zeolite films.

Figure 68: AFM image of amorphous titanium doped silicon dioxide film
on alumina and conversion into TS-1 film.

EDX analysis for the titanium system showed the presence of tita-
nium in the film (titanium content of ca 2 at. %), however, it was not
possible to determine whether titanium is incorporated into the sili-
cate matrix in both the amorphous and zeolite film using either XRD
or SEM techniques.

In order to establish that the metal ions are incorporated into the
zeolitic matrix and hence show that doping at the CVD stage carried
through the transformation process, X-ray absorption spectroscopy
studies at the Ti K-edge were performed. Ti K-edge X-ray absorption
spectra of the amorphous and crystalline films are shown in Figure
69 along with two model compounds Ti(OSiPh,), and ETS-10 (tetra-
hedral Ti and octahedral Ti coordination, respectively) for which the
local structure is well documented. Ti4" is well known to adopt, four
(tetrahedral), five or six coordination environment. 59187188 While 4

and 6 coordinated titanium centers are common, 5 coordinated is
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exceptionally rare and therefore we used the above mentioned two
model systems to determine the structure of titanium centers in the
titanosilicate films. The intense pre-edge peak (marked as A in figure
69) is used extensively to determine the local coordination geometry
of the titanium ions in a variety of systems. '591% It is well-established
that this pre-edge feature is intense for metal ions having tetrahedral
coordination and less intense for octahedral coordination; the inten-
sity also depends on the electronic structure of the metal ions in a
given oxidation state, for example systems with d° electron configu-
ration tend to have the highest intensity. Comparison of the intensity
of the pre-edge peak in the XANES of titanosilicate films with the
two model systems suggests that titanium ions are in the +4 oxida-
tion state and in a tetrahedral geometry. In particular, the XANES
features (both A and B) of the titanosilicate films appears to be simi-
lar to that of the model compound Ti(OSiPh;), implying that isolated
tetrahedrally coordinated titanium ions are present in the silicate ma-

trix.
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Figure 69: Ti K-edge XANES of titanium doped silicon dioxide films and
corresponding model compounds.

139



5.3 RESULTS AND DISCUSSION

Experimental _
Calculated Experimental
"""" Calculated
O
32
g 5
= ©
o =
s
T T T T T T T T 1
3 4 5 6 7 8 9 10 11 12
k(A"
104 (b) " Experimental
8] IR [ Calculated —— Experimental
2 T Calculated
[0}
°
2
=2 c
o g
e =
-
w
T T ]
4 5 6
Experimental
Calculated
o
3
e E
g g
L =
s
T =
3 4 5 6 7 8 9 10 1 12 6
k(A"
—— Experimental
"""" Calculated 25 ’/}X Experimental
) Calculated
[0}
E
= H
= <)
ol g
-
w
8 T T r T T T T T ) —
3 4 5 6 7 8 9 10 1 12 6

k(A"

Figure 7o: Ti K-edge EXAFS and associated Fourier transforms (FT) are
given along with the calculated EXAFS and Ft’s for (a) titanium
doped silicon dioxide film on silicon, (b) TS-1 film on silicon, (c)
titanium doped silicon dioxide film on alumina and (d) TS-1 film
on alumina. The EXAFS derived Ti-O distances are (a) 1.81 A,
(b) 1.82 A, (c) 1.82 A and (d) 1.86 A. Typical Ti-O distance for a
highly ordered tetrahedral coordination is ca 1.80 as evidenced
for Ti(OSiPh;), compound.

Further evidence of the tetrahedral coordination geometry of the

titanium ions in both amorphous and crystalline zeolitic films comes
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from detailed analysis of the Ti K-edge EXAFS data. The analysis was
focused on the first shell, since it directly reveals the nature of first
neighbor coordination geometry. The best fit obtained between exper-
imental and computed EXAFS are shown in figure 70. The EXAFS
derived average first neighbor Ti-O distance for all the titanium con-
taining films are in the range of 1.80 to 1.87 A which suggests that
some of these systems contain distorted Ti-O environments. In par-
ticular the alumina supported films show lower pre-edge intensity
and a Ti-O distance of ca 1.87 A compared to the silicon supported
systems in which the Ti-O distance is ca 1.81 A. Similar observation
has been made for vanadium containing systems.’® Although the
higher Ti-O distance may indicate the presence of some octahedral
Ti-O species, comparison of the Ti K-edge feature, figure 69, (marked
as B) on the top of the edge suggest that they are very similar, irre-
spective of the support, to the model compound Ti(OSiPh;), wherein
Ti(IV) ions are present in regular tetrahedral coordination; presence
of octahedral coordination will increase the intensity of the feature B,

