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Abstract

In recent years, hybrid nanolaminate materials have generated great interest due to the physical
and chemical properties that 2D nanosheets possess that their bulk counterparts do not. Thin
films and nanostructured materials offer unique and potential benefits that could positively
impact the areas of communications, electronics and energy arising from the fact that the
properties of atoms, groups of atoms and ultra-thin layers are exploited rather than bulk
materials. The applications of hybrid films are almost endless, ranging from use as capacitors,
dielectrics and insulators, encapsulation layers/ protective coatings, lubricants and optical
waveguides. By definition, nanolaminates are multicomponent systems consisting of
alternating layers of materials such as metals and metal oxides. Each individual layer has an
associated thickness on the nanometre scale. By mixing a wide variety of materials, it may be

possible to fine-tune a desirable material in terms of its composition, properties and structure.

In this thesis, the growth of nanolaminate structures of ZnO and TiO, were studied using a C-
ALD (combinatorial atomic layer deposition) approach. The specific aim of this study was to
combine the photocatalytic properties and robustness of TiO2 with the transparent conducting
behaviour and photoactivity of ZnO. Mixed nanolaminate structures containing ZnO/TiO>
layers were fabricated by deliberately under-dosing during the metal precursor parts of the

ALD cycle. The ZnO/TiO2 nanolaminate films were deposited at 200 °C.

Building upon this nanolaminate study, a fundamental study of ZnO deposited by both thermal
and PE-ALD (plasma- enhanced ALD) was employed, focusing on the crystallinity and
morphology of the films as well as optical and electrical performance. The same reactor, a
Picosun™ R200 ALD reactor, was used for both sets of experiments so as to minimise the

influence of reactor design on the nature of the deposited films.
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Next, doped ZnO films were deposited via thermal and PE-ALD with the intention of
improving the electrical properties. ZnO thin films were doped with Al, Ga, Sn and Ti dopants.
The introduction of dopants into a host material allows for the manipulation of the composition

and structure that can impact both electrical and optical properties of the material.

Lastly, ZnO: Ga.0s: Al203,Zn0O: SnO2: Al20zand ZnO: TiO2: Al2Os ternaries were deposited
via PE-ALD at 150 °C in order to study the electrical, optical and structural properties.
Ternaries are inherently more complex which provides more opportunities to fine tune the

composition and both the atomic and electronic structures.
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Chapter 1. Introduction

1.1 Thin Film Nanotechnologies

The earliest documented inorganic thin films date back to more than 5000 years ago during the
Bronze Age in which the ancient Egyptians produced gold thin films (<3000 A) chemo-
mechanically. These gold films were made for decorative purposes such as gold-coated copper

and brass statues and jewelry. Evidence of such has been found in ancient tombs in Cairo,

Egypt".

Speed up to 1870 when the deposition of a metal thin film on glass was documented? while in
1880, a thin film metal film was fabricated for use as a sensory element in a bolometer®. The
first electrical characterization of a thin film was reported in 1898*. Then, in 1900, Longden et
al. reported on the novel deposition method named “cathode discharge” which is now known

as sputtering® ®.

The development of solid-state transistors dramatically accelerated interest in thin film
nanotechnology. Germanium-based transistors were first’, followed by silicon®°. In 1960, the
fabrication of an integrated circuit (IC) also further increased the interest in thin film
nanotechnology®®. ICs cannot be mentioned without making reference to Moore’s Law. In
1965, the co-founder and Chairman Emeritus of Intel Corporation, Gordon Moore, made the
observation that every year the number of transistors per square inch of an integrated circuit
had doubled since the first invention. This phenomenon became known as Moore’s law. In

1975, the law was revised to doubling every two years*!. In order to keep up with Moore’s



Law, it is desirable to fabricate new or improved materials that can outperform traditional
silicon in the semiconductor industry which is why research is constantly ongoing in this area.
Thin film nanotechnology is an essential area of research that involves the manipulation and
utilization of a layer(s) of atoms and molecules at the nanoscale (10° nm)*2. It is relevant to a
myriad of applications. Principle application areas benefitting specifically from thin film
nanotechnology include advanced complementary metal-oxide-semiconductor (CMOQS)
technology, antimicrobial coatings, environmental and medical applications*®, memory and
data storage and photovoltaics'*. Enabling thin film nanotechnology allows for the fabrication
of novel materials and devices with remarkable chemical and physical properties as it is
possible to precisely control the architecture and microstructure at the nanometre scale.

