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Abstract

Metal oxides are a group of materials that have shown great promise in improving the efficiency of
devices based on organic materials through inclusion in the contact structures of such devices. In this
work, the deposition technique of spray pyrolysis is developed for use for the deposition of doped zinc
oxide films and molybdenum oxide films. Spray pyrolysis is of great interest as a technique for use in the
organic electronics field due to its cost, scalability and compatibility with other solution processing
techniques. This makes the technique particularly interesting for use in devices intended for large scale

applications such as lighting

The study of doped zinc oxide focuses on its application as an alternative transparent conducting layer
to the standard indium tin oxide layer. The zinc oxide layer was doped with aluminium to increase its
conductivity, and the effect of lithium doping was investigated with the intent of improving the
conductivity of the layers further. Annealing of the layers in a nitrogen environment was found to
produce layers of a similar conductivity to that of indium tin oxide and the lithium doping was found to

result in higher conductivities in annealed layers.

The study of molybdenum oxide focuses on its application as a hole injection layer included in the anode
contact of organic light emitting diodes. The deposition temperature was found to have a large effect on
the resulting device efficiencies. This effect was determined to be due to variation of the work function
and ion ratios present in the molybdenum oxide layer with deposition temperature. This work resulted
in the fabrication of devices with efficiencies double that of the standard solution processed hole

injection layer.
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1 Introduction

1 Introduction

The development of inorganic semiconductors and the devices that are constructed from such materials
is an extremely important technological development of the last century. It is difficult to over-
exaggerate the effect of such technologies on the development of human society, and developments in
transistor, light emitting diode and solar cell technology, as shown in Figure 1, as well as whole host of

other technology areas, continue to improve these devices.
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Figure 1: Some examples of devices based on semiconducting materials. From the top left these are transistors assembled
into computer chips, light emitting diodes and solar cells.!

However, inorganic semiconductors suffer from a number of fundamental limitations which, despite the
progress made in their development over the last 50 years, may make them undesirable for future use.
In particular, the fabrication of inorganic devices typically requires extremely pure materials as well as

high temperature and high vacuum processing. These requirements lead to the need for a certain style
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of manufacturing that prevent reductions of cost of devices and also requires a large financial

commitment to build a production line suitable for device manufacture.

It is these factors which have resulted in the large interest in the possibility of organic semiconductors,
first discovered in the 1960s.2The possibility of using organic materials to produce electronic devices,
along with the associated changes in manufacturing technique, have driven research in the area of
plastic electronics in the last fifty years. Some examples of organic electronic devices include high

definition televisions and mobile phones made by companies such as Panasonic and Samsung.
Organic semiconductors

The major differences in the manufacturing requirements of inorganic and organic semiconductors arise
from the physical differences between the materials that give them their properties. Fundamentally the
properties of inorganic semiconductors are due to their atom based crystalline structure and the

periodic lattice that this provides.

In contrast to this, the properties of organic semiconductors are due to the molecular structure of the
material. The crystalline or amorphous nature of the organic material also has a large effect on the
physical properties of the material, but is not responsible for the fundamental semiconducting

properties.

This leads to the two distinct advantages. As the properties of the material are not necessarily
dependant on the presence of a crystalline structure, features of the fabrication process of inorganic
semiconductors normally required to produce this, such as extremely high purity materials as well as

high temperature and vacuum processing, can be discarded.

The dependence of material properties on molecular rather than crystalline arrangement also greatly
increases the opportunities for the discovery of new materials. The effectively infinite combinations of
different functional groups and structures available offer a large scope for producing materials with
desirable or unusual properties. This is in contrast to the inorganic field where influence on the material
properties has traditionally been limited to doping of the crystal lattice with other elements, although
the more recent developments in the field of nanotechnology have shown that these limitations can be
overcome by reducing the length scales of the materials. Quantum confinement then provides a new
parameter to influence the behaviour of the material, the most publicised example of this technique

being that of quantum dots.?
14
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However, there are currently various limitations of organic semiconductors that prevent their

widespread adoption as the material of choice in modern electronic devices.

The focus of this project is on the specific problem of the electrode systems for organic electronic
devices, that is the materials responsible for bringing carriers to or from the active layers of the device.
Two major problems exist with development of contact layers for organic devices when compared to

previous work on inorganic materials.

The first of these is the nature of the band structure of the materials involved. When inorganic materials
are used to fabricate semiconducting devices, p or n type doping can be used to manipulate the energy
levels of the material to achieve the desired properties, for example in a p-n junction. As the physical
behaviour of organic semiconductors is molecular in origin, doping processes occur in a different
manner, and cannot be used to manipulate the electronic structure of a device in the same way,
although doping can be used as a strategy to increase the conductivity of carrier transport layers.*
Organic semiconductors often have deep energy levels that places a stringent requirement on the

contact materials used in the device.’

The second issue is related to typical deposition methods of semiconductor materials. As has been
mentioned, one of the major advantages of organic semiconducting materials is the lower energy non-
vacuum processes that can be used to deposit them. This advantage is diminished, however, if other
layers used to fabricate the device still require higher energy vacuum techniques to deposit. One of the
final goals of the applications of organic semiconductors is to fabricate devices using only low energy
deposition techniques, which requires every layer in the device to have been deposited using such

techniques.

The aim of this project is to investigate one of these lower energy deposition methods, that of spray
pyrolysis, and apply it to the deposition of some of the layers required for the operation of organic
semiconducting devices. In particular, the project concerns the spray pyrolysis of the metal oxides zinc
oxide and molybdenum oxide in those devices. Spray pyrolysis is a particularly interesting technique in
its potential for large area high speed deposition of material, and although its application as a deposition
technique has long been a topic of study, the specific application of the technique to the field of organic
electronics is relatively unknown. This project hopes to explore the deposition technique with
application to the field organic electronics. The experimental focus of the project was specifically on

fabricating organic light emitting diodes, but as the work performed is on contact materials the results
15
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obtained are applicable to the organic electronic field in general, as the layers can be incorporated in

various types of semiconducting devices.
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2 Background Theory

2.1 Introduction
This section aims to give the reader the necessary context for the experimental work performed in this
project. This section is thus divided into three sections which represent the main background of the

project.

The first section details with the basic theoretical background associated with organic semiconductors
and physics associated with contacts formed of semiconducting materials. A brief introduction to the
two categories of organic semiconductors will be given, and some of the differences between the
physics of inorganic and organic semiconductors will be described. This will be followed by a discussion
of the basic physics of interfaces between materials. The effect of the physical properties of materials on

the interface that forms at a contact between those materials will be discussed.

The second section deals with the common device structures used when fabricating an organic
semiconducting device. This section aims to give the reader a background in the common layers and
overall structure used to fabricate an organic device. The section will then deal with some of the general
considerations for layers that are going to be incorporated into a device stack, such as roughness and

transparency.

The third and final section then describes some of the currently used layers in organic semiconducting
devices. This section aims to give the reader context as to the current state of the art for contact layers
in organic semiconducting devices. Current research and development on various types of layers will be
discussed, along with the typical layers used for comparison to new developments. This will allow the
reader to compare the experimental results obtained in the body of the work to the current state of the

art.
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2.2 Organic semiconductors

Small molecule and polymer organic semiconductors

Immediately, it is useful to draw a distinction between the two main branches of organic semiconductor
research. All organic semiconductors are defined by the presence of n-delocalised electron systems in
their structures. The overlapping of these delocalised systems produces the semiconducting behaviour

of the material.

However, organic materials can then be divided into two distinct groups, those of small molecule

structure and those of polymer structure.

Qo0 10

Figure 2: Pentacene, (Left) and Poly(p-phenylene vinylene), or PPV. (Right) Pentacene is an example of a small molecule
organic semiconductor that can be used to produce organic transistors. PPV is an example of a polymer organic
semiconductor that can be used as an emitting layer in light emitting devices

Pentacene is an example of a small molecule organic semiconductor, and is shown in Figure 2. Small
molecule organics are usually processed using physical deposition methods such as evaporation due to
their insolubility. Physical deposition techniques produce films with relatively high luminescent
efficiencies, and as a result most commercial applications in displays of organic semiconductors have

been based on small molecule materials.

The other class of organic semiconducting materials are polymers. Poly(p-phenylene vinylene), or PPV,
as shown in Figure 2,was the first conjugated polymer to be successfully incorporated in a light emitting
diode.® Polymer semiconducting materials are deposited using solution processing. Although solution
processing does have various advantages over physical deposition methods, the luminescent
efficiencies of polymer semiconducting materials has traditionally been lower than small molecule
materials.” In contrast to this, in the photovoltaic device area conjugated polymer and fullerene blends
have achieved higher efficiencies, as the solution processing techniques available lend themselves to

forming a bulk hetrojunction structure.®
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The distinction between these two classes of material is important due to the differences in the way
they are fabricated. Although they may have better properties, small molecules are typically deposited
using methods similar to that of inorganic semiconductors, although research is being performed into
overcoming this barrier.*° In contrast to this, polymer materials are deposited using solution processing

that has advantages such as higher possible throughputs and reduced limitation on substrate size.
The HOMO and LUMO level

The energy levels of semiconducting materials are an important property when understanding their
behaviour in devices. In organic materials, the analogous features to the valance and conduction band of
an inorganic material are the highest occupied molecular orbital and lowest unoccupied molecular

orbital, or HOMO and LUMO respectively.

The origin of these energy levels is the hybridised energy levels of the carbon atom. The presence of SP?
hybridisation or ‘double bonds’ in a molecule leads to the presence of an electron state orientated
perpendicular to the bond between carbon atoms. This ri-delocalised system can either be in phase or
out of phase with neighbouring systems, in what is known as the bonding and anti-bonding states
respectively. If two interacting atoms are considered, this results in the splitting of the single atomic
energy level into a lower energy 7t state and a higher energy nt* state. The two electrons available in the

1t delocalised system then occupy and fill the it state leaving the t* state empty.

The Hickel approximation, which describes a 1-D nt-delocalised system as a linear sum of atomic
orbitals, can then be used to describe a mt-delocalised system containing 2N atoms. The additional
orbitals cause the splitting of the molecular energy levels into 2N states, the bottom half of which are
filled by the available 2N electrons, leading to N filled states with N empty states lying above them. It
would be expected that such a system would show metallic behaviour. However, the materials instead
show semiconducting behaviour. This deviation is explained in terms of Peierl’s distortion, which
considers that the polymer chain does not form a chain of equally spaced atoms, instead forming a
dimerised chain. This effective doubling of the lattice period opens a band gap between the highest 1t
state and the lowest ni* state of the delocalised system, resulting in semiconducting electronic

behaviour.

The energy required to remove an electron to vacuum from the HOMO of an organic polymer is termed

the ionisation potential. The energy required to place an electron into the LUMO is termed the
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electronic affinity. The values of these quantities for some common organic materials are shown in

Figure 3.
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Figure 3: The HOMO and LUMO levels of some common small molecule and polymer organic semiconductors.> The columns
indicate the band gap of the materials, with the HOMO and LUMO levels being present at the bottom and top of the column

respectively.

Carrier types

Another important consideration when working with organic semiconductors is the nature of carriers
responsible for charge transport. In inorganic semiconductors, charge transport is usually dominated by
free electrons and holes moving in the conduction and valance bands. In organics, charge transport is

due to polarons.

In an inorganic semiconductor, electrons in allowed Bloch wavestates are considered to be delocalised
across the crystal and free to move through the crystal lattice. However, this long range order does not
necessarily exist in an organic structure. Transport is considered to instead take place via ‘hopping’ of
electrons between the ionic centres of the chain, both along the polymer backbone and also between
distinct polymer chains. This hopping process is governed by the overlap of the electronic wave
functions of the two states. However, the presence of the electron on the atom causes a change in the
surrounding molecular arrangement. This ‘lattice relaxation’ of the molecule associated with the

electron and hole causes a shift in the energy levels of the states away from the HOMO and LUMO
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levels, and the combined electron or hole and associated lattice relaxation is termed an electron polaron

and hole polaron.

Another important species in organic behaviour is the exciton. When an electron is excited to the
conduction band, leaving a hole in the valance band, it is possible for the pair to become bound together
by the coulomb interaction between the oppositely charged carriers. If the carriers become bound in
this way, they can diffuse through the crystal structure as a single neutral particle which is termed an
exciton. The potential gained though the coulomb attraction between the two charges is termed the
exciton binding energy, and results in the electronic transition associated with excitions being at a

slightly lower energy than the band gap of a material.l!
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Figure 4: A schematic diagram of the two categories of exciton. The left image shows a delocalised Mott-Wannier excition of
low binding energy, typical in inorganic semiconductors. The right image shows a localised Frenkel exciton with a relatively
high binding energy, typical in organic semiconductors.

In inorganic semiconductors, the relatively large dielectric constant of the material usually results in
screening of the coulomb interaction between the carrier pair, resulting in small exciton binding
energies (<20meV) which are usually not stable at room temperature, resulting in the device properties
being dominated by free carriers. Excitons of this type are termed Mott-Wannier excitons, whose low
binding energy results in a hole-electron pair that is delocalised across multiple lattice spacings and can

be easily dissociated.

In organic semiconductors, however, the dielectric constant of the material is usually lower, resulting in

exciton binding energies of the order of 0.5eV. These Frenkel excitons are tightly bound, and the hole-
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electron pair is thus localised on a single molecule. The exciton binding energy in this case is significantly
higher than the room temperature energy ksT, where kg is Boltzmann’s constant (0.025eV). Figure 4

shows examples of each type of exciton.

Excitonic properties have significant effects on organic semiconductor behaviour. One of the most
important of these is that the nature of the interaction between the spin state of the electron and hole
wavefunction leads to four possible excitonic states. One of these states has spin quantum number 0O,
and is referred to as the singlet state. The other three degenerate states have spin quantum number 1,

and are collectively referred to as the triplet state.

These states are important as in organic molecules only the singlet exciton has an associated radiative
decay process, known as fluorescence. As statistically it would be expected that only 25% of excitons
produced would be in the singlet state, this greatly lowers the efficiency of emission from the material,
as all triplet excitons decay non-radiatively. This is because radiative decay of a triplet state would
require the change in spin of one of the species forming the exciton.!? This problem can be overcome by
the introduction of a dye in which radiative triplet decay, or phosphorescence, can occur. This can
theoretically allow 100% of generated excitons to emit a photon from the material, as the presence of

the heavy metal allows intersystem crossing and the triplet to emit radiatively.?
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2.3 Device Structure
The previous section dealt with some of the basic theory describing the interfaces in organic

semiconducting materials. This next section will discuss the considerations when several different

materials are selected and assembled into layers to form a working device.
Common device structure

The structure of the layers within the device is also an important consideration for optimal device
performance. Fundamentally, at least three components must be present. These are the cathode and
anode for electron and hole injection and an active layer for the emission of light. This basic structure in

the case of an organic light emitting diode (OLED) is shown in the left image of Figure 5.

Cathode Cathode Cathode Cathode
ETL ETL
. n-type Emitter .
Emitter B tynelEmitter Emitter
HTL HTL
Anode Anode Anode Anode

Figure 5: Common OLED architectures showing the most basic device structure in the far left image, utilising an electron

transport layer in the left image, a hole transport layer in the right image, and a combination of both in the far right.*

For any device that requires the emission of photons either the cathode or the anode material must be
at least semi-transparent. The efficiency of the device is then heavily dependent on the degree of

transparency of the layer.

A schematic diagram of the energy levels and emission process in a device with basic structure is shown

in Figure 6.
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Emissive Layer Cathode

E(eV)

Figure 6: A schematic diagram of the emission process in a basic OLED. The black circles represent electrodes and the black
circles represent holes. Holes are injected into the emissive layer from the anode. The holes must overcome an injection
barrier to do so, which is the difference between the work function of the anode and the HOMO level of the emissive
material. A similar process occurs for electrons at the cathode. The holes and electrons then move to an emissive zone in the
device where they bind in an exciton and decay radiatively to emit light.

In a simple single layer device the structure places a large number of constraints on the organic material
being used as an emitting material. High electroluminescent quantum yields are desirable for efficient
photon production. The HOMO and LUMO levels of the material should be at the correct levels to
facilitate maximum and balanced carrier injection from the cathode and anodes. This means in practice
that the work function of the anode should be as deep as possible and the work function of the cathode
should be a shallow as possible. This reduces the hole and electron injection barriers that are apparent
in Figure 6 to as low a value as possible, which increases injection efficiency and therefore device
efficiency.’® The band gap of the material should be of the correct size to produce desirable spectral

emission.

In addition to this, high and balanced mobility of both electrons and holes within the material is another
desirable property of the emission layer. This good carrier transport is useful as mismatched carrier
mobility in a single layer device leads to relaxation and emission occurring close to either of the injection
contacts of the device, a situation that reduces the overall efficiency of the device due to surface
plasmon resonance with the injection contact material.’® These various considerations give rise to an

equation for OLED efficiency:
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Dp = Pp; X XI5 g Equation 1
Where @g; isthe electroluminescence quantum efficiency of the device, ®p; isthe
photoluminescence quantum efficiency of the material, 1 is a charge balance factor and Is_; isthe
singlet to triplet ratio. It should be clear that it would be very unlikely that any single material could exist
that is ideal for all of these requirements. In particular, most fluorescent organic materials have either n-
type or p-type transport characteristics with most of the relevant organic materials being p-type,*

resulting in hole mobilities orders of magnitude higher than electron mobilities.

To produce devices of higher efficiency it is thus necessary to combine multiple layers which are
optimised to perform one or more of the various requirements for a device. An emission layer can be
chosen to provide the desired spectral output with as high a luminescent efficiency as possible. Carrier
transport layers can be selected to reduce the injection barrier for the relevant carrier, as well as to

block transport of the opposite carrier

If the example of an organic device using a p-type organic emission layer with an electron transport
layer is used, with reference to Figure 6 it can be seen that a transport layer with a correctly selected
conduction band or LUMO level will facilitate electron injection into the device by reducing the potential
barrier for injection from the cathode. An extra layer would provide this function by having a shallower
valance band than the cathode, leading to a reduced electron injection barrier. A correctly positioned
valance band or HOMO level, on the other hand, produces a large potential barrier which prevents holes
from reaching the cathode and recombining non-radiatively. A hole transport layer could also be added
to this device if the correct material was selected to provide the opposite action at the anode. However,
adding more layers to a device complicates the fabrication process, especially so when solution

deposition is used.
Conductivity of contact layers

In the above treatment the injecting contact is considered to be an infinite reservoir of carriers, which is
capable of injecting (or extracting) as many carriers as is required into the device. In addition to this, the
injecting contacts must be capable of ‘spreading’ current equally across the entire surface area of the

device to produce uniform emission in an OLED. This effect is shown in Figure 7.

25



2 Background Theory

Figure 7: A schematic representation of the effect of a low conductivity material used as the contact in an emissive device.
The left image shows the layout of the pixel, with the yellow layer representing a conducting layer and the green a emissive
layer. When a voltage is applied at the connecting pin, the drop in potential across the conductive layer leads to a variation
of light emission as shown in the right image of the pixel when viewed from below.