as seen in ETS-10 data.
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Figure 71: Pore accessibility for TS-1 films on alumina followed by XRD.
Note that the relative peak intensities of the reflections at low an-
gles are different with respect to high-angle in the as-synthesised
(which contains organic template) and the one reacted with n-
hexene compared to the calcined forms.
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Figure 72: Reactivity of titanium centres for TS-1 films on alumina followed
by Ti K edge XANES.

Reactivity and pore accessibility of the titanium silicalite-1 (TS-
1) films were confirmed through a representative reaction with n-
hexene, water or hydrogen peroxide. The XRD pattern of the sample
reacted with n-hexene, for example, showed a loss of intensity for
the low angle reflections, as these are known to be affected by the
presence of molecules occluded in the pores (see figure 71)."° This
demonstrates the accessibility of the pores of the zeolite films, and
the ability for molecules to be adsorbed and retained in the pores.
Upon calcination to remove all of the organics and other molecules
the intensities in the low angle region of the XRD pattern are regained
correlating with the empty state of the pores.

Further evidence of the presence of accessible titanium sites within
the pores comes from the study of Ti K-edge XANES, see figure 72.
The pre-edge intensity of the calcined TS-1 films and that exposed to
water were found to be similar, suggesting the hydrophobic nature
of the films. Upon reaction of the TS-1 films with hydrogen peroxide,
the intensity of the pre-edge feature decreased, indicating that the
titanium centers are accessible and are available for reactions. SEM
micrographs showed that these films were found to be unaffected
after reaction with hydrogen peroxide. Recalcination of the reacted
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films restored the pre-edge intensity in the Ti K-edge XANES and
confirmed the regeneration of active sites (figure 72).

To demonstrate the generality of this method iron doped silicon
dioxide films were also explored. As mentioned in the experimental
section iron was incorporated into the silica matrix by mixing dopant
amounts of ferrocene with TEOS during the CVD stage. These films
were then converted to Fe-Silicalite by the standard procedure de-
scribed above. Iron doped films were only deposited on alumina sub-
strates to negate any ambiguity arising from silicon substrates during
the conversion process of amorphous silica films to crystalline zeo-
lite. " Figure 73 (a) shows the SEM image of amorphous iron doped
silicon dioxide films deposited on alumina exhibiting the character-
istic spherical particle morphology as seen with amorphous silicon
dioxide and titanium doped silicon dioxide films. Figure 73 (b) shows
the SEM image of Fe-Silicalite deposited on alumina. It is clear from
the image that the crystals appear to be more randomly oriented than
S-1 and TS-1 films deposited on alumina. The reason for this could
be the increased synthesis time required for Fe-Silicalite films i.e. 48
hours as opposed to 24 hours leading to more random crystals. This

random crystal orientation can be seen from the XRD pattern of Fe-

Silicalite on alumina (figure 7).

Figure 73: SEM images of (a) amorphous Fe-doped silicon dioxide film de-
posited on alumina and (b) Fe-Silicalite film deposited on alu-
mina, note the more random distribution of preferred crystal ori-
entation compared to TS-1 analogues. This could be due to the
longer crystallisation time required for Fe-doped systems.
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Figure 74: XRD pattern of Fe-Silicalite films deposited on alumina sub-
strates.

The amorphous iron doped silicon dioxide films and Fe-Silicalite
films were analysed by EDX to determine if iron was incorporated
into the silicate and silicalite matrix. EDX analysis revealed the pres-
ence of iron in both the amorphous and zeolite films ca. 0.8 at.%. In
order to determine the coordination around the iron centre in both
the amorphous and zeolite films, XANES was performed on the sam-
ples in fluorescence mode (Fe K-edge). It is well-established that this
pre-edge feature is intense for metal ions having tetrahedral coordina-
tion and least intense for octahedral coordination; the intensity also
depends on the electronic structure of the metal ions in a given oxi-
dation state, for eg. systems with d° state has highest intensity and
therefore more pronounced for Ti(IV) compared to Fe(III). 9>

By comparing the XANES data of these systems with powder Fe
ZSM-5 catalysts prepared by conventional methods, FePO, (Fe(III)
ions in both these systems are in tetrahedral coordination) and Fe,O;
(Fe(Ill) ions are in octahedral coordination) systems, it can be said
that iron is in the +3 oxidation state and in tetrahedral coordination.
Thus it is clear from the XANES study that it is possible to produce
Fe-Silicalite films containing isolated tetrahedrally coordinated metal

ions in the silicalite matrix.

144



5.3 RESULTS AND DISCUSSION 145
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Figure 75: Fe K-edge XANES of various iron containing silicate films along
with respective model systems are shown. (XANES data were
recorded using fluorescence mode at B18 at the Diamond Light
Source, which operates at 3 GeV with a typical current of ca 250
mA). The 1s-3d transition (pre-edge feature) is marked as A in the
figure. The pre-edge feature intensity is highest when the metal
ions are in tetrahedral geometry, FePO, in the case of iron sys-
tems). This intensity is lowest when these ions are surrounded
by octahedral coordination, as seen in Fe,O;. Any deviation, in
particular distorted geometry, will affect the intensity of this pre-
edge feature.
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Figure 76: Fe K-edge EXAFS and associated Fourier transforms (FT) are
given along with the calculated EXAFS and FT’s for (a) FePO,,
(b) Fe-Silicalite film on alumina and (c) Fe-Silicalite powder sam-
ple synthesised by conventional hydrothermal methods.

Similarly, refinement of the EXAFS data revealed the Fe-O distances
of FePO,, Fe-Silicalite (powder sample prepared by conventional hy-
drothermal methods) and Fe-silicalite films were similar and shows
an average Fe-O distance of ca 1.85 A which is typical for a Fe(III)
in tetrahedral coordination geometry; typical best fit between experi-
mental Fe K-edge EXAFS data and the associated FI’s are shown in
figure 76.

5.4 CONCLUSIONS

A new method of of engineering dense zeolite films by combining
the advantages of CVD processing and templated hydrothermal syn-
thesis is presented in this chapter. More importantly, this method can
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be readily used to produce zeolitic films containing metal ions in the
framework sites, in such a way that these ions are accessible to reac-
tants. Furthermore, the films produced by this method are shown to
be hydrophobic in nature by Ti K edge XANES measurements. The
scalable nature of the CVD process means that this method could pro-
vide a solution to many of the challenges in producing zeolite films
for large-scale applications, in particular in the field of electronics,
gas-separation, catalysis and corrosion science. The following chapter
expands upon zeolite frameworks and explores metal-organic frame-

work films synthesised in a similar fashion.
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METAL-ORGANIC FRAMEWORK FILMS BY CVD
AND SOLVOTHERMAL SYNTHESIS

The previous chapter discussed the synthesis of zeolite films from
a combined CVD/HT route. To expand on this metal-organic frame-
work (MOFs) films were also explored from a CVD/solvothermal ap-
proach. MOFs are a relatively new class of microporous materials
which are a combination of organic/inorganic building blocks. The
synthesis of MOF films has mirrored the synthesis of zeolitic films.
As mentioned previously, the most direct method for depositing ze-
olitic films has been to use a colloidal suspension of zeolite powder
particles, which are spin coated onto the desired substrate. The prob-
lems associated with this method are that the particles are not rigidly
bound to the substrate but are loosely dispersed on the surface. Simi-
lar to the synythesis of zeolite films by CVD and HT methods, MOF
films could be synthesized by depositing zinc oxide nanoparticulate
films by CVD and subsequently converting them into MOEF-5 films
via a solvothermal (ST) procedure. These films could find application
in gas storage due to their high porosity as well the possibility of in-
troducing reactive groups into the pores as well as network flexibility
(which allows for reversible adsorption) which are the main reasons
why MOFs are emerging as competition to zeolites.