Silver is the material with the highest known conductivity of 6.3x10°Scm™.Y” This value is characteristic
of metals commonly used for semiconductor devices, such as aluminium. When dealing with a two-

dimensional contact, the typical figure of merit is the sheet resistance of the contact, defined by:

Ry = § =— Equation 2

Where p is the resistivity of the material making up the contact, o is the conductivity and d is the
thickness of the contact. It is clear that to minimize the sheet resistance the conductivity and thickness

of the contact should be maximised.

Although ideally the conductivity of a contact layer will be as high as possible, other requirements may
conflict with this. In particular, one of the conductive layers in an optical device is required to be
transparent. This is a major issue since the transparency and the conductivity of a material are
correlated properties, as they are both dependant on the distribution of electronic states in the

material.

Three metal oxides, those of indium, tin and zinc, can exhibit the property of remaining reasonably
transparent while retaining a modest level of conductivity.'® Tin doped indium oxide, or ITO, has been
established as the most common commercial choice when choosing a transparent conduction layer for a
device.' This is fundamentally because of the superior conductivity of ITO when compared to any other

transparent conducting material.

26



2 Background Theory

Transparency of contact layers
The optical behaviour of any material can be described by the complex refractive index:

fn=n+ik Equation 3
The imaginary part of the refractive index, characterised by the extinction coefficient k is then related to
the loss of intensity of light passing through the material by the absorption coefficient o and the Beer-

Lambert law:

_ . 4mk
I =1Ie Equation 4 where a = %

Where x is the thickness of the material and A is the wavelength of the incident light. To achieve minimal
absorption transparent contacts have been based on wide band gap metal oxides that have a low
extinction coefficient at energies corresponding to visible light.*® The thickness of the contact should
also be minimised, but this must be balanced with the overall sheet resistance of the contact which will

increase with decreased thickness.
Refractive index coupling

In addition to the absorption of a material, the behaviour of light at interfaces within the device is also a
factor that must be considered. The reflection of light from an interface is determined by the Fresnel
equations and at normal incidence is independent of polarisation:

ng—ngq 2 .

R, =R; = (M) Equation 5

Where ng and n; are the refractive indices of the two materials that make up the interface. The Fresnel
equations show that a material with a large refractive index will have a large reflection coefficient at an
interface with air. This will result in light extraction from the device being difficult, and is a particular
problem with inorganic semiconductors due to their relatively larger permittivity &, and thus refractive

index, which are related by:

i =& Equation 6
Extraction is usually not as large a problem when working with organic materials due to their relatively
lower permittivity than inorganics, but the inclusion of index coupling layers for increased extraction is

an option available for improving efficiency.?°
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In contrast to this, it is usually desirable for the other contact to be as reflective as possible to maximize
the output of light thorough the transparent contact of the device. This is usually easily achieved
through the use of a metallic contact, but becomes a consideration if the geometry of the device does
not allow for this. If the device is intended to be used in high ambient light conditions, however, the
reflectivity of the back contact may need to be reduced to prevent the reflection of ambient light back

out of the display.
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2.4 Current contact layers

The previous two sections have discussed some of the basic theory and requirements of contact layers
in semiconductor devices. This final section of the background theory deals with some of the materials
commonly used in the contact structure, to give the reader a background for comparison with the work

then performed later in the thesis.

The work in this project has focused on the anode contact structure, the section of the device
responsible for hole injection into the device. This section will thus deal with the typical hole injection

structure of an organic semiconducting device.
High work function metals

The ideal metal for use as an anode material is gold, with a work function value of 5.1eV?! when clean. If
injection into even lower lying HOMO levels is required, then platinum, with a work function value of
6.3eV%, can be used. Gold is also a desirable contact material due to its chemically inert behaviour and

thus chemical stability in air once deposited in a device as a contact material.

However, for devices requiring the emission or absorption of photons to operate, one of the contacts of
the device is required to be transparent. Due to the convenience of the semiconductor industries past
development of ITO as a transparent conductor, along with the lack of suitable transparent conducting
materials to act as a cathode contact, the standard device structure requires a transparent anode
contact. However, research into the so called inverted device structure, where the cathode is

transparent, is ongoing.?

An approach to allow gold as the anode contact material in the standard device is to attempt to reduce
the absorption of the gold layer. Examples of this include fabricating a layer as thin as possible to reduce
absorption?*, where layers a thin as 7nm are used. Nano-structuring of the metal layer is another
approach?®, where a percolating network of gold nanowires, for example, maintains conductivity levels

while reducing the absorption of the films.

However, any attempt at reducing the thickness of the layer has a corresponding effect on the

conductivity of the layer, and achieving properties comparable to ITO can be problematic. In addition to
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this, most methods require extra processing steps to prepare the layer compared to contacts consisting

of the bulk material.
Tin doped indium oxide

Indium tin oxide is the material of choice when considering a transparent contact in a device.
Commercially available ITO has a resistivity value of 1x10*Qcm, which corresponds to a sheet resistance
of 10Q); for a typical layer thickness of 100nm.?® Commercial ITO layers are typically deposited via
magnetron sputtering from an ITO target which is typically composed of 90% In,03 and 10% SnO,. ITO’s

work function is measured to be 4.45eV?’, although this value varies with contamination.?

Fundamentally, it is this conductivity that has made ITO the material of choice for use as a transparent
conductor in most devices, as this is the property that allows devices to work at high efficiencies.
However, ITO does have a number of disadvantages that have led to a large research effort in an

attempt to replace it with other materials.

The first of these is the problem of the scarcity of indium as a raw material for use in devices. Supplies of
the metal are considered under threat, and as the majority of indium production takes place in China,
there is great interest in an alternative transparent conducting material to reduce the reliance of

modern technology on indium.?

In addition to this, another issue with ITO with respect to plastic electronics is its lack of flexibility. While
having good properties when deposited on glass substrates, ITO is not suitable for use in plastic
electronics on plastic substrates.® This is due to the fact that flexing of the layer causes fractures in the

crystalline structure, with a corresponding reduction in the conductivity of the material.

Another problem with the use of ITO is the temperature required to deposit a layer of good properties.
To obtain a layer with high levels of conductivity, transparency and other properties that have an effect
on device performance such as surface roughness, sputter coating at temperatures that are not plastic
compatible is required.3! Moderate properties can be obtained by sputter coating at room temperature,
however.32 The requirement for sputter deposition also can place limits on the physical size of the
substrate due to limitations in the size of the sputter chamber, although the technique may be

performed in a roll-to-roll process.
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The research effort to improve the transparent conductors available has followed two main themes. The
first of these is the attempt to find a replacement material with some of the desirable properties of ITO,
while the second has focused on improving the properties of deposition techniques used both for ITO

and for other materials.®
Solution processed materials

The materials discussed so far in this section are typically deposited using evaporation or sputtering
processes. These techniques will be discussed in more detail in the next section. However, as has been
discussed earlier, one of the main advantages of polymer semiconducting material is their compatibility
with solution processing techniques. There was thus a need to develop contact materials that are also

compatible with these fabrication methods.
Poly(3,4-ethylenedioxythiophene):Poly(styrene sulfonic acid) (PEDOT:PSS)

PEDQT is an electrically conductive polymer which is insoluble. The addition of PSS during
polymerisation results in a water soluble transparent material that can easily be spin coated to form

conductive layers.?® The structure of PEDOT:PSS is shown in Figure 8.

O:‘CI;:O O:?:O
o OH

Figure 8: The chemical structure of Poly(3,4-ethylenedioxythiophene):Poly(styrene sulfonic acid) (PEDOT:PSS) a material
commonly used in the contact structure of organic electronic devices. The top image shows the PEDOT component of the
material, and the bottom the PSS component in its ionic (left) and acid (right) forms

PEDOT:PSS is incorporated into the anode contact structure for several reasons. The first of these is to
reduce the surface roughness of the stack. ITO typically has a surface roughness of 3nm, depending on
the surface treatments used.3* PEDOT:PSS films can have surface roughness of lower than 1nm.% This

reduced surface roughness is favourable for device performance. In addition to this, it has been found
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that the ITO layer may act as source of oxygen leading to oxidation of the active layer, formation of
quenching sites and thus degradation of the device.?® The incorporation of a PEDOT:PSS layer blocks this

degradation while still allowing charge transport.

In addition to this, PEDOT:PSS has a higher work function than ITO, measured as 5.1eV.*” This means the
inclusion of a layer can reduce the hole injection barrier present at the anode, leading to better charge

injection into the device.

The conducting properties of PEDOT:PSS have led to interest in the possibility of therefore utilising the
material as the sole contact for the device,*® removing the need for the presence of ITO in the device
and the limitations that come with this. Conductivities of over 1000Scm™ have been achieved using
various methods.* Various approaches are being applied to increase the conductivity of PEDOT:PSS,
such as chemical modification of PEDOT as it is synthesised*® or by doping the layer with additives to

affect the morphology.*

These successes in improving the properties of PEDOT: have led to the ITO/PEDOT combined contact

becoming the standard design used for the anode contact in polymer semiconducting devices.
Metal oxides

The inclusion of metal oxides into semiconductor devices began when ITO became the standard material
to be used as a transparent contact. However, in recent years metal oxides as a general group of
materials has been shown to increase the efficiency of organic semiconducting devices when

incorporated into the contact structure.*?

Examples of this include the incorporation of molybdenum oxide (Mo0Q3)*, tungsten oxide (WQOs) ** ,and

vanadium oxide (V20s)* in the anode contact, or the use of titanium oxide (TiO2) *° and zirconium oxide
(Zr0,)? in the cathode contact. The properties of metal oxides show a wide variation which is

determined by the positions of the 4d bands of the metals and how these bands are filled.

The incorporation of metal oxides into organic devices to form so called hybrid devices has several
advantages. The varied conduction and valance bands of the different metal oxides provides the
opportunity for metal oxides to perform a number of different functions in the device, the main point of

interest being the possibility of being incorporated into the anode or the cathode of a device.
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In addition to this, metal oxides have been found to reduce the degradation of hybrid devices that they
are incorporated into. This is due to the fact that in both the anode and cathode the metal oxide will
usually be replacing a material such as PEDOT:PSS in the anode or calcium in the cathode. The strong

bonding in the metal oxide lattice in most cases results in an increased resistance to degradation.

Many metal oxides have the additional advantage of a wide band gap, being around 3eV for several of
the examples already mentioned. This results in the materials being non absorbing of visible light,
allowing their inclusion in devices based on the absorption or emission of light without any increase in

unwanted absorption and therefore decrease in device efficiency.
Zinc oxide

Zinc oxide is a material that has come under attracted considerable interest for a number of reasons.
The first of these is that is has a wide band gap of 3.37eV.® This band gap has led to interest in the use
of ZnO in optoelectronic devices for the blue and UV regions of the spectrum. In addition to this, ZnO
also has a excitonic binding energy of 60meV?, a large value for an inorganic material, and larger than
ksT at room temperature. This means ZnO is of interest for application in materials based on excitonic

effects.

In addition to this, ZnO has shown the possibility for use in thin film transistors due to the relatively high
mobility that can be achieved when deposited as a thin semiconducting layer in addition to advantages

in ease of fabrication compared to other alternatives.**°

There is also great interest in the use of doped ZnO as an alternative transparent conducting layer to
ITO.*® Zinc oxide’s wide band gap as discussed above is the fundamental property that results in its
transparency. The interest in zinc oxide in particular is due to the scarcity of indium as a raw material.
Replacing indium with the much more common materials zinc and aluminium, in the case of aluminium
doped zinc oxide, would be useful in the reducing dependence of the display and solar industries on a

single material.

Finally, ZnO is also of interest for piezoelectric devices®! and for its luminescent properties®?, as well as

other niche applications.

Source of conductivity in Zinc Oxide
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Zinc oxide forms crystals of the wurtzite lattice structure. Its work function is measured to be 5.3eV,
although this is reduced to 4.5eV when doped with aluminium.>®  Zinc oxide films have in general been
found to be n-type, although the cause of this property is under significant current debate.> The

conduction and valance bands of ZnO have been calculated to be at 4.1eV and 7.5eV respectively.>

Zn0 has been shown to have intrinsic n-type conductivity even when no intentional dopants have been
introduced. This conductivity is assumed to be due to the presence of oxygen vacancies and zinc
interstitials in the lattice.’®>” However, there is current debate as to whether this is indeed the case, and
impurities such as copper, as well as the possibility of hydrogen interstitials acting as shallow donors in
the material have also been considered.>* Nonetheless, the exact source of the n-type behaviour

remains under discussion.

There are plausible dopants available to attempt to produce both n and p type zinc oxide. Possible
donor materials include boron, aluminium, gallium and indium as substituents for zinc in the crystal
lattice, as well as fluorine as a substituent for oxygen.>* The possibility of hydrogen interstitials has also
been discussed. In practice, by far the most common option considered is aluminium, and aluminium

doped zinc oxide or AZO films will be discussed in more detail in the next section.

Theoretically, there are also several acceptor materials available to produce p-type zinc oxide, a material
that would be very useful in allowing the fabrication of ZnO diodes and other optoelectronic devices.
Lithium, sodium and potassium are possible candidates as substituents for zinc in the lattice, and

nitrogen, phosphorus, arsenic and antimony are potential substituents for oxygen.>*

There have been various attempts to use these acceptor possibilities to produce p-type ZnO films and
devices based on such layers.’®® However, either there is no demonstration of a working device based
on the layer, or there has been difficulty in reproducing the performance of such devices. So it can be

seen that the p-doping of ZnO remains a controversial but interesting area of research.
Deposition of Zinc Oxide

The properties of an aluminium doped zinc oxide layer depend significantly on the method and
conditions of the deposition of the layer. The standard method of deposition of an AZO film is sputter
deposition.'®®? However, there are a number of disadvantages to deposition of the layer through this
method. In addition to the problems with sputter deposition described in the section dealing with ITO,

depositing a uniform resistivity film through sputter coating has been shown to be difficult.®?
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There is thus an interest in an alternative method of depositing the zinc oxide layer, and two approaches
that have been gaining in popularity are spray pyrolysis and pulsed laser deposition. Pulsed laser
deposition, or PLD, is a process that is in some respects similar to sputter coating, except a high power
pulsed laser beam is used to ablate the target instead of a ion beam.®® PLD has been used to successfully
deposit various transparent conducting materials, including ITO and AZO, with impressive levels of

conductivity.®
Spray Pyrolysis of Zinc Oxide

As discussed in the previous section, zinc oxide has received significant attention for use as a
transparent conducting material due to possible scarcity and price issues of relying on indium as a
component material in indium tin oxide. The general advantages of spray pyrolysis have also been
discussed in the experimental methods section, the main advantage being its scalability when compared
to sputter deposition based techniques. This makes the technique particularly desirable when

considering transparent conductors, which have significant use in many modern devices.

It can thus be seen that use of the spray pyrolysis technique to deposit zinc oxide as a transparent
conducting layer would lead to significant reductions in the cost of fabricating electronic devices. Spray
pyrolysis is particularly suited for the deposition as zinc oxide often requires doping to produce
acceptable levels of conductivity in the material. Spray pyrolysis is particularly suited to the doping of
materials due to the ease by which dopants can be incorporated into the layer by inclusion of a doping

precursor in the initial spray solution.

There have been previous attempts to deposit doped zinc oxide as a conductive layer via spray pyrolysis.
These methods use various different dopants® and spray precursors®®, but all the methods suffer from
either an unacceptably high resistivity when compared to that of indium-tin oxide, or require a post

deposition annealing step to achieve similar levels of conductivity.

In this work, the effect of adding additional dopants to the spray process is considered. Previous work
has shown that the addition of small quantities of lithium to zinc oxide films prepared by spray pyrolysis
can increase the mobility of the film when incorporated into thin film transistors.®” It was postulated in
that work that the increase in mobility seen was due to the lithium acting as a sintering aid and

increasing the grain size of the deposited film.
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Applying the same principle to the deposition of a conductive film may also lead to higher conductivities
when deposited at a similar temperature to previous methods, or an equivalent conductivity achieved at
a lower deposition temperature. Previous doping of zinc oxide with lithium has been attempted with the
view of achieving p-type behaviour in zinc oxide,*®%8% and thus other possibilities with lithium doping

have not been much investigated.
Molybdenum Oxide

Molybdenum oxide (MoOy) has generated interest for use in anode structures in devices. A thin (<30nm)
layer of MoOy deposited between the ITO anode and the active layer of a device has been shown to
produce a significant increase in the electroluminescent performance of the device.*® The metal oxide

layer is typically sputter deposited or evaporated onto the layer of ITO in the device.

However, the source of this improvement in device performance is under considerable debate. Part of
the confusion arises from the fact that there are substantial variations in the literature as to where the

fundamental energy levels of MoOy are reported to lie.

In earlier studies, MoO, is stated to have a work function of 5.4eV,* and the conduction and valance
bands are reported to lie at 2.3eV and 5.4eV respectively.”%’! It should be noted that these figures are
guoted as recently as 2007. These values led to an explanation of the improvement in device
performance consistent with these figures. It was explained that the low conduction band energy of
MoOx relative to vacuum, when compared to the LUMO levels of organic materials, for example 3.3eV in
the case of F8BT, acted as an electron blocking layer. Correspondingly, the valance band at 5.4eV when
compared to the work function of ITO at 4.5eV, was considered to improve hole injection into the deep
lying HOMO levels of the organic semiconductor in the device by reducing the injection barrier. MoOy

was thus considered to be acting as an electron blocking-hole transport layer.

However, other more recent measurements have placed the conduction and valance bands of MoOy at
6.7eV and 9.7eV, and the work function of around 6.8eV.”%”3 It should be noted that this is a change of

approximately 4eV in the positions of the bands from what was considered previously to be the case.

The reason for such large variations in the measurements of the band energies is suggested to be
contamination of the surface. Air contamination is shown to reduce the energy levels of MoOy by
approximately 1eV,”* and residual water in devices has also been suggested to be responsible for the

shift in the energy levels of the material.”?
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Methods of action of device improvement

The consideration of these new energy levels has led to a different suggestion for a model to explain the
improvement seen through the use of MoOxin a device. It has been proposed that hole injection is
occurring at the interface between MoOy and the organic material via the extraction of electrons to the
conduction band of MoO,.”® This hopping process is possible due to the extremely low lying conduction
band of MoOy, and the presence of oxygen vacancies in the material giving rise to n-type behaviour with

the Fermi energy lying close to the conduction band.”

However, this model has been challenged*?, as there are other oxides with conduction bands that are
not deep enough for the hopping to occur, for example nickel oxide (NiO) on a-NPD, where the
conduction band of the metal oxide is 2eV above the HOMO of the organic, yet an ohmic contact can

still be obtained.

In addition to this, a further mechanism has been proposed as to the method of action of the MoOs3
layer, namely that of interfacial charge generation.”® In this model, the offset between the conduction
band of MoOy and the organic layer is itself proposed to generate electron hole pairs thorough charge
separation at the interface. The electron is then transported in the conduction band of MoOs to the
anode, and the hole is transported in the organic layer to the recombination zone as normal. This
mechanism is similar to the concept of interfacial carrier generation layers in stacked devices.”” Evidence
is suggested for this model in the improvement of current density of a device containing a hole blocking
Ceo layer at the ITO anode on the addition of MoOx. The increase is attributed to the charge generation

occurring at the MoOxlayer.