6.1 METAL-ORGANIC FRAMEWORK FILMS

Metal-organic frameworks (MOFs) are a relatively new class of mi-
croporous materials which are a combination of organic/inorganic
building blocks.”®193 They are not as stable as their inorganic con-
geners (microporous aluminosilicates and aluminophosphates), but
can survive to temperatures above 200 °C, exhibit high crystallinity
and very high surface areas. MOFs are essentially composed of metal
oxide units with organic linkers separating the metal ions, this ar-
rangement can often result in interesting structural topologies. Apart
from the high porosity of MOFs (as shown in figure 77) the possibility
of introducing reactive groups into the pores as well as network flex-
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ibility (which allows for reversible adsorption) are the main reasons
for which MOFs are preferred to zeolites in gas storage applications,
among many others.’%14519319%4Qther applications including catalysis,
luminescence and fluorescent materials, and drug storage and deliv-
ery have also been demonstrated. MOFs are used in both their pow-

der form and as continuous, thin porous membranes supported on

solid substrates.

@ zZn

Figure 77: Crystal structures of MOF-5 (left) and interpenetrated MOF-5
(right). The Zn,O,5 tetrahedral clusters giving rise to the open
framework structure are apparent. Note the pore size reduction
wuth interpenetrated MOEF.

These membranes have applications in optical coatings, catalysis,
gas sensing and separation. The synthesis of MOF films has mirrored
the synthesis of zeolitic films.??57271%4195 There are still problems
however, and direct growth of zeolite-type materials on suitably func-
tionalized supports is desirable, leading to more homogenous films
and some control over crystal orientation within the film.39:194:19
In the case of MOF films, an indirect approach of dispersing crys-
tals onto a surface from a suspension of MOF crystals has been ex-
plored.59'9 The problem however is that secure attachment of the
MOF crystals to the surface still requires suitable functionalization
in the form of self-assembled monolayers (SAMs).7197:198 However
such surfaces are not transparent, limiting the use of MOF films
in fluorescent/luminescent applications or photocatalysis.®+'9 Fig-
ure 77 shows the crystal structures of MOF-5 (left) and interpene-
trated MOF-5 (right). The Zn,O,; tetrahedral clusters giving rise to
the open framework structure are apparent. Note the pore size re-
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duction with interpenetrated MOF. The role of CVD with respect to
microporous films has normally been to deliver and load the microp-
orous films with metallic nanoparticles rather than to deposit a film
which is essentially being used as a precursor.**° By depositing zinc
oxide nanoparticle films by CVD and subsequently converting them
into MOF-5 films via a solvothermal procedure, MOF-5 films have
been fabricated on glass substrates.>?7'742°" By dip-coating the ZnO
films with a solution of H,-bdc in DMF and suspending them in-
side an autoclave we were able to synthesise non-continuous films
of cubic MOF-5 crystals that were well adhered to the underlying
zinc oxide surface. The structural phase of MOF crystals produced
and film coverage could be altered by submerging the zinc oxide
nanoparticle films in the mother liquor, which yielded dense, con-
tinuous MOF/Zn(OH),.0.5(H,O) film.

6.2 EXPERIMENTAL

Zinc-2-ethyl hexanoate (20 ml) was added to acetone (8o ml) and/or
toluene (8o ml). This mixture was stirred vigorously for 1 hour. The
precursor solution was placed in a glass bubbler and an aerosol mist
was created using a piezo-electric device. Zinc oxide depositions were
carried out under nitrogen (99.99% from BOC). The metal precursor
flow was kept at 0.6 L min-1. The substrate temperature was main-
tained at 550 °C and deposition time was 60 minutes. After the depo-
sition the bubblers were closed and the substrates were cooled under
a flow of nitrogen. At the end of the deposition the nitrogen flow
through the aerosol was diverted and only nitrogen passed over the
substrate. The glass substrate was allowed to cool to less than 100 °C
before it was removed. Coated substrates were handled and stored in
air. A schematic of the CVD set-up is shown in figure 78.

The cooled substrates were then coated with a 1.2 x 10 mol.cm3
solution of H,-bdc in DMF and transferred into a PTFE-lined stain-
less steel autoclave. Solvothermal reactions were performed at 100 °C
for 24 hours. Products were then washed with DMF and stored in
a vacuum desiccator. A schematic of the whole synthesis process is
shown in figure 79.