It can thus be seen that there are several models proposed for the action of MoOs in organic devices,
and the method of this action remains poorly understood. In addition to this, although attempts have
been made to investigate the widely varying energy level measurements, the effect of contamination
and the deposition methods for MoOy layers also remains poorly understood, offering an interesting

opportunity for research.
Incorporation of MoOy in OLED devices

The results discussed so far in this work have focussed on the use of metal oxides as a transparent

conductive layer, and the modifications that can be made to such a layer to attempt to improve its
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conductivity and thus lead to better functioning devices. However, metal oxides can also serve as useful

layers for other functions in an organic electronic device, as has been discussed above.

A particular area of interest is that of carrier injection layers. Due to the deep HOMO levels of many
organic semiconductors, for example Polyfluorene (PFO) at an energy of 5.8eV below vacuum,’® the
efficiency of a device is limited by the ability of ITO, with a work function of only around 4.8eV after
oxygen plasma treatment,” to inject holes into the device. The use of PEDOT:PSS as an injection layer
with a work function of 5.2eV?¥ is the current standard layer used to improve the current injection of the
device. The PEDOT:PSS layer also provides a smooth layer for deposition of further layers of the device
structure. A schematic diagram of a typical green light emitting polymer light emitting diode (PLED)

structure and the associated energy levels of the materials are shown in Figure 9.
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Figure 9: A schematic diagram (left) of the typical structure of a polymer organic light emitting diode. The thickness of each
layer can vary depending on the materials used and the device concept. The energy levels associated with the materials are
also shown (right). The emissive layer is Poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT)

It should be noted that PEDOT:PSS is generally used in polymer organic devices. This is due to the fact
that when using small molecule organics, the range of materials available is larger due to the fabrication
processes used. Evaporation techniques open the possibility of using metal oxides as injection layers®,
and indeed a thin evaporated layer of MoOy has become the standard hole injection modification when
evaporation techniques, and the associated high vacuum atmosphere that they provide, are available.®
Evaporated MoOx is attractive as a hole injection material due to its extremely low energy levels when

maintained in a controlled environment.

It has also been shown that evaporated MoOxcan be utilised to improve injection to polymer organic

semiconductors.”® However, when considering the fabrication of working devices, using evaporation
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techniques is not useful as the major advantage of polymer materials is their solution processablity,

hence the continued reliance on PEDOT:PSS as material of choice.

Unfortunately, PEDOT:PSS does have disadvantages as a material. Its work function, although deeper
than ITO, is still too low for ohmic injection into some polymer materials. In addition to this, the acidic
nature of the material is a concern for the long term stability of devices.?! It can thus be seen that

alternative materials need to be investigated that retain the ability to be solution processed.

Solution processing of metal oxides has been investigated as a possible solution to these problems.
Vanadium Oxide (V»05)%%7%* and Molybdenum Oxide (MoOy)82** have both been investigated for this
purpose. A number of different strategies were adopted in these investigations. Some use low
temperature precursors that form metal oxide layers very easily but must be handled under a nitrogen
atmosphere.® Some methods involve spin coating a solution of a precursor material after thermal®®*° or
chemical®2#788 treatment. As well as this, investigations have been performed using nanoparticle

solutions.’%%3
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2.5 Conclusion
This chapter has intended to give the reader some of the context of the theoretical background of the

project. To achieve this, three areas have been described.

The first section has described some of the basic physics surrounding the operation of organic
semiconducting devices. This section described some of the fundamental material properties of organic
semiconductors and compared these to their inorganic counterparts. The section went on to detail some

of the consideration when interfaces are formed from these devices.

The second section of the background theory then described the considerations that result from these
properties when fabricating actual devices from these materials. Basic device structure was described,
along with some of the individual material properties that are desirable to achieve high efficiency

organic devices.

The third and final section then went on to describe some of the materials that have been used to solve
some of these issues in the actual fabrication of devices. The discussion of ITO and PEDOT:PSS is
particularly important here, as they make up the standard contact that the later work in this project will
be compared to. Finally, the concept of the inclusion of metal oxides into devices to improve their
properties was introduced and two metal oxides that are the focus of this work, zinc oxide and

molybdenum oxide, were discussed.

It is hoped that this chapter will have prepared the reader in full to understand the work presented in
the remainder of the thesis, as well as understanding the general importance of the research on the

development of contact materials for organic electronic devices.
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3 Experimental Methods

3.1 Introduction
The next section of this thesis is focused on the main methods used for the deposition and
characterisation of the contact materials studied in the project. It is divided into two major sections,

discussing fabrication and characterisation respectively.

The first section deals with fabrication techniques used in the project. The second section then gives a
brief description of each of the characterisation techniques used in the project. This section aims to
describe what information can be obtained using each technique, along with some of the advantages

and disadvantages of using them so that the results obtained can be understood in their full context.

When combined with the previous section, the reader should thus have full context for the

interpretation of the results presented in the remaining sections of the thesis.
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3.2 Fabrication Techniques
The method of the fabrication of the contact layers of a device has a large effect on the resulting

properties.

Methods of fabrication can be divided into two major categories, based on either physical or solution

deposition of the desired layer.

Physical deposition processes such as evaporation, sputter coating and pulsed laser deposition take
place by evaporation or ablation of a source material through various physical methods. A key feature of
these physical processes is that they are usually performed under vacuum to allow the atoms from the
target to reach the substrate surface with sufficient energy to form a layer with the correct properties.
This requirement for vacuum allows for good control of the fabrication atmosphere. However, the
equipment required to produce these conditions limits the scalability of the process, particularly in the

physical size of the substrate deposited on.

In addition to this, the high energy of the atoms reaching the deposition surface can become an issue if
depositing onto a soft material, such as an organic layer, as the atoms may penetrate into a surface and
cause changes to the behaviour of the interface. Physical methods remain the most common method
for the deposition of the contact materials in most organic semiconducting devices. The anode, usually
ITO, is sputter deposited onto the substrate, followed by the active layers of the device. The cathode,
typically aluminium or calcium, is then evaporated onto the top of the device. These physical methods

current remain the best way to produce contact layers with acceptable performance.

In contrast to this, solution methods, such as spin coating, spray pyrolysis and chemical vapour
deposition usually involve depositing the layer in a solvent. As these techniques involve solvents or
solvent vapour, no vacuum is present during the fabrication process. This greatly increases the flexibility
of the technique in producing large area devices at lower cost. However if deposition environments are

not maintained the possibility of contamination is increased.

In general, solution methods can be considered to be of lower energy than physical methods of
deposition, in that molecules will not be arriving at the deposition surface with kinetic energy. This
reduces the chance of penetration of lower layers or heating of the substrate. However, high
temperatures may still be required for a deposition of materials with acceptable properties. In addition
to this, the compatibility of solvents with the material to be deposited can cause significant problems.
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Organic small molecule semiconductors are traditionally deposited using physical techniques such as
evaporation. Organic polymer layers in contrast to this will usually be deposited by solution techniques,

particular spin coating.
Substrate preparation

Both quartz and ITO substrates were used in this project. Both types of substrate were square and
12mm x 12mm in size. The ITO substrates were purchased with ITO deposited in a strip down the centre
of the substrate with 1mm of space on each time. Substrates were cleaned in a clean room
environment. All substrates used in the project were cleaned by wiping with acetone followed by
sonication in acetone and iso-propyl alcohol for 30 minutes respectively. Substrates were then blown

with nitrogen followed by drying in an oven for 10 minutes at 100°C.
Deposition by evaporation

Evaporating a material is one of the most common methods of vacuum deposition, along with that of

sputter coating.

The technique involves the heating of a source of material in a vacuum environment, typically pressures
of less than 1x10°® Bar, although pressures of 1x107° Bar or less can be achieved in ultra-high vacuum
systems. The low pressure of the chamber serves two purposes. The first of these is that the mean free
path of molecules of material is increased to the order of the size of the chamber, meaning that atoms
of the material to be deposited can travel from the source to the substrate without impacting air
molecules. This allows the atoms to arrive at the substrate surface with enough energy to locate into
ideal positions in the crystal lattice of the deposited layer and produce layers with higher quality then

compared to solution processed methods.

This project required evaporated MoQs layers as a control layer to compare spray deposited MoOy layers
to. Evaporated MoO;s layers were deposited at a rate of 0.3A/s in a 5 x 10mbar vacuum from MoOs
powder purchased from Sigma Aldrich and used as received. OLED devices prepared in the project also
used an evaporation deposited top contact of 20nm calcium followed by 200nm aluminium.

Evaporated Ca layers were deposited at a rate of 0.3A/s in a 5 x 10”mbar vacuum. Evaporated Al layers
were deposited at a rate of 1nm/s in a 1 x 10°mbar vacuum. Both materials were purchased in pellet

form and used as received in a nitrogen environment.
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Deposition by Spin Coating

Spin coating, in contrast to evaporation, is the standard laboratory technique for solution processing of
thin films of material. In a typical spin coating process, the desired material to be deposited is first
dissolved in a suitable solvent. The solution is then dropped onto the deposition substrate which is
rotating at high speed. This distributes a layer of the solution across the surface of the substrate, and a

layer is deposited as the solvent evaporates.

Spin coating is typically performed in atmospheric conditions, although can be performed in a controlled
environment if required. Substrates can also be heated prior to deposition, and will often be baked after

the process to ensure all solvent has left the film.

PEDOT:PSS reference layers were obtained by spin coating solutions of Al-4083 which were purchased
from Ossila and used as received. The solution was deposited onto the substrate, then spun at 1500rpm
for 1 minute followed by heating at 110°C for ten minutes to produce layers of 60nm thickness. PFB,
TFMO and TFB layers were prepared by dissolving the polymer to form 30mg/ml solution in p-xylene.
The solution was then spin coated at 2000rpm for 1minute to produce layers 210nm, 165nm and 130nm
thick respectively. F8BT emissive layers were prepared by dissolving the polymer to form 10mg/ml
solution in p-xylene. The solution was then spin coated at 1500rpm for 1minute to produce layers 60nm

thick.

Deposition by Spray Pyrolysis

An alternative solution based deposition method to spin coating is spray pyrolysis. In this method, a
precursor to the desired material to be deposited is dissolved in a suitable solvent. A pressurised carrier
gas is then used to spray this solution onto a deposition substrate, which will be held at a temperature
high enough to induce thermal decomposition of the precursor into the desired final material. A diagram

of the process is shown in Figure 10.
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Figure 10: A schematic diagram of the spray pyrolysis technique. Precursor solution is sprayed onto a heated substrate using
a pressurised carrier gas. The solvent evaporates and the precursor decomposes at the substrate surface to form the

deposited layer.

Spray pyrolysis is an interesting technique due to the amount of control it provides over the deposition

of the material involved. Fundamentally, the deposition process can occur in a number of ways:*®

1. Solvent droplets reach the substrate surface and evaporate, leaving behind a solid that can

further react in the solid state

2. The solvent evaporates before the droplet reaches the surface, leaving the dry solid to arrive at

the surface where decomposition occurs.

3. The solvent vaporises and the solid then also melts and vaporises, the vapour then diffuses to

the surface of the substrate where a vapour deposition process occurs.
4. The entire reaction takes place in the vapour phase.

To produce high quality crystalline films, process 3 is desirable, as it allows the effective vapour
deposition of the product, preventing defects from evaporation of solvent but allowing the growth of

the film at the substrate surface.

All precursors used for spray pyrolysis were purchased from Sigma Aldrich and used as received. were

Zinc Acetate Dihydrate, Aluminium Nitrate Nonahydrate and Lithium Acetate Dihydrate as sources of
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Zinc, Aluminium and Lithium in the deposited film respectively. Ammonium Molybdate Tetrahydrate

and Bis(acetylacetonato)dioxomolybdenum(VI) were used in the deposition of MoOy films.

All spray processes were performed using XL2000 0.4mm airbrushes. The airbrush was held vertically
above a hot plate on which the substrates deposited on were present. For the results reported in
chapters 5 and 6 of this thesis the spray distance was 30cm. The airbrush was provided with nitrogen
gas at 2 bar pressure which was controlled using an electronic gas valve. The solvent used for all
precursor solutions was methanol. Before and after the main spraying process 10ml of methanol

solution was passed through the air brush to remove dust and clean the apparatus.

The spray process consists of repeated 5 second sprays followed by a 1 minute pause to allow the
temperature of the substrate to be maintained. This process was repeated until a layer of the desired
thickness was built up through the spraying of a selected amount of solution. This was 12ml for the

depositions in chapter 5 and 5ml for the depositions in chapter 6.

Fabrication of devices

To investigate injection mechanisms, two types of devices were fabricated in this project.

Single carrier device were fabricated to investigate the performance of various injection layers. ITO
substrates as cleaned above would then have the injection layer under study deposited onto them.
Either PFB, TFMO or TFB would then be deposited on top of the layer as described above. Finally, a 5nm
layer of MoO;s followed by a 200nm layer of Al would be evaporated on top of the device through a

mask to produce a contact pattern.

Luminescent devices were fabricated by the deposition of the relevant injection layer onto an ITO
substrate. F8BT was then deposited onto the injection layer. Calcium and Aluminium were then
evaporated on top of the layer as described above through an evaporation mask to provide contacts for

the device.
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3.3 Characterisation Techniques

Thermogravimetric analysis

Thermogravimetric analysis is a technique which involves the controlled heating of a sample of material.

The temperature of the sample and its mass are monitored and compared to that of a reference.

As the temperature of the sample is increased, the monitoring of the temperature of the sample shows
a differential. These differentials, along with the changes in mass of the sample can be used to
determine changes occurring in the composition of the sample such as removal of water from the crystal

or decomposition of the sample.*®

The thermal analysis of the precursor materials was performed on a Stanton Redcroft STA 780 series

simultaneous DTA/TGA instrument at a heating rate of 10°Cmin.
Optical analysis

Optical analysis is a simple but very useful characterisation technique. The method is based on
illuminating a sample with light of varying wavelengths. The light transmitted or reflected by the sample

can then be collected and compared to a reference beam to determine its optical properties.
All UV-Vis spectra measured in this project were acquired on a Shimadzu UV-2600 Spectrophotometer.

Additional data was obtained from UV-vis spectra measured in this project using Tauc plots and by

calculating the Urbach energy of films.
Tauc plots

A Tauc plot is an alternative plot of the absorption coefficient of a material, in which the photon energy

1
is plotted against the quantity (hv «)r where o is the absorption coefficient of the material and ris
determined by the nature of the band gap of the material, equal to 0.5 for a direct band gap.®” An

example of a Tauc plot is shown in Figure 11.
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Figure 11: An example of a Tauc plot showing the linear regime of the absorption coefficient when plotted in this way. The
linear regime can then be extended back to the energy axis to estimate the band gap of the material in question. The plot in
this case if for a material with a direct band gap.

The purpose of the plot is to isolate the position of the band gap. At the absorption edge the
relationship should be linear, with an absorption tail below this. By fitting the linear regime of the graph,
the band gap energy can be estimated by calculating the intercept energy. In the case of the example

figure this would be 3.29eV.

Tauc plots were performed for all of the films produced in chapter 5 of the thesis. The position of the
slop was obtained by taking the first derivative of the curve obtained in the Tauc plot and taking a

tangent at the point where the gradient of the curve was highest.
The Urbach energy

The behaviour of the absorption coefficient just below the band gap energy has empirically been

measured to show an exponential tail off, known as the Urbach tail.%® This takes the form:

a(hv) = agexp (Z—Z) Equation 7

Where  is the absorption coefficient of the material and a, and E, are material parameters. In
particular, E, is a measure of the width of the exponential tail and has been suggested to be a measure
of the structural disorder of the crystal.®*'% A linear fit of the log of the absorption coefficient of a
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material below the band energy can thus be used to extract the Urbach energy and provide an estimate
of disorder in the crystal structure. The Urbach energy was calculated for all of the films produced in

chapter 5 of the thesis.

Ellipsometry

Ellipsometry is another form of optical analysis. During the measurement, the sample of interest is
illuminated with light of varying wavelength. The light incident on the sample is then collected onto a
detector either in reflection or transmission. In the case of ellipsometry it is the polarisation state of the

light collected from the sample that is used to determine information about the surface.

In the measurements performed in this project, two parameters were measured. These are ¥, the ratio
of the real reflected p and s polarisations of the reflected light, and 4, the phase shift of the s polarised
light relative to the p polarised component. These are related to the reflection coefficients r, and r; by:
:—’S’ = tan¥e Equation 8
The refractive indices of the material are contained in the reflection coefficients. In practice, this means
that modelling is required to extract physical information about the material from the data obtained
through ellipsometry. To facilitate this, ¥ and 4 are measured at multiple incidence angles and across
many wavelengths. Modelling is then performed by building a set of ideal layers, calculating the
associated ¥ and A values for the modelled system then comparing the modelled data to the measured
data. By varying parameters such as the film thickness to improve the fit, information such as the

refractive indices and thickness of layers in the measured system can be extracted.!

Materials can be modelled in a number of different ways. A standard model used for areas of the

spectrum where a material is transparent is Cauchy’s equation:

n(a) :A+%+A%+~- Equation 9
Where n is the real refractive index of the material, A is the wavelength of the incident light and A, B and

C are the Cauchy coefficients of the material.

In this project, ¥ and A values were obtained using a J.A.Woollam Co VASE Ellipsometer at a wavelength

range of 600nm to 1400nm at a 65°, 70° and 75° angle. Layers were then modelled using the first two
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terms of the Cauchy equation to model their optical properties. The thickness of deposited layers were

then estimated by comparison of these models to the ¥ and A values obtained in the measurement.
Surface profilometry and atomic force microscopy (AFM)

Both surface profilometry and AFM were performed on some layers in this project. Both techniques
produce similar information on a material surface, but AFM provides surface information on a smaller

scale than surface profile techniques.®?

Surface profileometry was performed on the films using an KLA-Tencor alpha-step 200 surface
profilometer. AFM measurements were performed using an Agilent 5500 system in close-contact
tapping mode. The main purpose of the measurements was to calculate the surface roughness of the

films.

Surface roughness in this project was calculated as the average deviation of the surface height, defined

as R,, or the root mean square average deviation, defined as Rrus, Where:

Rg- = il Equation 10

n

Rpms = % nyE Equation 11
Here yi is the distance of any particular point of a surface from the average height of the surface.
Kelvin probe technique

The work function of the films was measured using a KP technology SKP5050 scanning kelvin probe

system. A schematic diagram of the method is shown in Figure 12.
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Gold

electrode I

N

Figure 12: A schematic diagram of the operation of a kelvin probe. The exact layout of the components can vary, but the
measurement involves bringing a reference electrode into close proximity to the surface and in some way measuring the

induced potential between the surfaces.

A highly orientated pyrolysed graphite (HOPG) surface was used as a reference material to calculate the

work function of the films.203

A Kelvin probe measurement records an average work function across the surface of the sample under
the reference electrode, and can be performed under ambient conditions. These features result in a
work function measurement performed under similar circumstances to that of the use of the layer in the

fabrication of a device. However, the sample is required to be conductive, to perform the measurement.
Ultraviolet photoemission spectroscopy (UPS)

UPS scans were obtained using a He | source with an energy of 21.22eV with a -18.47V backing voltage.
Analysis of the kinetic energy of the photoelectrons produces a spectrum of electron density with
respect to energy. The work function of the films was determined by the position of the photoelectron

cut-off in the spectrum.

UPS measurements require high vacuum. As this can affect the presence of contaminants on the surface
of the material to be measured, the results obtained may differ from the properties of a material in
atmosphere. The measurement is sensitive to the first 10nm depth of a material, as this is where the
emission of photoelectrons will occur from. In addition to this, when used to measure a work function,
due to the nature of the analysis of the spectrum, UPS will produce the absolute lowest magnitude work
function of a surface, rather than an average value. There is also some evidence that the ultraviolet light
used for the measurement can modify the work function of a surface.® These factors mean data

obtained from a UPS measurement should be viewed in context with other analysis.
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X-Ray Photoelectron Spectroscopy (XPS)

XPS scans were obtained using an Al monochromated X-ray source operated at 15kV, 5mA emission. The
general survey scan was corrected to remove signal from a hydrocarbon contamination layer on the
surface of the samples. The Mo ion ratos were obtained through fitting of the peaks associated with Mo

3d electrons to the 3ds,, and 3ds, energies of the Mo*®, Mo*® and Mo** states
4-Point Probe technique

In the case of films intended to act as contact layers in a device, their conductivity is the most important
factor. Conductivities in this project were measured using the four-point-probe technique, a schematic

diagram of which is shown in Figure 13.

Contact

pin N

\\oooo

Figure 13: A schematic diagram of the four point probe technique, showing a profile (left) and plan (right) view. The
technique is performed by bringing four equally spaced probes in a line into contact with the sample to be measured. A
constant current is applied to the outer pair of needles, and a consequent voltage is measured across the inner pair. These
values can be used to calculate the sheet resistance of the sample.

To perform an accurate measurement the spacing of the probes should be small with respect to the size
of the samples. To calculate the sheet resistance of a sample, a geometric correction is also necessary. In
the case of the samples used in this project, the sheet resistance R and resistivity p are calculated as

follows:1%
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Where d is the thickness of the sample, usually measured in cm, and / and V are the current applied
across and voltage drop measured across the pairs of contact pins. The probe spacing in the system

using in this project was 0.5mm.

Measurement of devices

For luminosity measurements fully working devices were fabricated and a range of voltages applied and
the current density and luminosity of the device were recorded. A schematic diagram of the

measurement is shown in Figure 14.

Data Logger Current Source

+ -

Luminance :l
camera

Figure 14: A schematic diagram of a luminance measurement of a light emitting device. The size of the sample device is not
to scale. Samples sensitive to air or moisture may be contained within a sample chamber to perform the measurement.

The pixel of the device to be analysed is placed at the focal length of the luminance camera. Ambient

light is minimized as much as possible during the measurement.

The data obtained can then be used to also calculate current and luminous efficiency of the device for
comparison. Higher efficiencies imply improved carrier injection and blocking at the contact interfaces

of the device, as well as better out-coupling of generated photons in the emissive layer.1%®

The luminous efficiencies of the prepared devices were measured in a N, environment in a sample
holder using a Keithley Sourcemeter 2400 source measurement unit and a Minolta LS100 Luminance

meter. The behaviour of the devices was measured from -5V to 10V in 0.2 V steps.

The rectification ratio of the devices was calculated as the ratio of current densities at identical forward

and reverse voltages. 4V was used as a measurement voltage in this case.

Single carrier devices were analysed using an identical setup with no luminosity date being recorded.
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3.4 Conclusion
This section of the thesis has intended to give the reader an overview of the experimental techniques,

both in the fabrication of metal oxide layers and in the characterisation of layers produced.
The first section dealt with the various deposition techniques used.

The second half of the section then dealt with the various characterisation techniques that have been
used in the project for the investigation of the films produced. Brief descriptions of each technique have
been provided, along with some discussion of what is obtained from each measurement and some of

the considerations that should be applied to the information received.

Understanding these techniques will then allow the reader to put the discussion of the thesis results into

context in the next sections.
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4 Development of the Spray Pyrolysis Process

4.1 Introduction
The general spray pyrolysis process has been discussed in the previous section. However, due to the
number of deposition variables that can be changed, the process requires development of the particular

precursors, solvents and technique used to produce various final layers.

In the case of zinc oxide, the basic deposition process has been studied in a reasonable amount of detail
by previous work. Spray deposition of molybdenum oxide, however, has previously been studied in

much less detail.

The first half of this section deals with the development of the spray pyrolysis process associated with

the deposition of the zinc oxide film. Here, the decomposition processes associated with the precursors
used for the study will be discussed. The basic observed properties of a zinc oxide film obtained through
spray pyrolysis will then be considered. This will then allow the context of the changes to the film due to

the doping process to be discussed in the main section on the doping of zinc oxide.

The second half of this section deals with the development of the spray process for the deposition of the
molybdenum oxide layer. There is very little work in the literature on the spray deposition of
molybdenum oxide, so this section deals with some of the basic experiments performed to obtain a
layer of acceptable quality to perform a detailed study on. The decomposition of two possible
precursors is considered, and test layers of molybdenum oxide are prepared with variations on several
of the fundamental parameters of the spray pyrolysis process such as solution concentration and
spraying distance. These experiments allowed a correct process to be determined to produce layers of a

basic level of quality for further study.

This experimental section thus describes the optimisation of the spray pyrolysis process for the

deposition of the two metal oxide layers, zinc oxide and molybdenum oxide.
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4.2 Spray deposition of zinc oxide layers
Study of Precursors

The precursors are an important part of the spray pyrolysis process, as their decomposition is one of the
key determining factors of the properties of the thin film that is achieved. The precursors used in this
investigation were Zinc Acetate Dihydrate, Aluminium Nitrate Nonahydrate and Lithium Acetate
Dihydrate as sources of Zinc, Aluminium and Lithium in the deposited film respectively. The chemical

structures of the precursors are shown in Figure 15.

@) A|(NO3)3 ¢ 9H20
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Figure 15: The three precursors used in this study: Zinc Acetate Hydrate (Left), Aluminium Nitrate Nonahydrate (Centre) and
Lithium Acetate Hydrate. (Right)

Zinc acetate dihydrate has a molecular weight of 219g/mol and is readily soluble in methanol. Solubility
can also be achieved in ethanol with the addition of 1% by weight of Ethanolamine. Aluminum nitrate
nonahydrate has a molecular weight of 375g/mol and is readily soluble in methanol. Lithium acetate

dihydrate has a molecular weight of 102g/mol and is readily soluble in methanol.

It should be noted that while the zinc and aluminium precursors are both soluble in methanol
independently, it was found that after long periods in solution together a precipitate forms in the
solution. To deposit films successfully the two solutions were thus prepared separately and combined to

achieve the desired doping percentage immediately prior to the spray process.
Thermogravimetic analysis

The decomposition of the precursors is an important step in the spray pyrolysis process.

Thermogravimetic analysis of the three precursor materials is thus presented in Figure 16.
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Figure 16: Thermogravimetric analysis scans of zinc acetate (top left), aluminium nitrate (top right) and lithium acetate
(bottom). The scans were performed at a heating rate of 10°Cmin-L.

The zinc acetate image shows an endothermic reaction and a 15% mass loss below 100°C. This is due to
the evaporation of water from the crystal. A second endothermic process occurs at around 240°C and a
second mass loss process begins to occur at a similar temperature. The endothermic process here is the
melting of the precursor. The mass loss continues as the temperature is further increased to 350°C, and
other studies have found this loss to be complete at 400°C.1%7 This process is the conversion of the
precursor into the zinc oxide final product. This suggests the conversion begins at 250°C, but may

require higher temperatures to complete.

The aluminium nitrate image shows an endothermic process below 100°C, but there is no corresponding
mass loss. This is the melting of the compound, found at 73°C. 60% mass loss of the sample then occurs
between 100°C and 150°C in an endothermic process. This is the decomposition and conversion of the
precursor into aluminium oxide. The mass loss does not appear to fully complete until a temperature of

350°Cis reached.
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The lithium acetate image shows three features. The first of these is an endothermic process associated
with a small 5% mass loss beginning at 30°C. This is followed by a second endothermic process beginning
at 100°C and completed at 150°C, associated with 25% mass loss. Finally an endothermic process with
no associated mass loss occurs at 280°C. The processes at 30°C and 280°C are associated with the
melting points of the hydrous and anhydrous lithium acetates respectively. The process occurring at
100°C may be the loss of water from the crystal.1%® If the peaks are assigned in this way, a decomposition
process does not appear to occur below 350°C. Other studies have found lithium incorporation using the

precursor at 400°C, however.%’

The results presented in Figure 16 provide guidance on the range of temperatures that spray pyrolysis of
zinc oxide layers may be achieved. The decomposition of zinc acetate hydrate would appear to be the
limiting factor for the deposition of aluminium doped films, as the formation of zinc oxide appears to
only begin at a minimum of 250°C, and may require higher temperatures to achieve good quality films.
The decomposition of aluminium nitrate occurs at lower temperatures, so doping with aluminium would
not be expected to be a problem. Incorporation of additional lithium into the film however, would seem

to require a temperature of 400°C to be effective.

Initial spray experiments

The temperature at which the spray pyrolysis process is performed is an important variable when
determining the properties of the as deposited films. Initial experiments involved the spraying of a non-
doped zinc oxide film at various temperatures to determine the mechanics of the spray process. 0.1M
concentration of zinc acetate solution in methanol at a spray distance of 15cm was deposited on quartz
substrates, a method previously used for the spray deposition of zinc oxide.* Images of layers deposited

at 200°C using the method described are shown in Figure 17.
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Figure 17: Zinc oxide layers deposited using the spray pyrolysis technique at 200°C. The left image has a scale bar of 50um,
whereas the right image shows a different area and has a scale bar of 10um. The images are false colour.

It can be seen from the figure that although a layer has been formed across the surface of the substrate,
the film has a textured appearance of small droplets. Due to the relatively low deposition temperature
of these films, these structures are likely due to the slow evaporation of the solvent and only partial

decomposition of the zinc acetate precursor used in the deposition process.

Images of layers deposited at a higher temperature are shown in Figure 18.

Figure 18: Zinc oxide layers deposited using the spray pyrolysis technique at 400°C. The left image shows the layer at a x10
magnification, whereas the right image shows a different area at x50 magnification

As can be seen in the figure, the spray deposition method at higher temperatures produces layers that
are free of any defects or visible structure. In the right image of Figure 18, the edge of the zinc oxide film

formed by the deposition process is visible due to the film not extending to the corner of the substrate.
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As the layers are intended to act as transparent conductors, their light absorption is an important
property that requires investigation. The transmission spectrum of the films also contains other useful
information on the composition of the films. A measurement of the transmission spectrum of the pure

zinc oxide films is shown in Figure 19.
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Figure 19: The measured transmission spectrum of zinc oxide films deposited using spray pyrolysis across a range of
temperatures. The spectra have been corrected for the quartz substrate on which the deposition took place.

The basic form of the spectra shows that the films are largely transparent at energies below the band
gap, although there is an reduction in transmission as the deposition temperature increases. All films
then show an onset of absorption at 375nm, associated with zinc oxide’s band gap energy, in this case
calculated as 3.31eV. However, identification of the band edge absorption is complicated by the
presence of an exciton resonance peak, located at 366nm or 3.39eV. As has already been discussed, zinc
oxide has a large exciton binding energy of 60meV, and thus has measurable excitonic effects at room
temperature. This peak is useful for determining the amount of crystalline order in the film, as its
presence implies a high quality film is being formed. The absence of a visible peak at lower deposition

temperatures where complete decomposition of the precursor is not necessarily occurring supports this.

Once into the absorption edge, the effect of the temperature of the deposition process is again more
clear. The absorption of the films increases with increase in deposition temperature to a peak at 400°C,
but then decreases for higher temperature depositions. The increased absorption of the films as the
temperature is increased is due to the additional energy being available for precursor decomposition
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and formation of the crystal lattice of the film. The decrease in absorption as the temperature is
increased above 400°C is less well understood, but will be investigated in greater detail in the next

section.

With this general understanding of the spray process for the formation of zinc oxide layers and the
knowledge that high quality layers were being produced with the method, a detailed study of the doping
process when other precursors were introduced to the spray mixture could go ahead. This study is

reported in the next chapter of this thesis.
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4.3 Spray deposition of molybdenum oxide

Precusors

As has previously been discussed, an important factor in the spray pyrolysis of any material is the
precursor used for the deposition. For this investigation, two precursors were chosen as possible routes
to achieving a layer of MoQs. These precursors are Ammonium Molybdate Tetrahydrate and

Bis(acetylacetonato)dioxomolybdenum(VI), and their chemical structures are given in Figure 20.

@) O O
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Figure 20: Ammonium Molybdate Tetrahydrate (Left) and Bis(acetylacetonato)dioxomolybdenum(VI) (Right), the two
precursors investigated for deposition of MoO3 by spray pyrolysis.

Ammonium Molybdate Tetrahydrate (AmMo) has a molecular weight of 1,234.86 g/mol. However, it can
be seen that the basic molecular structure contains 7 molybdenum atoms. For a valid comparison
between this and other materials, it is useful to consider concentrations of molybdenum ions/mol and
thus divide relevant figures by 7. AmMo is readily soluble in water.
Bis(acetylacetonato)dioxomolybdenum(VI) (Mo(acac),) has a molecular weight of 326.15 g/mol, and is

readily soluble in methanol.
Thermogravimetic analysis

The thermal decomposition of precursors is critical to the spray pyrolysis process, thus the investigation
of the reaction of the precursor to heating is important. The TGA curves for the two possible precursors

is thus shown in Figure 21.
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Figure 21: Thermogravimetric analysis of ammonium molybdate (left) and molybdenum acetylacetonate (right). The scans
were performed at a heating rate of 10°Cmin-1. The artefact in the right figure in the weight percentage curve at 260°C is

likely due to the exothermic process occurring at the same point resulting in multiple data points at several temperature
readings.

The left image shows that the AmMo precursor undergoes no apparent thermal processes when heated
to 350°C. The compound does begin to lose mass at around 100°C, in a number of steps that results in a
15% mass loss when 350°C has been reached. The beginning of this loss at 100°C would suggest it could
be the loss of water from the structure. This is similar to results obtained in other studies, and would
suggest thermal decomposition of the precursor may not be taking place at these temperatures.®® This
would contradict previous studies which have suggested molybdenum oxide can be obtained from the

annealing of aqgueous AmMo without chemical processes if it is the case.*°

The right image shows the decomposition of Mo(acac),. A 40% mass loss linked to a endothermic
process occurs between 150°C and 200°C. The endothermic process is the melting point of the precursor
at 184°C. However, the mass loss would suggest that the thermal decomposition of the precursor into
molybdenum oxide may also be occurring around this temperature range. The second feature of the
curves is an exothermic process occurring at 270°C. This feature is not seen in other studies of the
material.!'! In this study, an exothermic peak is seen at a higher temperature of 510°C, which the
authors suggest is the crystallisation of molybdenum oxide. The sol gel preparation of their material may
have influenced its properties. The process here may be a crystal rearrangement, and could be

associated with stoichiometric changes in the molybdenum oxide film.

The results presented in Figure 21 suggest that Mo(acac),; may be the more suitable material for the
spray pyrolysis of molybdenum oxide films, and that 280°C may be a key temperature area for

investigation.
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Spectral analysis of precursor solutions.

The colour of precursor solutions used for solution deposition is discussed in literature, with some

8791 ‘and others describing the solutions as colourless.® To investigate

discussions reporting colouration
this, 0.1M solutions of AmMo and Mo(acac), were prepared and their transmission spectra measured
every 24 hours for the period of one week. Selected transmission spectra measured are shown in Figure
22. It is clear from the figure that little change has occurred in the spectra as the solutions have aged.
Strong absorption onsets are evident beginning at 370nm for the AmMo solution and 435nm for the
Mo(acac); solution, as determined by the point where transmission drops below 0.9. These
measurements suggest that the age of the solution is not a determining factor in the structure of the

layer produced. This is encouraging for any applications as solution can be made up and used

immediately or stored as required.
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Figure 22: Transmission spectra of 0.1M solutions of AmMo and Mo(acac), measured over a time period of 1 week. Only data
from the first and final measurements are shown. Intermediate measurements show a gradual progression between these

two curves. The spectra have been corrected for the absorption of the solvent.

Initial spray experiments

This section deals with the initial spray pyrolysis experiments with the two possible precursors. The

carrier gas for the deposition was nitrogen in all cases, at a pressure of 2 bar. The depositions were
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performed by spraying solvent for 3 seconds, then pausing for 1 minute, and repeating the process until
the desired amount of precursor solution had been consumed. This process was followed to ensure that

the substrate remained at the correct deposition temperature throughout the process.

To perform optimally as an injection layer, the MoOs; should have as little optical impact as possible. That
is, the layer should be non-absorbing and non-scattering to. It is also optimal for the layer to be as
smooth as possible for the deposition of further layers. Optical microscopy of layers can give insight into
these properties, as shown for example in Figure 23. The top left image shows a layer deposited with a
relatively high precursor concentration at a close spraying distance. The roughness and non-uniformity
of the layer are clear from the image, and it would be expected that this layer would perform poorly in
terms of homogeneity as a hole injection layer. Its root mean square surface roughness, as measured by

an alphastep profileometer, is 2um, far too large for other layers to be deposited on top.

Figure 23: Optical microscope images of MoOs layers deposited using AmMo as a precursor material. The top left image
shows a layer deposited at 350°C using 3ml of 0.0324M solution at a spray distance of 15cm. The top right image shows a
layer deposited at 250°C using 3ml of 7x10*M solution at a spray distance of 15cm. The bottom image shows a layer

deposited at 300°C using 5ml of 7x10-*M solution at a spray distance of 30cm. The images are false colour.
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The top right image of Figure 23 shows the effect of reduced precursor concentration on the deposited
film. The image shows that the film now appears to be more uniform, with a lack of dark patches.
However, it is clear that the film is cracking during deposition, and a measured root mean square

roughness of 300nm indicates that the film is still too rough to use as an interlayer.

Finally, the bottom image in Figure 23 shows a layer deposited with an increased spray head to
substrate distance. This image would suggest that under these conditions, solvent droplets are reaching
the surface of the substrate before evaporating fully. This film has a root mean square surface
roughness of 20nm. This surface roughness is still relatively high when considered for making good
quality devices, as the surface roughness of PEDOT:PSS is usually measured to be 1-2nm. However, the
images in Figure 23 illustrate the initial progress that was made to improve the quality of the thin film by
adjusting some of the variables available in the process of spray pyrolysis, namely the distance of the

spray head from the surface of the substrate.

It is clear in this case that the improvement in the quality of the layers is related to the rate of
deposition of material at the surface of the substrate. A quicker rate of deposition, as a result of a higher
precursor concentration or a shorter deposition distance, appears to be introducing too much material
into the deposition area, leading to cracking of films or the possibility of un-decomposed precursor
solution. A slower rate of deposition, through more dilute precursor solution deposited from a greater

distance, appears highly desirable.