X-ray diffraction (XRD) was used to analyse crystallinity of the sam-
ples with a Bruker D8 X-ray diffractometer with CuKo,; and CuKa,
radiation of wavelengths 1.54056 A and 1.54439 A respectively, emit-
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Figure 78: Schematic of AACVD apparatus used for deposition of zinc oxide

films.
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Figure 79: Schematic of the process of depositing ZnO films and their sub-
sequent conversion into microporous MOF-5.

ted with an intensity ratio of 2:1, a voltage of 40 kV and current of 40
mA. The diffraction patterns were collected over an angular range of
6-38° 20. The Scherrer relation was used to determine the size of the
zinc oxide crystallites deposited by CVD from the broadening of the
Bragg peaks. The Scherrer relation was executed by running a corun-
dum standard which exhibits no line broadening due to particle size.
The data collected for the corundum standard was collected using
identical scan conditions for those of the samples. The data for the
samples and standard was then fitted to a Pseudo-Voigt peak shape
and the instrumental broadening was removed using the Gaussian
form of the Scherrer relation. Scanning Electron Microscopy (SEM)
was performed to determine surface morphology and film thickness
using a JEOL JSM-6301F Field Emission SEM at an accelerating volt-
age of 4-5 keV.
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63 RESULTS AND DISCUSSION

Crystalline nano-zinc oxide films were deposited on glass substrates
from zinc-2-ethyl hexanoate dissolved in acetone and toluene by aer-
osol assisted chemical vapour deposition. The crystalline zinc oxide
films produced by CVD resulted in nano-sized spherical particles,
ranging from 10-50 nm depending on the solvent used for deposition.
Figure 80 shows SEM micrographs of the films synthesized from ace-
tone resulted in particle size ~ 20 nm as shown from the SEM figures,
in comparison to films synthesized from toluene, with particle size

around 50 nm.

1um 100 um

100 um 100 um

Figure 80: SEM micrographs of (a) zinc oxide film deposited from zinc-2-
ethyl hexanoate in acetone (inset shows x140,000), (b) zinc ox-
ide film deposited from zinc-2-ethyl hexanoate in toluene (inset
shows x100,000), (c) Side-on SEM micrograph of zinc oxide film
from acetone and (d) side-on SEM micrograph of zinc oxide film
from toluene.

The smaller particle size of the films derived from acetone is pos-
sibly due to faster solvent evaporation as the aerosol enters the re-
action chamber, in comparison to films derived from toluene. Figure
8o(c) and (d) also shows the film thickness of the nano-zinc oxide
films. Films derived from both acetone and toluene resulted in films
~ 160 pm thick. XRD was used to probe the crystallinity of the as-
deposited CVD films. It is clear from figure 82 that the as-deposited
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zinc oxide film was crystalline and the peaks could all be indexed to
the zincite structure of zinc oxide. The XRD patterns also support the
SEM micrographs, in which the particles appear to be nano-sized as
there is significant peak broadening which can be attributed to the
nano-scale nature of the crystallites. The Scherrer equation was used
to determine the crystallite size and corroborate the particle size seen
in figure 8o.

100 um 100 um

Figure 81: SEM micrographs of (a) dispersed MOEF-5 crystallites that form
from zinc oxide (deposited by AACVD from acetone) followed
by dip coating with mother liquor and solvothermal work up,
(b) dispersed MOF-5 crystallites that form from zinc oxide (de-
posited by AACVD from toluene) followed by dip coating with
mother liquor and solvothermal work up, (c) interpenetrated (in-
set) MOF-5 film crystallites on zinc oxide (deposited by AACVD
from acetone) by submerging in mother liquor under solvother-
mal conditions and (d) interpenetrated (inset) MOEF-5 film crystal-
lites on zinc oxide (deposited by AACVD from toluene) by sub-
merging in mother liquor under solvothermal conditions.

The crystallite size of the ZnO particles was found to be 23 nm.
This correlates to the particle size as determined by SEM analysis of
the films. MOF-5 films were synthesized by solvothermal treatment
of CVD grown crystalline nano-zinc oxide films on SiO,, precoated
(ca. 50 nm thick SiO, barrier layer) standard float glass (NSG, U.K.).
Two methods of MOF film formation were developed. Dip coating
of the ZnO films in the mother liquor resulted in dispersed crystals