The solvent used for the deposition is also an important factor, as the rate of evaporation of the solvent
used has an effect on the type of spray pyrolysis deposition occurring, as already discussed. 58 The use of
Mo(acac); as a deposition precursor allows the use of methanol as a solvent. The lower boiling point of
methanol should result in higher quality deposition of MoOs layers, and images of initial

experimentation are shown in Figure 24.
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Figure 24: Microscope images of MoOs layers deposited using Mo(acac,) as a precursor material. Top left shows a layer
deposited at 225°C using 5ml of 0.05M solution at a spray distance of 15cm. Top right shows a layer deposited at 250°C using
5ml of 0.01M solution at a spray distance of 15cm. Bottom centre shows a layer deposited at 250°C using 5ml of 0.005M
solution at a spray distance of 15cm.

It is clear that a similar progression in the improvement of film quality is observed for the three images
in Figure 24. The root mean square surface roughness decreases from 85nm in the top left image, to
15nm in the top right image and finally 5nm in the bottom image. These improvements in film quality
are linked to a decrease in the rate of deposition of the film, as discussed in the previous paragraph. It
can further be seen that the change in precursor and corresponding solvent from water to methanol has
also increased the quality of the surface deposition, and the surface roughness of the final film has now

reached a surface roughness that is appropriate for the incorporation of the layer into device structures.

The decision was made based on these results to perform more detailed experiments on layers

deposited using Mo(acac); as a precursor dissolved in methanol, due to the better film quality achieved.
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The full study of the performance of the spray deposited molybdenum oxide layer deposited using this

method is the subject of a later chapter.
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4.4 Conclusion
In this chapter the development of the spray pyrolysis process for the deposition of the two materials

under study for the rest of this work was discussed.

The first half of the section dealt with the development of the deposition process for the spray pyrolysis
of aluminium doped zinc oxide layers with the addition of a lithium dopant. Thermal analysis of the
precursors suggeted that the deposition will have to take place at temperatures of 350°C and above to
achieve decomposition of the precursor materials to form final layers of an acceptable quality. This
conclusion was supported by initial spray experiments which showed layers of visibly poor quality when

deposited at lower temperatures.

Some of the basic optical properties of pure zinc oxide layers were then investigated to understand the
effects of deposition at lower temperatures. This data again suggested lower quality layers are formed
at lower temperatures. From these initial conclusions, it was decided to focus on deposition
temperatures of 350°C and above for the more detailed investigations of aluminium and lithium doping

in the main zinc oxide chapter.

The second half of the section dealt with the development of the deposition process for the spray
pyrolysis of molybdenum oxide layers. As the existing literature for this process is very brief, here the
investigation focussed on selecting a precursor and determining some of the basic spray conditions for
the process. Here, molybdenum acetylacetonate was found to produce layers of the lowest roughness
and best visual quality when sprayed at a concentration of 0.01M. Thermal analysis of the precursor
suggested that the deposition process can begin at temperatures above 150°C, and that 280°C may be
an area to investigate. This detailed temperature investigation is the main focus of the chapter

describing the work on molybdenum oxide.

The investigation presented in this chapter thus laid the groundwork for the investigation in the next

two chapters of the thesis.
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5 Doping of Zinc Oxide for use as a transparent conductor

5.1 Introduction
This chapter discusses the spray deposition of doped zinc oxide films for the purpose of acting as

transparent conductive films.

The study of spray deposition of the metal oxide begins with the characterisation of various aluminium
doping levels of the zinc oxide film, and the effect of this on the physical, optical and electrical

properties of the resulting sprayed layer.

The study then moves on to the effect of lithium doping on the already aluminium doped zinc oxide
films. Two concentrations of lithium doping are considered. It is found that the resistivity obtained from
the spray deposition of the doped layers is not acceptable for use as a transparent conductor, and the

addition of lithium to the films does not improve this.

The study thus moves on to the annealing of the spray deposited films after their initial deposition.
There is previously performed work suggesting that annealing under nitrogen or vacuum conditions can
significantly lower the resistivity of spray deposited conductive layers, and this is also found to be true in
this case. Here the lithium doping is found to have a positive effect on reducing the resistivity of the
sprayed films, and a minimum resistivity of 5.02 x 10°Qcm was obtained for the 0.5% lithium doped 2%

aluminium doped zinc oxide film.
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5.2 Aluminium Doped Zinc Oxide

Doping of the layers was achieved by adding aluminium nitrate nonahydrate to the spray solution to
achieve a desired percentage of aluminium. The solutions were then deposited by spray pyrolysis in a
manner identical to that of the previous experiments. Using 4-point probe measurements, it was found
that samples did not begin to display a measureable conductivity when deposited at temperatures lower
than 350°C. When considered with the thermogravimetric analysis, it is likely that the aluminium
precursor is not decomposing below these temperatures with enough energy remaining to achieve
successful doping into the zinc oxide lattice. For the main sample sets discussed below deposition thus

takes place at temperatures of 350°C and higher.

The initial investigation centred on the aluminium doping of Zinc Oxide films to provide a baseline of
comparison for the further doping of films with lithium. The effect of various percentages of aluminium

doping was thus investigated, and various physical properties of the films were measured.
Thickness and Roughness

The thickness of the films as measured by spectral ellipsometry and roughness as measured by
profilometry are shown in Figure 25. The thickness of the deposited layers can may give information on
the nature of the spray deposition process and minimizing the surface roughness of films for use in OLED

structures is important, as has already been discussed.
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Figure 25: The thickness (top) and roughness (bottom) of zinc oxide films doped with varying concentrations of aluminium.

The surface roughness is measured as the root-mean-square average. The data point for the roughness of a 3% Al film
deposited at 350°C is off-scale at 34.8nm.

The top image indicates that there is no significant trend of thickness change of the deposited layer as
the deposition temperature is increased above 350°C. This is in contrast to the lower temperature
deposition where a thicker layer of non-decomposed precursor has been suggested to lead to an
increased thickness of deposition. The slight variation in measured thickness of the layers gives an
indication of the level of reproducibility of the spray pyrolysis process as performed. This variation is

likely to be due to slight variations in substrate position when the spraying process is performed.

A clear trend is evident in the decrease in the thickness of the deposited films with an increase in the

level of aluminium precursor in the solution. It is not clear why this would be the case. Thickness
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variations associated with incomplete decomposition of precursors has been shown to occur, but in this
case thicker layers were associated with less decomposition, and it is not clear how the addition of the

aluminium precursor to the spray solution would lead to more decomposition. The thickness of the films
deposited decreases to half its initial value as the aluminium dopant concentration reaches 2%, at which

point no further decrease is observed as the doping level is further increased.

The bottom image of Figure 25 indicates that the measured surface roughness of the films decreases
with increasing deposition temperature, appearing to saturate at an average surface roughness of 2nm.
This compares to a standard surface roughness of 2.7nm for ITO.%2 It is expected that the surface
roughness of the films would decrease as the deposition temperature increases, for two reasons. The
increased temperature reduces the probability that any solvent reaches the surface of the substrate
before evaporating, thus eliminating the presence of surface roughness due to the maragoli effect. In
addition to this, the higher temperature of the deposition means a larger amount of energy is available

for the incorporation of atoms into the crystal lattice, leading to a smoother film.

The 3% aluminium doped film deposited at 350°C measured an extremely high surface roughness of
34.8nm, as is not shown on the graph as it obscures the other data points. Some have suggested that
the incorporation of aluminium into zinc oxide films has been suggested to reduce the diffusion of
atoms during the film deposition process leading to higher surface roughness for aluminium doped

films!??

, Whereas others have suggested the aluminium doping reduces the grain size of the deposited
film leading to lower surface roughness.''* All of these studies were performed using sputter coating as
the deposition technique, however, so the conclusions may not apply to the spray deposition process.
The effect here seems only to apply to the most doped sample at the lowest temperature, where the a
reduction in the energy available as the film is deposited could be further increased by the presence of

the aluminium atoms.
Optical analysis

Spectral analysis of the films was performed. The measured transmission and reflectance of the spray

deposited films is shown in Figure 26.
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Figure 26: The measured transmission and reflectance of zinc oxide films doped with varying concentrations of aluminium
and deposited at various temperatures.

The transmission of the films is the important property when considering their use as a transparent
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conductor. Here it appears that the transmission of the deposited films remains relatively constant with

increased aluminium doping at wavelengths corresponding to an energy below the band gap of zinc

oxide. The difference in the transmission and reflection spectra for undoped zinc oxide is due to

interference oscillations beginning to become apparent due to the increased thickness of that layer

when compared to the doped zinc oxide films. The low temperature 1% Al film also shows interference

effects.

The spectral properties of the films can be combined with the thickness data to determine an absorption

coefficient for each film, which can be used to interpret the physical characteristics of the layers. This

data is presented in Figure 27.
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Figure 27: The calculated absorption coefficient of zinc oxide films doped with varying concentrations of aluminium and
deposited at various temperatures. The absorption coefficients were calculated using the previously measured thicknesses in
Figure 25 and the optical transmission and reflectivity of the films shown in Figure 26.

It is clear that for energies below the band gap, all of the deposited films are non- absorbing. This is the

expected result, and confirms that any transmission losses from the film are due to reflection from the

film or substrate surface.

The exciton peak of zinc oxide is a feature evident in Figure 27 in the top left image corresponding to
undoped zinc oxide. The peak develops as deposition temperature is increased to 400°C, but decreases
in magnitude for the film deposited at 450°C. The ratio of the exciton peaks to the local minimum at the
higher energy is 1.03 for the 400°C peak and 1.01 for the 450°C peak. This would suggest that the crystal
structure of the lattice becomes strained or otherwise disrupted, leading to a spreading out of the

exciton peak until it is no longer visible.!*® This suggests the crystal quality of the film is highest for 400°C

deposition.
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In addition to this, the magnitude of the zinc oxide exciton peak is reduced by the introduction of

aluminium to the lattice. The reduction in the exciton peak is likely due to the incorporation of

aluminium disrupting the crystal structure of the aluminium and reducing the overall crystallinity of the

film.

It is useful to summarise the optical analysis of the films. An analysis of the absorption of the deposited

films above the band gap energy as well as Tauc analysis of the band gap data are shown in Figure 28.
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Figure 28: The calculated Urbach energy (top) and derived band gap (bottom) of zinc oxide films doped with varying
concentrations of aluminium and deposited at various temperatures. The Urbach energy was extracted by fitting of the
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absorption coefficient below the band energy. The band gap of the films has been derived using Tauc analysis as described in

the method section of the plots shown in Figure 27, and the error is indicated by the dashed lines.
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The top image of Figure 28 compares the Urbach energy as a measure of the crystallinity of the films.
The 1% and 3% aluminium doped films show a decrease in the parameter with increasing deposition
temperature, as would be expected. The 0% Al doped film deposited at 400°C shows an unexpectedly
high disorder, but the other points suggest the inclusion of aluminium into the film increases the crystal
disorder. An increase in deposition temperature does not restore the lower parameter, suggesting that
the 1% and 2% aluminium doping induces inherent disorder that is not annealed out by heating to

450°C.

The bottom image of Figure 28 shows the band gap of the deposited films, estimated using Tauc plots.
The error in these plots is large and this error mainly results from the error in the reflectivity
measurements of the films performed to determine their absorption to produce a Tauc plot. However, it
is possible to determine trends in the data. The pure zinc oxide film has a band gap of 3.29eV at a
deposition temperature of 400°C, which is lower than previously measured results of 3.37eV>*16, The
deposition temperature of the films has a modest effect on the band gap of the material. For the
undoped films the gap decreases slightly, where for the 1% and 3% Al doped samples the band gap
increases with increased deposition temperature. For the 2% Al doped sample the gap energy is erratic.
The aluminium doping may cause a small increase in the size of the band gap of the material, although
there is clearly some uncertainty in the data. If this shift is a consistent effect, it is likely due to the
Burstein-Moss shift that would be expected by the increase in carrier concentration that comes with the
aluminium doping.'” However, the magnitude of the shift is small, similar to other results with low

levels of aluminium doping.1®
Resistivity of films

The measurement of the resistivity of a transparent conducting layer is extremely important m to
characterise its performance. Four point probe measurements were performed on the samples. This

data is presented in Figure 29.
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Figure 29: The measured resistivity of the zinc oxide films doped with various concentrations of aluminium deposited at
various temperatures. The resistivity was calculated using the sheet resistance of the films as measured by four point probe
and the thickness of the films shown in Figure 25. The estimated errors in the measured values are smaller than the points
shown on the graph.

The resistivity of ITO is typically of the order of 10 Qcm. It is clear that the measured resistivity of the
spray deposited layers are significantly higher than this, with values ranging from 10%-10%, or many
orders of magnitude higher. The lowest resistivity is obtained for the layer deposited at 400°C and
doped with 2% aluminium. For lower deposition temperatures the increase in resistivity is likely due to
not enough energy being available in the deposition process to incorporate the aluminium atoms into
the lattice. Aluminum doping levels of 2% being an optimum level are consistent with other reports in

the literature.%®

It is clear that the deposition at this stage is not producing films of a high enough quality to be used as a
transparent conducting layer in place of ITO. Annealing the films under certain conditions is known to
improve the resistivity of the deposited films.®® However, as has already been discussed it was hoped

that the inclusion of lithium into the film in addition to the aluminium could improve these properties.
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5.3 Doping with lithium

The main investigation of the effect of lithium doping was based on the concentrations found effective
in increasing the measured mobility of zinc oxide films, which was found to be 1%.%” Therefore, 0%, 0.5%
and 1% doping concentrations were selected for investigation, along with aluminium doping
concentrations of 0%, 1%, 2% and 3% based on the previous initial investigations suggesting the

optimum aluminium doping concentration was 2%.

The films were prepared using a similar method to that in literature®’, which shows clear evidence of the
effect of the lithium present in the film for both 0.5% and 1% doping concentrations through changes in

the ZnO crystal lattice.
0.5% Li doping
Thickness and Roughness

The thickness of the 0.5% Li doped films as measured by spectroscopic ellipsometry and roughness as

measured by profilometry are shown in Figure 30.

The trends observed here are similar to those shown in Figure 25 for the undoped zinc oxide film, and
similar arguments would be expected to be true for the decrease in thickness with aluminium doping
and decrease in roughness with increased deposition temperature. An effect of the lithium doping in
improving the crystallinity of the layer could be expected to manifest as an increase in surface roughness
due to an increase in crystal grain size. This effect may be visible in the 1% and 2% Al doped samples

deposited at 350°C.
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Figure 30: The thickness (top) and roughness (bottom) of 0.5% lithium doped zinc oxide films doped with varying
concentrations of aluminium. The surface roughness is measured as the root-mean-squared average.

Optical analysis

Spectral analysis of the films was performed. The measured transmission and reflectance of the spray

deposited films is shown in Figure 31.
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Figure 31: The measured transmission and reflectance of 0.5% lithium doped zinc oxide films doped with varying
concentrations of aluminium and deposited at various temperatures.

The features shown in the figure are very similar to those shown for the non-lithium doped samples.
Oscillations due to the thickness of the samples are most apparent in the top left image, which
correspond with the samples with no aluminium doping being the thickest samples. The 1% aluminium
doped sample deposited at 350°C shows an oscillation that would be associated with a thicker sample,
but the sample was not measured to be significantly thicker than the samples deposited at a higher
temperature. This effect is also seen in the reflection spectrum of the sample that lacks the peak that
would be associated with the band onset absorption. As this feature is present in the equivalent non-
lithium doped sample discussed in the previous section, it is unlikely to be an anomaly. The source of
this feature is difficult to determine, although the index of the films or optical uniformity may contribute

to the fringe visibility.

The measured transmission and reflectivity of the films can be combined with the thickness data to

determine the absorption coefficient for each film. This data is presented in Figure 32.
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Figure 32: The measured absorption coefficient of 0.5% lithium doped zinc oxide films doped with varying concentrations of
aluminium and deposited at various temperatures. The absorption coefficients were calculated using the previously
measured thicknesses shown in Figure 30 and the optical transmission and reflectivity of the films shown in Figure 31

The absorption data for 0.5% lithium films shows a similar trend to that of the undoped films. The
absorption of the films only doped with lithium in the band gap is of a similar level to the pure zinc oxide
films discussed in the previous section. The 1% aluminium doped films show a similar feature to the
corresponding non-lithium doped film deposited at 350°C in that absorption in the band gap is
increased. This corresponds with the anomalous shape of the transmission and reflection curves for

those films, and reinforces the suggestion that those films physically differ from the others.

The ratio of the exciton peaks to the local minimum at the higher energy is 1.02 for the 400°C peak and
1.04 for the 450°C peak. In contrast to the non-lithium doped films this would suggest that the highest

deposition temperature here has produced the highest quality film.
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As was done for the non-lithium doped film, it is useful to summarise the above data for comparison.
The absorption at 4eV, above the band gap and the calculated band gaps of the 0.5% lithium doped

sprayed samples are shown in Figure 33.
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Figure 33: The calculated Urbach energy (top) and derived band gap (bottom) of 0.5% lithium doped zinc oxide films doped
with varying concentrations of aluminium and deposited at various temperatures. The Urbach energy was extracted by
fitting of the absorption coefficient below the band energy. The band gap of the films has been derived using Tauc analysis of
the plots shown in Figure 32, and the error is indicated by the dashed lines.

The top image of Figure 33 shows the calculated Urbach energy of the various films. In comparison to
the non-lithium doped samples, the disorder of the 0% aluminium doped zinc oxide films appears to
have greatly increased, which would suggest the lithium doping is not improving the crystal structure of

the film, and may be reducing it instead. The various aluminium doped films, however, show lower
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Urbach energy here than for the non-lithium doped films with 1% and 2% aluminium doping. The
aluminium doped films also show the expected reduction in disorder with increased deposition

temperature.

The trend in the estimated band gaps by the Tauc method shown in the bottom image of Figure 33 is
again similar to the non-lithium doped films, with no specific variations that can be attributed to the
doping with lithium at the 0.5% level. However, the behaviour of the 2% Al doped film is here consistent
with that of the 1% and 3% doped films. With Al doping the bandgap tends to increase with deposition

temperature, whereas without doping it tends to decrease with deposition temperature.

Resistivity of films

The intent of the introduction of lithium doping is to decrease the measured resistivity of the films. The

measured resistivity of the 0.5% lithium doped films is shown in Figure 34.
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Figure 34: The measured resistivity of 0.5% lithium doped zinc oxide films doped with various concentrations of aluminium
deposited at various temperatures. The resistivity was calculated using the sheet resistance of the films as measured by four
point probe and the thickness of the films shown in Figure 30. For some films the resistivity was too high to be measured.
The error in the measured values is smaller than the points shown on the graph.

It is evident that when compared to Figure 29, the resistivity of the deposited films has not been
measurably improved by the lithium doping. The trend of decreasing resistivity when the deposition

temperature is above 350°C is still present. However, the presence of lithium in the film does not appear
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to have increased the resistivity of the films, implying that the incorporation of lithium has not reduced

the increased carrier concentration through acceptor states.

It is clear that the lithium doping at this concentration has not significantly affected the properties of the
film. However, further doping of the film and annealing of the films under nitrogen could still provide

further change to the properties of the films.
1% Li doping
Thickness and Roughness

The thickness of the 1% lithium doped samples as measured by ellipsometry and the roughness as

measured by surface profilometry are shown in Figure 35.
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Figure 35: The thickness (top) and roughness (bottom) of 1% lithium doped zinc oxide films doped with varying
concentrations of aluminium. The error in the thickness of the films is the error of the individual measurement. The surface
roughness is measured as the root-mean-square average.

The measured thickness shows a similar trend with decreasing thickness for increasing aluminium
doping, as with the previous 0% and 0.5% Li doped films. The thickness of the 1% lithium doped films
appears to have decreased by a small amount when compared to the thickness of the non-doped films.
This may be a continuation of a trend seen in the 0.5% doped films, although in that case the decrease is
small compared to thickness variations in the film. This may be due to a similar effect to that for

aluminium doping, or it may be the effect of the lithium doping increasing film density.
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The measured surface roughness shows the expected trend of decreased roughness with increasing
deposition temperature, although here the increasing deposition temperature to 450°C appears to

slightly increase the surface roughness.
Optical analysis

Spectral analysis of the films was performed as before. The measured transmission and reflectance of

the spray deposited films is shown in Figure 36.

General trends seen in the previous two sections are again repeated here. The most notable feature is
the lack of change in properties as the deposition temperature in increased. The anomalous shape of
the 1% aluminium doped sample deposited at 350°C observed in the previous two sections is no longer
present in these samples. It is possible that the increased quantity of lithium doping is now resulting in
more reproducible depositions, as other studies found that level of doping to be optimum for other

properties.®’
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Figure 36: The measured transmission and reflectance of 1% lithium doped zinc oxide films doped with varying
concentrations of aluminium and deposited at various temperatures.

The calculated absorption spectrum of the 1% lithium doped zinc oxide films is shown in Figure 37.
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Figure 37: The calculated absorption coefficient of 1% lithium doped zinc oxide films doped with varying concentrations of
aluminium and deposited at various temperatures. The absorption coefficients were calculated using the previously
measured thicknesses shown in Figure 35 and the optical transmission and reflectivity of the films shown in Figure 36.

The absorption data again shows a similar trend to the other doping levels already investigated.

The ratio of the exciton peaks to the local minimum at the higher energy is 1.02 for the 400°C peak and

1.03 for the 450°C peak.

It is useful to summarise the optical data obtained from the films. The absorption of the 1% lithium

doped films in the band gap and the size of the band gap as determined by Tauc analysis are shown in

Figure 38.
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Figure 38: The calculated Urbach energy (top) and derived band gap (bottom) of 1% lithium doped zinc oxide films doped
with varying concentrations of aluminium and deposited at various temperatures. The Urbach energy was extracted by
fitting of the absorption coefficient below the band energy. The 0% Al doped sample deposited at 400°C has a Urbach energy
of 0.2eV. The band gap of the films has been derived using Tauc analysis of the plots shown in Figure 37, and the error is
indicated by the dashed lines.

The left image of Figure 38 shows the fitted Urbach energy of the various films. Here the 2% and 3%
aluminium doped films show a similar low disorder to the 0.5% lithium doped samples, but the 1% al
doped sample appears to have increased in disorder. The 0% aluminium doped samples show low values
for deposition at 350°C and 450°C, whereas the sample deposited at 400°C shows a very high value
similar to the corresponding non-lithium doped sample. These results thus show trends corresponding
to both the 0% and 0.5% lithium doped sample sets, so there may be complex interactions between the

various dopants occurring.
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The trend in the calculated band gaps shown in the bottom image of Figure 38 here shows different
behaviour to the 0% and 0.5% Li doped films. Here the 0% Al film shows no change in band gap as
deposition temperature is increased, whereas the 1% and 2% AL films seem to show a downwards

trend. The large error makes it difficult to determine the consistency of trends in the data.

Resistivity of films

The measured resistivity of the 1% lithium films is shown in Figure 39.
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Figure 39: The measured resistivity of 1% lithium doped zinc oxide films doped with various concentrations of aluminium and
deposited at various temperatures. The resistivity was calculated using the sheet resistance of the films as measured by four
point probe and the thickness of the films shown in Figure 35. The error in the measured values is smaller than the points
shown on the graph.

Again, when compared to the measured resistivity of the non-doped aluminium zinc oxide films shown
in Figure 29, the addition of further lithium to the film has not decreased the resistivity of the films
through the desired method of action in increasing the mobility of the ZnO film. It is possible that the
further addition of aluminium to the films when compared to results in the literature disrupts the
increase in mobility that was found when only deposition of the films though spray pyrolysis has been

used.

However, it is known that annealing in a nitrogen environment has been found to significantly decrease
the resistivity of aluminium doped zinc oxide films deposited by spray pyrolysis.®® This was thus

investigated as a method of improving the performance of the films.
90



5 Doping of Zinc Oxide for use as a transparent conductor

5.4 Annealing
For the annealing of the films, the 2% aluminium doped zinc oxide films were selected for further
investigation as the resistivity obtained from the spray pyrolysis at this aluminium level was generally

lowest.

Some studies have found no effect when annealing aluminium doped zinc oxide films under any
conditions,'!® whereas others suggest annealing under nitrogen has a positive effect.®® As the studies
where annealing has shown no effect were generally conducted on sputter deposited films, it is possible
that the crystalline quality of the sputtered films was already high enough that further annealing would

have little effect.

It was found in earlier work that the annealing process needed to be performed under nitrogen for any
decrease in the resistivity of the films to be observed. This would tend to suggest that the decrease in
resistivity that occurs is related to extraction of oxygen from the film. However, increase in grain size of

the films being annealed may also be contributing to a decrease in resistivity.

The measured resistivity of 2% aluminium doped films also doped with varying amounts of lithium are

shown in Figure 40.
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Figure 40: The impact of annealing the sprayed films with various lithium doping concentrations in a nitrogen environment.
These films were all doped to 2% aluminium concentration and annealed for 1 hour at a temperature of 400°C. The error in
the measured values is smaller than the points shown on the graph.
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It is clear from the figure that the annealing process under nitrogen had a significant effect on the
resistivity of the spray deposited films, resulting in a decrease in resistivity of several orders of
magnitude. The decrease in resistivity is largest for the 0.5% lithium doped film, resulting in a measured
resistivity of 5.02 x 103Qcm, a relatively attractive value for device applications as it is in the range of

resistivity values available with commercial ITO.

It is clear that the inclusion of lithium in the films had a significant effect on the annealing process of the
films. As annealing of ZnO films has been shown to increase the grain size of the films!?, it is likely that
the presence of the lithium in the film is assisting with this grain size increase in a similar fashion as has
been shown for lithium doped pure zinc oxide films.®” This increase in gran size leads to the decrease in
the resistivity of the films due to decreasing the number of grain boundaries that carriers in the film

need to cross.

Annealing of the non-lithium doped film led to a 2.2 orders of magnitude decrease in resistivity, whereas
0.5% and 1% lithium doping led to 4.2 and 3.6 orders of magnitude decrease. It would appear that the
smaller amount of lithium doping leads to greater reduction in the resistivity of the films. It appears that
the extra time associated with an annealing process allows the increase in crystallinity due to lithium

acting as a sintering aid to more clearly manifest.

These experiments determined that 0.5% lithium doping was the optimal concentration for decreasing
the resistivity of the aluminium doped zinc oxide films upon annealing. This was thus selected as the

concentration to be used for further annealing experiments.

It is always a goal for fabrication of transparent conducting materials to reduce the temperatures
associated with the deposition of the film. An investigation of varying the annealing temperature of the

film is shown in Figure 41.
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Figure 41: The effect of variation in the annealing temperature for 0.5% Li doped 2% Al doped sprayed ZnO films. The films
were annealed for 1 hour under nitrogen atmosphere. The error in the measured values is smaller than the points shown on
the graph.

It is clear from the figure that the annealing temperature of the process has a significant effect on the
resulting resistivity of the film, with approximately order of magnitude decreases in resistivity as the

annealing temperature is stepped up from 100°C to 400°C in 100°C intervals.

It is unsuprising that an increasing annealing temperature leads to a lower film resistivity. A higher
annealing temperature leads to more energy being avalible for the filling of voids and increasing the
grain size of the film. It appears that an annealing temperautre of 400°C is required to achieve film
resistivities that are comparable to ITO. These annealing temperatures would also not be compatible

with plastic substrates.
The spectral transmission of a film both before and after an annealing step is shown in Figure 42.

There are a number of interesting features in the figure. It is clear that the absorption of the films has
not increased across the visible range after the film has been annealed. This is a promising result as the
application of the films as transparent conductors depends on the films transparency, and the annealing

process that decreases the resistivity of the film does not affect the absorption of the films.

There is also a clear decrease in wavelength, and thus increase in energy, of the onset of the band gap

absorption of the film. Tauc analysis suggests that the band gap of the annealed film has increased to
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3.58eV, compared to a band gap of 3.34eV for the non-annealed film. This increase in band gap is due to
the Burstein Moss effect, as discussed when considering the optical spectrum of the non-annealed films.
This indicates that the carrier concentration has been increased in the film, and it is thus unsurprising

that a decrease in resistivity is observed.
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Figure 42: The change in the spectral transmission and reflection (top) and absorption (bottom) of the spray deposited films
when annealed under nitrogen. The image shows the spectrum for a 0.5% lithium doped 2% aluminium doped zinc oxide film
deposited at 400°C and annealed at 400°C for 1 hour. The absorption coefficient of the films is displayed against the energy
of the incident light on the films.

As the layer is intended as an alternative to an ITO layer, it is useful to compare the optical properties of

the 0.5% Li doped layer with that of ITO. This comparison is shown in Figure 43.

94



5 Doping of Zinc Oxide for use as a transparent conductor

100 T T T T T T T T T T T

T (%)

10 ] —ITO
1 ——Li Doped AlZnO
3(IJO 460 560 660 T(IJO B(IJO 900
Wavelength (nm)

Figure 43: The measured transmission of an ITO layer and the 0.5% Li doped ALZnO layer. The ITO layer in this measurement
was 140nm thick and the sprayed layer was 46nm thick.

It can be seen that in the visible range, the transmission of the two layers is of a similar magnitude. The
ITO layer shows interference oscillations between 80% and 90% transmission, whereas the sprayed layer
shows transmission decreasing from 90% to 75% across the visible range. The absorption onset occurs
slightly earlier for the sprayed layer than ITO, with a band gap estimated using the Tauc method for ITO

of 3.75eV, in agreement with prior literature,’?! compared to an estimate of 3.58eV for the sprayed film.

Figure 43 shows that the Li-Al doped ZnO layer would make a suitable alternative to ITO as the
transmission of the layer remains above 75% for the entire visible light range. However, as the
transmission of the layer is lower than ITO across this range, this would result in the efficiency of devices
produced using the ZnO layer as a transparent conductor may be less efficient due to less of the

generated light being transmitted from the emissive layer.

As the annealing process is performed under nitrogen, it is also necessary to determine if the
performance of the annealed film degrades when exposed to atmosphere. A study of the resistivity of

the films over time when exposed to atmosphere is thus shown in Figure 44.
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Figure 44: The performance of the annealed layer over an extended period of time. The image shows the measured
resistivity of a 0.5% Li doped 2% Al doped zinc oxide film sprayed at 400°C and annealed for one hour under nitrogen at
400°C. The film was then exposed to normal atmosphere and the resistivity measured The error in the measured values is
smaller than the points shown on the graph.

It is evident from the figure that the performance of the layer does not degrade when exposed to air.
This implies that the structure of the film has been changed by the annealing process, as if the increased
conductivity was solely due to the de-absorption of oxygen or moisture in the film then it would be
expected that re-absorption would occur on exposure to air, leading the conductivity to decrease. This
therefore supports the previous discussion that the annealing process has resulted in an increased grain

size of the film, as this is a property that would not be affected by re-exposure to ambient atmosphere.

This figure also shows that the film would be suitable for application in ambient conditions as it retains

its lower resistivity when removed from a nitrogen environment.
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5.5 Conclusion

This chapter has dealt with the study of lithium doping of aluminium doped zinc oxide films. Initially, a
study of aluminium doping of zinc oxide films was performed. The various physical, optical and electrical
properties of the films were discussed, and a 2% doping concentration and a 400°C deposition

temperature was determined to be optimal for the lowest resistivity of the films.

The effect of lithium doping on the films was then investigated. It was found that the inclusion of lithium
into the film did not have very significant effects on the film properties, although it did seem to provide
more systematic variations if the film properties with deposition temperature, perhaps suggesting
better control of the deposition process. As the measured resistivity of the spray deposited films was

also low, the investigation thus moved on to annealing of the films to increase performance.

It was found that annealing of the films in a nitrogen environment led to significant decrease in the
measured resistivity of the films, and that this decrease was retained when the films were re-exposed to
atmosphere. It was found that during annealing the lithium doping assisted in further decreasing the
resistivity of the films when compared to the standard aluminium doped film. A minimum resistivity of
5.02 x 10°Qcm was obtained for the 0.5% lithium doped 2% aluminium doped films. This compares to a

typical resistivity of 1 x 103Qcm for ITO, so is thus approaching a competitive value.
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6 Spray Pyrolysis of Molybdenum Oxide as a hole injection layer

6.1 Introduction
This chapter deals with the study of the spray pyrolysis of thin molybdenum oxide layers, and is divided

into three parts.

The initial section describes some of the background of the material molybdenum oxide and why it has
an application in organic semiconducting devices. Molybdenum oxide is a material particularly suited for
application in the anode contact of such devices, and this section will also describe some of the previous
work that has been performed in this area. Spray pyrolysis of molybdenum oxide remains a little

investigated topic, emphasising the novelty of the work.

The second part of the chapter then focuses on a temperature study for deposition of the molybdenum
oxide layer. Initial investigation in the previous section suggested that the temperature that the spray
deposition is performed at may have a significant effect on the properties of the layer. The layer is thus
deposited at various temperatures and a number of properties, such as the work function and
molybdenum ion ratios in the layer are investigated. Finally, some simple test devices are fabricated,
leading to the result that deposition of the layer at 225°C produces OLED devices of the highest emission
efficiency, and that these devices operate at higher efficiencies than devices fabricated using both

PEDOT:PSS and thermally evaporated molybdenum oxide injection layers.

Finally, the 225°C layer is incorporated into a majority solution processed high efficiency
phosphorescent OLED device. The layer here again shows improved efficiency when compared to the
traditional PEDOT:PSS hole injection layer, showing greatly improved switch-on voltage and reaching
maximum efficiencies of 20 Im/W compared to 10 Im/W for an equivalent PEDOT:PSS hole injection

layer device.
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6.2 Background

Although it is clear that investigation of the solution processing of MoO has taken place, some common
themes run through the work that has been performed. Almost all the prior work discussed has taken
place on OPV devices, whereas OLED devices remain an under-explored area. This results in a lack of
focus on the electronic properties of the MoOx layer itself. In addition to this, all of the prior work uses
spin coating as the deposition method of the layer. This limits the investigation possible on the effects of
the thickness of the MoOs layer, which is especially important given the minimal thickness of the layer

used.

Spray pyrolysis is a technique, on the other hand, that has not been used for the fabrication of these
layers. The technique has been used to produce MoOylayers'??12%, but was not investigated for
deposition of layers in the organic electronics field. It was thus timely to perform a study of the spray

pyrolysis of MoOs as a hole injection layer in OLEDs.

The investigation of the basic spray pyrolysis process has already been discussed in a previous chapter.
This chapter deals with the investigation of the effect of one of the most important variables of the
spray pyrolysis process, that of the temperature of the substrate during the deposition process. The
investigation is divided into two parts. First, the thin film properties of the molybdenum oxide layer
resulting from the deposition process is investigated. Then, the effect of incorporation of the layer into

various forms of device is studied.
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6.3 Investigation of MoOx thin film

Initially, the film resulting from the spray deposition process was examined independent of any device
structure. The chosen deposition temperatures begin at around the minimum that precursor
decomposition would be expected to be taking place, as it is desirable to deposit the material at as low a

temperature as is practical.
Thickness and surface roughness

The measured thickness and surface roughness of the spray deposited layers at various substrate

temperatures is shown in Table 1.

Deposition 180 225 255 300 340

Temperature (°C)

Thickness 71 73 68 38 20
(nm)
Surface Roughness 15 20 15 7 5
(nm)

Table 1: The measured thickness and surface roughness (R,) of the spray deposited layers. The thickness has been
determined by ellipsometry. The average surface roughness was determined using surface profilometry.

A clear trend evident in the date is that both thickness and surface roughness of the deposited films
decreases with increased substrate temperature. This result is despite the fact that 5ml of precursor
solution was used for each deposition, indicating that the deposited film is becoming more densely
packed with increasing deposition temperature. This trend has been observed in the spray deposition of
other materials.’® This can be explained by the atoms of the precursor material having more energy at
the substrate surface to incorporate into the crystal lattice of the layer. At lower temperatures,
incomplete evaporation of the precursor solvent will also contribute to surface roughness of the film
due to the Marangoni effect'?®, film thickness variations resulting from varying solvent evaporation

rates at different points on a droplet on a substrate.

It is notable that at lower temperature deposition, the surface roughness of the films is significantly

higher than would normally be expected for an efficient interlayer in a luminous device!?, and thus the
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layers deposited at a lower temperature would be expected to perform less efficiently. This point will be

considered further when the performance of devices incorporating the layers is discussed.
Optical analysis of films

As the film is being incorporated in an optical structure, the transmission characteristics of the film as
deposited are important to understand. The optical transmission and reflection of films deposited at
various temperatures and a 60nm PEDOT:PSS film, as well as their calculated absorption, is shown in

Figure 45.

In terms of the device performance the transmission spectra of the films as deposited in a device
structure are most important. The PEDOT:PSS reasonably transparent across the entire visible spectrum,
although the transmission of the layer drops towards 80% in the near infrared. In contrast to this, the
spray deposited layers deposited below 350°C have a broad absorption across the red and near infrared
region of the spectrum, which is also visible as a green tint in the colour of the films. The position of the
band will lead to lower efficiencies for red light emitting diodes and solar cells, due to the absorption of
some photons emitted from the emissive layer. However, any efficiency losses compared to other
injection layers are better considered when measuring their overall performance in emissive devices,

and thus will be examined later in the chapter.

The bottom image in Figure 45 shows the absorption of the deposited films. It would be expected that
pure MoOs films would show no absorption at energies below the band gap. The spray deposited layers,
however, display a broad absorption centred at 817nm. The strength of this absorption increases
slightly, peaking for the sample deposited at 225°C and then decreases with increasing deposition
temperature. This absorption has been linked to a Mo* - Mo*® inter-valance charge transfer transition,

suggesting an increasing proportion of Mo* ions as the absorption increases .12

101



6 Spray Pyrolysis of Molybdenum Oxide as a hole injection layer

100 T T T T T T
80
T R
60 ——PEDOT:PSS - - -
——180°C- - -
2 225°C
404 —255°C-- -
300°C
——340°C- - -
20+« STt B
™=z :,T—‘::"_"-_-z:_—___—:=:=-:a-:-—:—:—:__—': : : : _Z: ek
0 T T T T T T T T
400 600 800 1000 1200
Wavelength (nm)
' ' ' ——PEDOT:PSS
—180°C
06 225°C
—255°C
300°C
—_ ——340°C
=)
< 0.4 i
c
°
a
G
w
0
< g2 i
0.0 T T T T T T T T
400 600 800 1000 1200

Wavelength (nm)

Figure 45: The measured transmission and reflection spectra (top) and absorption (bottom) of the MoO films deposited by

spray pyrolysis, as well as a 60nm PEDOT:PSS layer.