across the surface whereas submerging the ZnO films in the mother
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liquor resulted in dense inter-grown films after solvothermal treat-
ment. The films were white in color, passed the Scotch tape test and
resisted scratching with various grades of pencil and brass but were
removed by a steel scalpel. By dip coating the as-deposited zinc oxide
films with a solution of H,-bdc and DME, the nano sized zinc oxide
films could be converted into phase pure MOF-5 films. Figure 8o(a)
and (b) clearly shows cubic MOF-5 crystals formed from zinc oxide
films. The resultant films were not dense and continuous and MOEF-5
crystals are dispersed across the substrate. This is confirmed by the
collected XRD data, which clearly shows the presence of phase pure
MOF-5 in the dip-coated samples together with ZnO crystallites. The
submerged samples show diffraction patterns consistent with the in-
terpenetrated MOF-5 structure seen by Biemmi et al.>°* The intensity
of the MOF-5 peak at ~ 6.5° is low in comparison to the simulated
pattern as the solvent was not removed from the pores of the sam-
ples prior to X-ray analysis, this is consistent with the findings of
Hafizovic et al.*%°

* MOF-5
® * Zn(OH),.0.5H,0

ZnO

MOF-5 film
(submerged method)

MOF-5 film
(dip-coated method)

Offset intensity (arbitrary units)

nano ZnO film
T T T . T . T . T . : I(as deposited)

10 15 20 25 30 35 40
20/°

Figure 82: XRD patterns of as-deposited zinc oxide film (from acetone) on
Si0O, precoated standard float glass and conversion into phase
pure MOEF-5 film via dip coating and a mixed phase MOF via a
submerged solvothermal method. Note that the zinc oxide peaks
are still present after conversion into MOF. Peak positions related
to MOF-5 and Zn(OH),.0.5H,0 and ZnO underlayer are marked.

The underlying zinc oxide film can still be detected in all sample

patterns as shown in figure 82. Figure 8o(c) and (d) show dense, con-
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tinuous and intergrown MOF films on soda lime glass substrates. The
XRD patterns for films grown via the submerged method also show
a Zn(OH),.0.5H,0O phase. It is clear from the SEM micrographs of
films grown via the submerged method (figure 8o(c) and (d)) that the
morphology of the crystals appears to be plate like and most likely a
convolution of MOF and Zn(OH),.0.5H,O crystals.

6.4 CONCLUSIONS

Homogenous thick films of crystalline nano ZnO were deposited on
glass substrates and subsequently converted into crystalline MOF-5.
The methodology described in this chapter can enormously simplify
the process of manufacturing MOF membranes by obviating the need
for elaborate surface preparations that are currently required to im-
mobilise MOF crystals on a surface. Modification of the solvother-
mal processing technique resulted in continuous films of interpene-
trated MOF crystals rather than isolated clusters of the simpler MOF
structure that was obtained with the vapour-phase transport method.
This simplified method opens up the field of MOF film synthesis and
allows for the field to grow in that thermal CVD can be replaced
with plasma CVD, which permits deposition onto flexible substrates.
Atomic layer deposition (ALD) can also be employed to deposit amor-
phous and crystalline oxide films to give excellent control over film
thickness, which can then be converted to the desired MOEFE. Depo-
sition onto conducting glass substrates could also allow for electro-
chemical applications of MOF films. This work provides another syn-
thetic route to the synthesis of MOF films in addition to established
routes such as surface functionalization with SAMs on gold surfaces
and liquid phase epitaxy (LPE).
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CONCLUSIONS

7.1 SUMMARY OF RESULTS

Chapter 3 discussed the deposition of fluorine doped tin dioxide
(FTO) films for the potential use as electrodes in PV devices and
solar control coatings. Three CVD variants were compared. Collison-
AACVD was shown to be a more effective and simple method for
the deposition of fluorine doped tin dioxide films with excellent opti-
cal and electrical properties over films produced by APCVD, as well
as films produced by ultrasonic-AACVD. This could be attributed to
the fact that the droplets generated by this method are significantly
smaller in diameter than those generated by an ultrasonic humidifier,
resulting in shorter evaporation times, complete solute precipitation,
and a size similar to the grains as seen by SEM. This work demon-
strates a move towards tailoring functional properties of the films
to specific applications, including transparent conducting materials
for thin film photovoltaics, polymer devices and architectural glazing.
Deposition temperatures of 450 °C for c-:AACVD grown F:SnO, thin
films were found to be optimum for use as low-emissivity coatings
with a low visible light haze value (1.74%), a high charge carrier mo-
bility (25 cm?/V.s), high charge carrier density (5.7 x 10*° cm?3), high
transmittance across the visible (~ 80%) and a high reflectance in the
IR (80% at 2500 nm). A deposition temperature of 500 °C was found
to be optimum for the production of c-AACVD grown F:SnO, thin
films for use as top electrodes in thin film photovoltaics giving a low
sheet resistance (4 €2/sq) and a surface texturing on the micrometer
scale with a haze value of 8% for light scattering and trapping within
thin film photovoltaic devices. It was also shown that AACVD and
APCVD can be used to deposit highly conducting doped tin oxide
films on high temperature resistant polymer coated steel. APCVD
was developed to produce coatings with conductivities comparable
to those of c-AACVD but at a fraction of the time as required by in-
dustry specifications of the layer properties, but reproducibility was
an issue with APCVD derived films. AACVD derived films showed
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sheet resistance values comparable to the APCVD derived films but
the length of deposition was much longer.