Work function measurement by Kelvin Probe

The work function of the deposited layers as measured by the kelvin probe method is shown in Figure

46.
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Figure 46: The work function of the spray deposited MoOy films as measured by the Kelvin probe method.

The work function of the spray deposited films has a value of -5.54eV for 175°C deposition, reaching a
peak of magnitude -5.6eV at 225°C before increasing to -5.35eV as the temperature of deposition is
further increased. This is in all cases a significantly larger work function value than that of PEDOT:PSS at -
5.2eV, suggesting that all of these layers should achieve a more favourable hole injection energy level

alignment in a typical organic device than PEDOT:PSS.

Other work has suggested a work function value of -5.4 to -5.6eV for MoOx either fabricated in air or
exposed to air after vacuum deposition.®>1?° This is clearly in agreement with the results presented here.
Previous work has also suggested that thermal annealing under vacuum of as deposited films leads to a
decrease in the measured work function of MoOyfilms due to increases in the number of oxygen
vacancies in the film.13%131 A similar trend of reduction in work function is observed here, although as
the deposition has taken place in air and spray pyrolysis is not analogous to thermal annealing, this is

not necessarily evidence of increasing oxygen vacancies, as will be discussed in the next section.

UPS measurements

Ultraviolet photoelectron spectroscopy (UPS) provides an alternative method of determining the work
function of the films to compliment the kelvin probe measurement. UPS scans performed on the spray

deposited films as well as an ITO reference substrate is shown in Figure 47.
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Figure 47: UPS scans of the deposited MoOy layers. The top image shows the entire scan and the bottom image shows the
photoemission cut off. The spectra were acquired using a light source of energy 21.22eV.

The UPS scan provides information on the electron density of the films at various energies. The work
function of the films can be obtained by subtracting the point of photoemission cut off of the spectrum

from the energy of the incident light on the sample, in this case 21.22eV. The results of this calculation

are shown in Figure 48.
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Figure 48: The work function of the deposited MoOy layers as calculated from UPS measurements. The value is obtained by
subtracting the photoemission cut off of the measured spectra from the energy of the incident ultraviolet light.

When compared to the work function of the films as measured by Kelvin prove in Figure 46, it is clear
that although the general trend of first decreasing then increasing work function with increased
deposition temperature is still present, the absolute values of work function measured by UPS are
lower. For example, the film deposited at 225°C had a work function value of 5.6eV from Kelvin probe
measurements, but a value of 5.1eV from UPS. In the literature it is generally noted that work function
values as measured by UPS are lower in magnitude than those measured by kelvin probe.32133 This is
attributed to the high vacuum conditions of a UPS measurement causing desorption of molecular
species from the surface of the sample before the measurement takes place, which can have a large
effect on the measured work function. It is also suggested that the fact that UPS measures the lowest
magnitude work function possible whereas a kelvin probe measurement gives an average value can be

responsible for the observed deviations.

In this case, the value of the work function measured via Kelvin probe is considered to be more relevant.
This is due to the fact that the deposition of further layers on the MoOxy layer takes place in ambient at

atmospheric pressure, the same conditions under which the Kelvin probe measurement takes place.
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XPS measurements

X-ray photoelectric spectroscopy (XPS) was performed on the deposited samples. An example of a curve

produced by this measurement is shown in Figure 49.
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Figure 49: An example of a XPS survey scan of one of the deposited MoOj films. The measurement produced similar curves
for all deposition temperatures. The curves have been corrected for the measured background. The origin of the peaks
visible in the spectrum has been indicated.

The XPS measurements produced curves that are very similar for all samples, so data are only presented
here for a single deposition temperature as an example. The carbon peak suggests the presence of a
hydrocarbon contamination layer, which attenuates the other peaks. After correction for this,’** the
ratio of the remaining Mo 3d and O 1s peaks can be used to determine the O:Mo ratio of the deposited

films. The results of this calculation are shown in Figure 51.

In addition to this, the specific oxidation states of Mo ions present in the film can be determined by
performing a high resolution scan of the Mo 3d peaks in the spectrum and fitting these peaks with
respect to contributions from the individual ionic states as determined from the literature.’®® The results

of these scans are shown in Figure 50.
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Figure 50: Examples of high resolution XPS scans of the Mo 3d peak for the MoOx films deposited at 180°C (top) and 340°C
(bottom). The peak is a superposition of the contribution from the three possible Mo ion states of +4, +5 and +6, each split
into pairs due to spin-orbit coupling. The top figure shows a contribution almost entirely from the +6 state, whereas a more
significant fraction of the +5 state is present in the bottom figure.

The shape of the Mo 3d peak is determined by the contributions from the three Mo ion states present in
the film. These are the +4, +5 and +6 states. Each contribution is split into two peaks due to spin orbit
coupling. The positions of each of the peaks have been determined from literature.!*® Analysis of the

area of each of the peaks can then be used to determine the ion ratios present in the film.

The information derived from the XPS survey and high resolution scans can then be summarised. This

information is presented in Figure 51.
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Figure 51: Data derived from XPS analysis of the deposited films. The top image displays O:Mo atomic ratios as
determined by a XPS general survey scan. The ion ratio for the film deposited at 340°C could not be calculated due to the
presence of the underlying ITO film in the data. The bottom image displays data derived from analysis of high resolution
scans of the Mo 3d peaks. Where error bars are not visible they are smaller than the data point.

A calculated ratio for the film deposited at 340°C is not present. This is due to the fact that the XPS scan
indicated a contribution from the ITO present underneath the film. This suggests that either the film was
thinner than the survey depth of the XPS measurement, approximately 10nm, or that complete
coverage of the substrate had not been achieved. The presence of other ITO-based contributions meant
that the stoichiometry of the MoOx film could not be extracted. Data derived from the survey scan in the
top image of Figure 51 for the remainder of the films shows that the molybdenum to oxygen atom ratio

is unaffected by the deposition temperature of the spray process, measuring close to 2.46 for all the
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films. This is in agreement with the values reported in some literature for evaporated MoO,!?, but other

reports place the ratio at no lower than 2.7, even after annealing the film.%3!

The bottom image in Figure 51 shows that for the films deposited at lower temperatures, around 7% of
the film consists of the Mo*® state, with the remainder of the film made up of the Mo*® state. Once the
deposition temperature reaches 340°C, the proportion of the film consisting of the Mo* state
significantly drops to 2%, and a small proportion of the Mo* state appears, making up 0.5% of the film.
This data is consistent with the wide absorption band shown in Figure 45 in which the strength of the
Mo*> > Mo*® inter-valance charge transfer transition decreases significantly for the film deposited at

330°C.

It is clear that for all deposition temperatures, the spray process produces films with a large number of
oxygen vacancies, as the O:Mo ratio would be expected to be much higher when considering the
measured ion ratio if the films were stoichiometric. Recent discussion of the inclusion of MoOx films in
organic devices has suggested that the presence of oxygen vacancies is fundamental to their efficient
operation in organic devices.3%17 |t would therefore be expected that films deposited by spray pyrolysis
should also improve the efficiency of devices as there appears to be a significant number of oxygen

vacancies in the deposited films when compare to stoichiometric MoOs.
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6.4 Incorporation of MoOx film into semiconductor devices

The previous section dealt with the investigation of spray deposited MoOx films. For the results obtained
to be discussed in context, however, it is necessary to incorporate the layers into organic devices so
their performance can be investigated. This section thus incorporates the sprayed layers into devices.
The first study reported deals with the investigation of the electrical properties of the layers by
incorporating them into hole only devices with various semiconducting layers. The second study then

deals with the incorporation of the layers into light emitting diodes to investigate their performance.
Hole only devices

As has already been discussed, single carrier devices allow the investigation of the behaviour of an
injection contact by only allowing the injection of one carrier. Based on the expected work function of
the MoOx layers as determined through previous measurement, a variety of semiconducting polymers
can be chosen for investigation of the injection properties of the layer. For this investigation, 3 materials
were selected. These polymers were Poly(9,9- dioctylfluorene-co-bis-N,N-(4-butylphenyl)-bis- N,N-
phenyl-1,4-phenylenediamine) (PFB), poly(9,9- dioctylfluorene-co-N-(4-methoxyphenyl)diphenylamine)
(TFMO)and poly(9,9-dioctylfluorene-co- N-(4-butylphenyl) diphenylamine) (TFB) and were supplied by
the Sumitomo Chemical Company. The chemical composition of the materials used are shown in Figure
52, and the structure and energy levels of the resulting hole only devices fabricated are shown in Figure

53.
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Figure 52: The three materials used for the fabrication of hole only devices. Poly(9,9- dioctylfluorene-co-bis-N,N-(4-
butylphenyl)-bis- N,N-phenyl-1,4-phenylenediamine) (PFB) (left), poly(9,9- dioctylfluorene-co-N-(4-
methoxyphenyl)diphenylamine) (TFMO) (right) and poly(9,9-dioctylfluorene-co- N-(4-butylphenyl) diphenylamine) (TFB)
(bottom) are all relatively high mobility hole transporting polymers.38

The presence of evaporated MoOs in the structure of the devices is suitable to block any electron
injection into the device. These particular hole transport materials were selected for the position of the
HOMO levels in each. PFB has a HOMO level at 5.1eV*%*%, TFMO at 5.2eV**° and TFB at 5.3eV.** From
previous work function measurements performed, the work function of the sprayed MoOx layers is
expected to be of similar levels, so changes in the injection behaviour occurring at the boundary can be

observed.
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Figure 53: The device structure (left) and relevant energy levels (right) of the hole only devices fabricated for investigation of
the sprayed MoOjy layers. The layer labelled ‘X’ represents the sprayed MoOx layer or a different hole injection material for
comparison.
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Devices of the structure shown in Figure 53 were fabricated for using the spray deposited MoOy layers
as hole injection layers for the three hole transport materials discussed. Devices were also fabricated
with no hole injection layer present, with ITO in contact with the hole transport layer, as well as devices
using PEDOT:PSS and an evaporated MoOjs layer for comparison. The measured electrical properties of

these devices are shown in Figure 54 and Figure 55.

100000
10000
1000
100

-
o

—ITC
—180°C
225°C
——255°C
300°C
—340°C
——PEDOT:PSS
——eMe03
——5SCLC

Current Density (mA/cm?)

T T T T T T T T
-200000 0 200000 400000 600000
Electric Field (V/cm)

100000 - .
10000 TFMO

1000 4
o~ 100
g 10 ]
= X
<< E
£ 1
= 0.14
8 0.01 1 ——
—  1E-3+ ——180°C
5 225°C
= 1E-4 o ——255°C
=] E 300°C
&} 1E-5 ——340°C
E — PEDOT.PSS
1E-6 ——éeMo03
E ——SsCLC
1E-7 T T T T " T T T
-200000 0 200000 400000 600000

Electric Field (V/cm)

Figure 54: The electrical properties of hole only devices fabricated using various hole injection layers. The top image shows
devices fabricated with PFB and the bottom with TFMO. The SCLC current density has been calculated using literature values
for the mobilities of the polymers. The electric field was determined by dividing the applied voltage by the thickness of the
polymer layer.
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Figure 55: The electrical properties of hole only devices fabricated using various hole injection layers. The top image shows
devices fabricated with TFB. The SCLC current density has been calculated using literature values for the mobilities of the
polymers. The electric field was determined by dividing the applied voltage by the thickness of the polymer layer. The
injection efficiency of the devices (Bottom) is calculated as the ratio of the current density of the device to the modelled SCLC
at 200000 V/cm.

The theoretical SCLC current for each material in Figure 54 and Figure 55 has been calculated using

Poole-Frenkel coefficients for each polymer as determined from literature. These shown in Table 2.139140
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Ho (x 103 CmZV-IS-I) ﬂ (x 103 cmO.SV-O.S)
PFB ‘ 0.1 2.5
TFMO 4.5 0.75

TFB ‘ 4 1.6

Table 2: Poole-Frenkel coefficients for each polymer used in the study as determined from literature.139140

For all of the devices in Figure 54 and Figure 55, it is clear that the magnitude of the current densities
measured is lower than the modelled SCLC current density. This is a feature that is commonly seen in
hole only devices when fabricated with materials that should be able to form an ohmic contact and thus
achieve ohmic injection.'® This is suggested to be due to the fact that vacuum level alignment may not
be achieved in the device structure. However, the data from the spray deposited devices can still be

compared with respect to the various reference layers that have also been used.

The top image of Figure 54 shows hole only devices fabricated with PFB as the hole transporting
material which has the highest HOMO level of 5.1eV. All of the spray deposited MoOy layers, as well as
both the PEDOT and evaporated MoQs layer show similar injection properties, suggesting that the
injection barrier at the interface has been minimised for all layers. The device with no injection layer,
however, shows current densities approximately 4 orders of magnitude lower that the other layers. This
result is to be expected when considering the work function of the layers involved. The work function of
ITO, 4.8eV, is lower than the HOMO level of PFB at 5.1eV, and carrier injection is clearly being limited by
an injection barrier at the interface. None of the other layers have a work function of less than 5.2eV,

and therefore would not be expected to be injection limited.

The bottom image of Figure 54 shows hole only devices fabricated with TFMO which has the
intermediate HOMO level of 5.2eV. The spray and evaporation deposited molybdenum oxide devices
show similar properties to the PFB devices with these layers, as does the device with no injection layer.
The PEDOT device, however, shows a decrease in current density of approximately an order of
magnitude compared to the molybdenum oxide devices. As PEDOT:PSS is considered to have a work
function of 5.2eV, it would not be expected to be injection limited in this device. It is suggested that the
energy level alignment at the PEDOT:PSS interface must produce an unfavourable dipole which is
limiting carrier injection to some extent, or that the interaction between the layers is modifying the
PEDOT:PSS properties. Chemical interactions between the various polymer layers and injection layers

may also be having an effect on the behaviour of the devices.'*?
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The top image of Figure 55 shows hole only devices fabricated with TFB which has the lowest HOMO
level of 5.3eV. The ITO device continues to be injection limited, and as for TFMO the performance of the
PEDOT:PSS device is notably poor. In addition, the spray deposited MoOy devices now begin to show
differences in performance. The films deposited at 180°C and 225°C continue to show minimum
injection barrier properties. The films deposited at higher temperatures, however, show decreases in
current density, with a larger magnitude decrease as the deposition temperature increases. As the work
function of the deposited films was found to decrease with increasing deposition temperature, this is
the expected result as the injection barrier increases and the device moves away from minimised

injection barriers.

The bottom image of Figure 55 shows the injection efficiencies for the various layers into the various
hole transport materials. These values have been calculated as a fraction of the modelled SCLC current,
which is the maximum theoretical current that could be achieved in each device. This image can be
considered to be a summary of the other images in the figure, and shows the same observations. It is
notable that even in the case of the best performing MoOx layers, which from their measured work
function could be expected to show ohmic injection, the ratio to the theoretical SCLC calculation is still
far lower than one. This is likely due to the mobility of the layers used for these experiments being lower
than the literature values used for the calculation. There is also evidence that other factors prevent the

achievement of true ohmic injection at interfaces that would be expected to.*

It can also be useful to consider the electrical properties of single carrier devices on a log-log plot. The

data shown in Figure 54 and Figure 55 is thus re-plotted in Figure 56.

Log scales of single carrier devices can be useful for determining the type of transport occuring. If the
hole transport material is considered to contain no traps, The current density gradient on a log-log scale
should be constant in the case of ohmic injection where the current is space charge limited,**® and the

modelled SCLC shows this.
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Figure 56: The data shown in Figure 55, re-plotted on a log-log scale.
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Behaviour differing from a linear nature suggests the presence of traps in the material.** However, the
shape of the various curves in Figure 56 appears to remain constant across the different hole transport
materials used. For example, the single carrier devices fabricated by spray deposition at 250°C appear to
show a linear response on the log-log figure with a gradient of 2 for all three transport materials,
whereas the deposition at 330°C shows an initial gradient lower than 2 for all three materials. This
would suggest it is the interface at the injection contact that is responsible for these variations, perhaps
suggesting that variations in the deposition method of the charge injection layer can cause variations in

the trap density of the organic semiconducting material deposited on top.
OLED performance using MoOy as a hole injection layer

The final step in the investigation of the sprayed molybdenum oxide layers is the fabrication of
luminescent devices to investigate the effect of the deposited layers on device performace. Luminescent
devices were prepared using the spray deposited MoOy layer and several reference layers using F8BT as
the emissive layer of the device. The basic structure of the devices prepared is shown in Figure 9
consisting of the injection layer, shown in the figure as PEDOT:PSS deposited on ITO, followed by the
emissive layer and a calcium/aluminium top contact. This is one of the simplest structures possible, and

thus allows for the properties of the injection layer to be better understood.

The current density response of the fabricated devices is shown in Figure 57. The top image in Figure 57
shows the current density response of devices fabricated with the sprayed molybdenum oxide layer
deposited at various temperatures. The devices with a layer deposited at 180°C and 225°C show very
low leakage current, which then increases drastically as the deposition temperature is further increased.
This increase in current density would be expected to partially arise from the reduced thickness of the
sprayed layer as the deposition temperature is increased. It is unlikely that the increase is due to
reduced electron blocking at the interface as the increased current is symmetrical in both forward bias
(before switch on) and reverse bias. As the roughness of the sprayed film decreases with increasing
deposition temperature it is unlikely that the increase in current is due to incomplete coverage of the
emissive layer. It is possible that as the deposited layer becomes thinner, pinholes are appearing in the

film, and that these could increase the leakage current of the device.

The switch on voltage of the devices occurs between 2.2-2.4V for all of the measured devices,
independent of the leakage current density. The low temperature 180°C and 225°C spray deposited

devices also show a minimum current density that is significantly offset for the OV, unlike the higher
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temperature devices where the current density has a sharp minimum at 0V. This is likely due to the
presence of traps in the emissive layer which are known to produce this feature. The apparent larger
leakage current for the devices containing layers deposited at a higher temperature may then be

masking the appearance of this feature in those layers.

The bottom image of Figure 57 shows the current density response of devices fabricated with the 225°C
spray deposited MoO layer compared to a PEDOT:PSS injection layer and two thicknesses of evaporated
molybdenum oxide layer. All the reference devices show low leakage current, although the thinner
evaporated molybdenum device shows an increased reverse bias current. As the evaporated
molybdenum layer is exposed to oxygen during the fabrication process, degradation of the layer is
expected to arise from interactions with moisture and oxygen.?° The performance of the thinner layer

would be expected to be more affected by this exposure.

The switch on of all the reference devices occurs between 2.2 and 2.4V.
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Figure 57: The measured current voltage response of luminescent devices fabricated using spray deposited molybdenum
oxide injection layers as well as various reference layers. The top image shows the effect of the variation of the deposition
temperature of the spray pyrolysis process. The bottom image displays a comparison of the sprayed MoOy layer deposited at
225°C with several reference layers.