Chapter 4 explored the synthesis of electrically conducting ZnO
films and the prospect of incorporating cationic and anionic dopants
into the ZnO structure to enhance opto-electronic properties. AACVD
was shown to be an effective and simple method for the deposition
of highly transparent and conductive zinc oxide, fluorine-doped zinc
oxide and aluminium doped zinc oxide films. The unintentionally
doped zinc oxide films discussed in this chapter displayed excellent
optical and electrical properties comparable to coatings based on tin
and indium oxides. These could be used as low-e-coatings or elec-
trodes in photovoltaics. Dopants could easily be incorporated into
the system and this was shown by synthesizing fluorine doped zinc
oxide and aluminium doped zinc oxide. Fluorine doped zinc oxide
films displayed high transparency and excellent electrical characteris-
tics. The surface morphology together with the opto-electronic prop-
erties makes this material ideal for PV applications requiring light
trapping and scattering. Aluminium doped zinc oxide films also dis-
played high transparency with electrical properties suitable for PV
applications requiring low haze and light scattering such as in DSSC.
Control over the carrier mobility, charge-carrier density, IR reflectance,
crystallinity and the surface morphology of the films have shown to
be highly dependent upon dopant introduction using this technique.

The scope of the thesis took a new turn in chapter 5, concentrat-
ing on microporous metal oxide films, and moving away from TCO
materials. Zeolite films were synthesised by developing a new com-
bined chemical vapour deposition (CVD) and hydrothermal methods.
A new method of of engineering dense zeolite films by combining
the advantages of CVD processing and templated hydrothermal syn-
thesis were presented in this chapter. The method developed can be
readily used to produce zeolitic films containing metal ions in the
framework sites, in such a way that these ions were accessible to re-
actants, i.e. presented the scope for catalysis. Furthermore, the films
produced by this method are shown to be hydrophobic in nature by Ti
and Fe K edge XANES measurements. The scalable nature of the CVD
process means that this method could provide a solution to many of
the challenges in producing zeolite films for large-scale applications,
in particular in the field of electronics, gas-separation, catalysis and

corrosion science.
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Chapter 6 expanded on the methods described in chapter 5 and
demonstrated the generality of the methods developed in chapter
6. The standard progression from zeolite film synthesis was metal-
organic framework film synthesis. Homogenous thick films of crys-
talline nano ZnO were deposited on glass substrates and subsequently
converted into crystalline MOF-5. This is the first time that an im-
mobilised dense oxide phase as a film has been converted into a
crystalline MOF material. Such methodology can enormously sim-
plify the process of manufacturing MOF membranes by obviating the
need for elaborate surface preparations that are currently required to
immobilise MOF crystals on a surface. Modification of the solvother-
mal processing technique resulted in continuous films of interpene-
trated MOF crystals rather than isolated clusters of the simpler MOF
structure that was obtained with the vapour-phase transport method.
This simplified method opens up the field of MOF film synthesis
and allows for the field to grow in that thermal CVD can be re-
placed with plasma CVD, which permits deposition into flexible sub-
strates. Atomic layer deposition (ALD) could also be employed to
deposit amorphous and crystalline oxide films to give excellent con-
trol over film thickness, which can then be converted to the desired
MOF. Deposition onto conducting glass substrates also allows for
opto-electronic and electrochemical applications. This work provides
another synthetic route to the synthesis of MOF films in addition to
established routes such as surface functionalization with SAMs on
gold surfaces and liquid phase epitaxy (LPE).
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