The measured luminance of the fabricated devices is shown in Figure 58.
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Figure 58: The measured luminance response of luminescent devices fabricated using spray deposited molybdenum oxide
injection layers as well as various reference layers. The top image shows the effect of the variation of the deposition

temperature of the spray pyrolysis process. The bottom image displays a comparison of the sprayed MoOy layer deposited at
225°C with several reference layers.

The top image of Figure 58 shows the measured luminance of the spray deposited layers. There are
clearly large variations in luminance as the deposition temperature is varied. The device containing the
layer fabricated at 180°C shows a low luminance. As the deposition temperature increases, the
luminance of the device increases up to a peak for the device containing the layer deposited at 255°C.
The luminance of the device then decreases as the deposition temperature of the hole injection layer is
further increased. The luminance of each of these devices continues to increase for the entire

measurement range up to 10V and in the case of the 225°C, 255°C and 300°C deposited MoOx layers
exceeds 35,000 cd/m?
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The bottom image of Figure 58 shows the luminance of devices fabricated with the 225°C spray
deposited MoOy layer compared to the reference layers. Here, the sprayed layer device shows similar
performance to the PEDOT:PSS layer until relatively high voltages are reached, where the performance
of the PEDOT:PSS device begins to break down. This is likely due to the acidic nature of the PEDOT:PSS
damaging the ITO surface, which then causes further break down when the device is exposed to higher
temperature associated with high voltage operation.’* The luminance of the two evaporated
molybdenum oxide layers is significantly lower than the sprayed layer. This is likely due to the

evaporated layers sensitivity to oxygen and moisture.

The current density and luminance data obtained can then be combined to produce data on the current

efficiency and power efficiency of the devices. This derived data is shown in Figure 59.
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Figure 59: The measured current efficiency (top) and luminous efficiency (bottom) of devices fabricated using various hole
injection layers with respect to voltage. The left images display the measured luminous efficiency of the spray deposited

layers. The right images display the measured efficiency of the sprayed MoOy layer deposited at 225°C with several reference
layers.
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The left images in Figure 59 display that the luminous efficiency of devices prepared using the sprayed
layers is initially low for low temperature deposition, but quickly rises to a peak efficiency of 5.4lm/W for
the film deposited at 225°C. As the deposition temperature is further increased, the efficiency drops,
with the device prepared with 330°C MoOy having the lowest peak efficiency of all the measured
devices. This efficiency roll-off is usually attributed to triplet-triplet annihilation.'*® These results are fully
representative for devices prepared using the spray pyrolysis method. The right images of Figure 59
display the performance of the device containing the MoOy layer deposited at 225°C in comparison to
devices with other reference layers. The device incorporating a 60nm PEDOT:PSS layer shows a peak
efficiency of 1.45 Im/W, and devices containing both 5nm and 30nm evaporated MoOxy layers peak at 4.2
Im/W and 4.4 Im/W respectively. It can be seen that the spray deposited layer thus produces devices

with higher luminous efficiencies in than for either PEDOT:PSS or evaporated MoQjs injection layers.

It can also be useful to view efficiency data plotted against the luminance of the devices. This is shown in

Figure 60.

The thin film results can now be discussed in the context of this measured device performance. As the
efficiency of the devices decreases for films deposited above 225°C, it is clear that the surface roughness
of the films as shown in Table 1 is not the primary determinant of device performance here, as an
increase in deposition temperature leads to smoother films. The lack of a significant change in
performance when the thickness of the eMoOyreference layers is varied suggests that the change in
thickness of the spray deposited layers is also unlikely to be a source of performance variation in the

devices.

The film deposited at 225°C has both the deepest work function and highest proportion of Mo* state, as
shown in Figure 46 and Figure 51. It would thus appear that the measured work function of the film is
the most important factor when determining device performance, as would be expected as a deep work

function provides the most favourable energy level alignment to the HOMO of the emissive polymer.
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Figure 60: Efficiency data similar to that shown in Figure 59, plotted against luminance on a log-log scale to illustrate the

performance of the various layers at both low and high luminance values.
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6.5 Incorporation into higher efficiency OLED devices
The investigation in the previous section has shown that spray deposition of an optimised molybdenum

oxide hole injection layer can achieve an increase in the device efficiency when compared to standard
layers. However, the main study performed in the previous section was performed with a very basic

device structure for a relatively less efficient emissive layer.

For a more in depth investigation of the spray process, it was determined that it would be useful to
investigate the performance of the layer in a higher efficiency device stack as well. The layer deposited
at 225°C, as the best performing in the temperature study, was selected to be used | ourn further

investigation.
Surface characterisation of MoOy layer

Atomic force microscopy scans compliment information obtained from profilometry data that was
discussed earlier in the chapter. AFM scans performed on a MoOy layer spray deposited at 225°C are

shown in Figure 61.
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Figure 61: AFM scans of a MoOx layer deposited using spray pyrolysis at 225°C on a ITO coated glass substrate. The left image
shows a 1x1um area in the centre of the 5x5um area of the right image.

The figure shows two different sized areas of the sample. The left image shows a 1x1um? portion of the
sample. The root mean square roughness of the area was measured to be 2.6nm. The right image shows

a 5x5um?2area of the sample. The root mean square roughness of this area was measured to be 8.9nm.

These images are an indication of the effect of spray deposition on the surface profile of the sample. The
large scale image shows ridges present in the sample most likely due to the Marangoni effect of
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evaporating droplets at the surface of the sample, as has already been discussed. The surface structure

in this image correlates with the surface profilometry data discussed previously.

The left image, however, details the surface structure on a smaller scale where the large droplets are no
longer a factor. Here, the surface roughness is much decreased, and approaches figures that have been
reported for molybdenum oxide prepared through other methods. This would suggest that the surface
of the layer on the nanoscale is suitable as an injection layer. However the larger scale non-uniformity
results in some patterning that is visible at low luminance when the device turns on. Efforts to improve

the spray pyrolysis technique further could reduce this effect.
Fabrication of higher efficiency devices

The 225°C layer was then incorporated into higher efficiency devices. The emissive layer of the devices
was a guest-host blend with 5 wt% of the guest phosphorescent green emitter Bis(2-
phenylpyridine)(acetylacetonate)iridium(lll) ((PPy) 2 Ir(acac)) dispersed in a 60:40 volume blend of 2,6-
Bis(3-(9H-carbazol-9-yl)phenyl)pyri- dine (26DCzPPy) and 4,4',4"-tris( N -carbazolyl) triphenylamine
(TCTA) as host. Details of the general structure and preparation of these devices are presented
elsewhere.’ The sprayed molybdenum layers were incorporated in these devices as an alternative hole
injection layer. It was also postulated that the thickness of the sprayed molybdenum oxide layers may
be reducing the efficiency of devices incorporating the layer due to the shunt resistance introduced into
the device by a thicker insulating layer, but attempting to reduce the thickness led to inconsistent device

performance.

As a possible solution to this problem a thin sprayed MoOx layer was deposited at 225°C onto
PEDOT:PSS. As the PEDOT:PSS layer should remain stable at these temperatures, it was hoped that the
presence of the PEDOT:PSS layer might stabilise the device performance, allowing a thinner sprayed
MoOx layer to produce efficient devices through assisting with hole injection. The measured current

voltage and luminance data of the various devices is presented in Figure 62.
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Figure 62: The measured current voltage response (top) and luminance (bottom) of devices fabricated using spray deposited
molybdenum oxide injection layers, a PEDOT:PSS layer, or a sprayed molybdenum oxide layer deposited on top of a
PEDOT:PSS layer.

The top image shows the current density response of the three types of device. The superior
performance of the device containing the spray deposited molybdenum oxide layer when compared to
the device containing PEDOT:PSS is evident in the reverse current and the switch on voltage of the

devices.

The current in reverse bias for the MoOy device is an order of magnitude lower than that of the PEDOT
device. This implies improved blocking of reverse carriers, which would improve the efficiency of the
device, and is likely due to the deeper valence band of MoOyxwhen compared to PEDOT:PSS. The switch

on voltage of the MoOydevice has been reduced significantly, down to approximately 2 volts from 8
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volts for the PEDOT device. Operation at a lower voltage again leads to more efficient emission, and is
explained by the deeper work function of the MoOy layers noted above leading to a decrease in injection

barrier for holes into the device.

The combined PEDOT:PSS/MoOy shows an interesting mix of properties. The reverse current of the
device is an order of magnitude higher than the PEDOT:PSS reference device. The switch on voltage,

however, occurs at around 4 volts, an improvement on the control device.

A possible explanation of these properties is that the spray deposition of the molybdenum oxide
damaged or washed away a substantial portion of the PEDOT:PSS layer. As the deposited MoOxy layer is
thin, it is likely that incomplete coverage of the device has occurred. The MoOy that is present has
improved the switch on voltage of the device, but the incomplete coverage results in short pathways
and an increased reverse current. This would tend to suggest that the efficiency of the resulting device

should be reduced.

The bottom image of Figure 62 shows the measured luminance of the devices. The onset of emission
from the devices occurs as would be expected from the current density response already discussed. It is
noteworthy that both devices containing the sprayed MoOy layer reach a luminance of 10,000 cd/m?,

whereas the PEDOT:PSS device reaches only 6000 cd/m? in the measurement range.

The data shown in Figure 62 can be used to calculate the yield and luminous efficiency of the device

under study. This data is shown in Figure 63.
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Figure 63: The measured yield (top) and efficiency (bottom) of devices fabricated using a spray deposited molybdenum oxide
injection layers, a PEDOT:PSS layer, or a sprayed molybdenum oxide layer deposited on top of a PEDOT:PSS layer.

The top image shows the yield of the devices. It is interesting that here the maximum yield is achieved
by the combined PEDOT:PSS/MoOy device at 33cd/A, followed by the PEDOT:PSS reference device at
30cd/A and the MoOx device at 26cd/A. The combined and control devices here achieve better peak
yields as the current efficiency value is not dependent on the voltage that the device is operating at. This
means that although the switch on of each of these devices is higher than that of the device only
containing MoOy, the lower current flows during emission for the other devices lead to higher yields,
albeit at higher operation voltages. The injection layers in each case are of a similar thickness, so this

should not result in any variation in device performance due to varying thickness.
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When the power efficiency is considered, shown in the bottom image, the advantages of the spray
deposited MoOxbecome clear. The device reaches a peak efficiency of 20 Im/W at 3.8V. This is twice the
peak efficiency reached by the PEDOT:PSS containing device, which peaks at around 10 Im/W at 10V.
The combined PEDOT:PSS/ MoOy device reaches a peak efficiency of of 17 Im/W at 5.6V.

It is useful to examine the efficiency of the devices with respect to the luminance levels they can

achieve. These plots are shown in Figure 64.
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Figure 64: The efficiency data for the devices shown in Figure 63, plotted against luminance on a log-log scale.
The figure shows that for luminance levels up to 100 cd/m?, the spray deposited MoOy device shows

superior performance when compared to the two other devices. In addition to this, in terms of luminous
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efficiency, the bottom image shows that the spray deposited MoOy device shows superior performance

to the PEDOT:PSS device across all luminance values.

These studies have shown that the spray deposited MoOy layer can provide an injection layer which
improves the performance of a solution processed OLED device. The superior performance achieved is
likely due to the same reasons as performance improvements were seen in the temperature study of
the material, in that the deeper work function of the spray deposited layer when compared to that of

PEDOT:PSS leads to better hole injection at the interface.

There is some suggestion that a combination of PEDOT:PSS with the sprayed MoOy layer may be able to
produce a superior device to either material alone, but it is clear the deposition process would need to
be modified to be more compatible with PEDOT:PSS. It is possible that alternative solvents could be

used to achieve this.
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6.6 Conclusion

In this section, the fabrication of molybdenum oxide (MoO,) layers using the method of spray pyrolysis
has been investigated. A brief discussion of the current understanding of how molybdenum oxide can
improve the performance of organic devices, along with previous work on depositing the layer was

given.

The composition of the sprayed films, as well as their optical and electrical properties was then
investigated. The compactness and roughness of the layers appears to be less important to their
performance when incorporated into a device. The superior performance of the sprayed MoOy devices
is ascribed to their deep work function, which allows better energy level alignment with the emissive

layer.

Devices using Poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)] (F8BT) as an
emissive layer have been fabricated incorporating the sprayed MoOy as a hole injection layer which
show good performance in comparison to both devices using Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and evaporated MoOxy as injection
layers. A peak efficiency of 5.4lm/W has been achieved with the sprayed layer, more than three times

that of the PEDOT:PSS device of the same material.

Finally, the best performing layer deposited at 225°C was selected and incorporated into a higher
efficiency solution processed OLED device. Here, a peak efficiency of 20 Im/W was achieved, around
double that of the device fabricated with PEDOT:PSS. The switch on voltage of these devices was also

reduced to 2V from 8V by incorporating the MoOx layer.

This section has thus shown that the spray deposition of molybdenum oxide is a feasible method for
reducing the complexity of the deposition of the device stack and determined the optimal temperature

for doing so.
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7 Conclusion
The aim of this work has been the investigation of the spray pyrolysis process for the deposition of
various metal oxides. Before discussing the final conclusions, it is useful to consider some of the further

work that could be performed in each of the studies that form part of this thesis.

7.1 Further Work

The first area of study for this project was the general spray pyrolysis process. There are a number of
improvements which could lead to improved film deposition using the process. Ultrasonic spray heads,
which involve the fast vibration of the head to improve atomisation of the solution,':1%® lead to smaller
droplets of solution and thus less energy required for the evaporation of the solution as the deposition
takes place. This should reduce the surface roughness of the films deposited, particular evident in the

spray deposition of molybdenum oxide in this work.

Another technique that might be explored is the inflight heating of the spray solution to encourage
decomposition. This can be achieved by infra-red heating of the droplet stream.'* This approach can
allow the temperature of the deposition substrate to be reduced, perhaps opening the way for

deposition at plastic compatible temperatures, particularly for the deposition of the zinc oxide films.

Both of these methods would require significant changes to the spray apparatus used here, so were not
investigated in this project. However, they could lead to a reduction in deposition temperature, one of

the most important goals of any deposition technique being used in conjunction with plastic electronics.

The second area of study was the deposition and doping of zinc oxide films as a transparent conductive
layer. Here, one of the more interesting areas for study would be the introduction of other precursors.
As the deposition temperature was limited in part by the requirements for the decomposition of the zinc
acetate precursor, using a more volatile precursor could result in achieving conducting layers at lower

deposition temperatures.

Diethyl Zinc is an extremely volatile precursor, so volatile that exposure to air results in the formation of
zinc oxide. This makes the material difficult to work with, but the material has been used to spray
deposit zinc oxide layers.'™ It is possible that combining this material with other spray precursors could

lead to much lower temperature deposition.
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In addition to this, there are other possible dopants that may be able to be used as sintering aids in the
spray deposition process. An example is yttrium, which has been suggested to improve the crystallinity
of zinc oxide layers when co-deposited together.’® This might lead to improvements in the

conductivities of the deposited films in a similar manner to that for lithium doping as used in this work.

There may also be other sintering aids that could serve a similar purpose.

The final area studied was the deposition of molybdenum oxide films as hole injection layers. Here,
there is interesting work to be performed on the doping of the layer to manipulate its work function.
Aluminium doping has been suggested as a method of reducing the work function of the molybdenum

152 given

oxide layer to make it suitable for use in the cathode of a device as an electron injection layer,
that the material is n type. Initial experiments were performed to investigate this process using the

spray deposition technique, but have not progressed to the point where the data can be presented as
wholly reliable. However, this is an interesting area for further investigation. Caesium doping has also

been suggested as a route to manipulating the work function of the layer.'>3

Finally, moving into the more general possibilities there are a number of other metal oxides with
applications as contact layers. Zinc oxide has undergone a large amount of investigation as an electron
injection layer in organic devices.’ ¢ Vanadium!'%'>” and tungsten oxide'*®'* gre possibilities for hole
injection or extraction. Although the bulk materials have been studied in some detail, spray pyrolysis
allows for the co-deposition and doping of these various materials, which may lead to interesting

combinations of properties and superior device performance.

These various prospects would all provide interesting scope for further work to be performed in the area

of study for this thesis.
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7.2  Final Conclusions
This project has aimed to study the spray deposition of various metal oxides for use in the contacts of

organic electronic devices.

The thesis began with an introduction to some of the context of organic devices in terms of the physics
involved in the materials, with a focus on the injection mechanics that are found at boundaries in
organic electronic devices. This was followed by a discussion of the deposition and characterisation
techniques used during the project. The aim of both of these chapters was to provide the reader with a
broad context of the area in which the work of the project was being performed, as well as discussing
the reasoning behind the use of spray pyrolysis as a deposition technique and the various

characterisation techniques employed.

The next chapter dealt with the initial spray experiments and the optimisation of the deposition of the
various layers. As the spray deposition of zinc oxide has been studied in some detail previously, the
investigation here focussed on some of the properties likely to be observed in the main doping
investigation. One of the main discoveries here was that the doping of zinc oxide with aluminium did not
show measurable conductivity below a deposition temperature of 350°C, so the investigation in the next
chapter focused on temperatures above this. The initial optimisation of the molybdenum oxide spray
process suggested minimum deposition temperatures above 150°C, and that 280°C appears to be a

point at which the properties of the film may change.

The next chapter then involved the main study of the spray deposition of aluminium doped zinc oxide
and further doping with lithium. The first half of this chapter gave a summary of the physical, optical and
electrical properties of various aluminium and lithium dopings of the sprayed zinc oxide films. The
aluminium doping produced moderate levels of conductivity in the zinc oxide, but still at orders of
magnitude too low to be used as an electrode in a device. In addition to this, the addition of lithium did
not appear to improve the measured conductivity of the devices. This investigation thus moved on to
annealing the films under a nitrogen environment. This was found to significantly improve the
conductivity of the deposited layers, and here the lithium doping was found to further increase the
conductivities of the layers. A resistivity of 5.02 x 10°Qcm was obtained for the 0.5% lithium doped 2%

aluminium doped film.
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In the final experimental chapter, the spray deposition of molybdenum oxide and its inclusion as a hole
injection layer in organic electronic devices was investigated. Detailed physical and electrical
characterisation was performed on layers deposited at a variety of temperatures. It was expected from
previous work performed that the ion ratio in the films would be an important factor, but this was found
not to be the case. However, the stoichiometry of the films suggests that the presence of large numbers
of oxygen vacancies is important to the performance of the films. It is the measured work function of
the films, however, that best correlated with device performance. The sprayed molybdenum oxide
layers were then incorporated in a high efficiency solution processed organic light emitting diode,
achieving a peak efficiency of 20 Im/W was achieved, around double that of an equivalent device

fabricated with PEDOT:PSS.

The intent of this project has been to both show that spray pyrolysis is a versatile technique for use in
organic electronics, as well as to investigate the inclusion of metal oxide materials in organic devices.
The project has shown that the method can be applied to deposit a transparent conducting layer and
hole injection layers, showing the variety that can be achieved with the technique as well as the

improvements in the field that the inclusion of metal oxides in device structures can provide.
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