Based on the quantity of dimensions the material possesses outside of the nanoscale (>100 nm),
they may be classified as either zero dimensional (0D), one dimensional (1D), two dimensional
(2D) or three dimensional (3D). Consequently, 0D nanomaterials have all dimensions within
the nanometre scale as the electrons are confined within all 3 dimensions. This includes
nanoclusters, nanodots and the well-studied fullerenes. 1D materials have 1 dimension outside
of the nanometre scale. This includes nanoribbons, nanorods and nanowires. 2D materials have
2 dimensions outside of the nanometre scale. These layered materials include graphene and
transition metal dichalcogenides (TMDs). Finally, 3D materials have no dimensions within the
nanometre scale. This include bulk powders and bundles of nanocones, nanocoils and

nanoflowers®. A diagram of each nanomaterial can be seen in figure 1.1 (a)-(d) below.
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Figure 1.1: (a) OD nanocluster, (b) 1D nanorod, (c) 2D thin film, (d) 3D polycrystal*®



1.2 Nanolaminates - Definitions and Potential Applications

To define, nanolaminates are multicomponent systems consisting of alternating layers of
specific materials such as metals and metal oxides. Each individual layer has an associated
thickness present on the nanoscale!’. Combining a variety of layers of different materials makes
it potentially possible to fine-tune a nanolaminate thin film in terms of its properties such as
composition and structure'®, Nanolaminate films can be prepared by various chemical and
physical deposition methods which are discussed in sections 1.2.1 and 1.2.2. The unique
conformity and precision of thin films produced by atomic layer deposition (ALD) enables sub-
nanometre design and control of these true nanolaminates®. In particular, when utilized in a
combinatorial sense using multiple precursors, the possibility of combinations of material is

infinitely large and presents a very interesting area of research.

N
bilayers

B

Figure 1.2: Typical nanolaminate structure

Hybrid nanolaminate films have attracted much attention in recent years due to the physical
and chemical properties that 2D nanosheets and nanofilms possess that their corresponding
bulk counterparts do not, such as electrical?® 2!, mechanical??, optical®*?® and thermal
properties?®. Numerous publications exist on the topic and the number of publications is

predicted to continue to increase?’. Notable reviews on the topic also exist which explore the



fundamentals of these materials'® 2”28 and also review with a focus on specific application
fields?®. The applications of hybrid films are almost limitless, ranging from use as capacitors®*-
33 dielectrics and insulators®**, encapsulation layers/ protective coatings**>?, lubricants® and
optical waveguides®*. Figure 1.3 displays an application of nanolaminates in electronic devices;
a multi-layered organic electronic device with a metal-oxide buffer layer®. Figure 1.4 depicts

the possible capability of nanolaminates in terms of templating effects. This idea will be

explored in chapter 3.
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Figure 1.3: Graphic of a multi-layered organic electronic device including a metal-oxide
buffer layer in which the oxide/organic and oxide/electrode interfaces are highlighted.

Adapted from Greiner et al.>®
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The following sections describe both chemical and physical methods for the fabrication of
nanolaminate materials. Both methods may be thought of as bottom-up methods whereby the
material is built from the bottom up and the deposition continues until the desired film is
complete. Atoms or molecules are deposited on a substrate and it is necessary to understand

the individual components in order to build a complete structure®® 7.

1.2.1 Chemically-based methods for nanolaminate synthesis

The use of chemical techniques for the deposition of thin films aids the fabrication of highly
homogeneous films as mixing of materials at a molecular level can be studied®®. This is the
huge advantage of chemical methods as compared to physical methods. However, a common
drawback associated with chemical methods is the need to utilise toxic reagents and solvents®®
while the integration of such methods into a commercially-viable process flow can also be

problematic.

1.2.1.1 Chemical Vapour Deposition
Chemical vapour deposition (CVD) is a vapour phase chemical technique in which solid

material is deposited onto the surface of substrates that are usually heated. During the CVD



process, precursor molecules enter the deposition chamber at the same time in order for
deposition to occur. It is possible to control the thickness, crystalline structure, surface
morphology and the film composition by altering the growth conditions. Parameters such as
deposition temperature, gas flow patterns, pressure and composition of reactant gases can be
readily modified. CVD is capable of producing dense, high-quality films with high
performance. However, the process has relatively low deposition rates (um/hr) and may
produce potentially toxic gaseous by-products®® ®*. Several variations of the CVD process exist

as seen in Table 1.1.

Process name Acronym References
Aerosol-assisted CVD AACVD 62-84
Atomic layer CVD ALCVD 85-101
Atmospheric pressure CVD APCVD 102-147
Direct liquid injection CVD DLICVD 148-153
Hybrid physical CVD HPCVD 154-170
Hot wire CVD HWCVD 171-183
Low-pressure CVD LPCVD 157, 184-193
Metal-organic CVD MOCVD 194-205
Microwave plasma-assisted CVD | MPCVD 206-215
Remote plasma-enhanced CVD RPECVD 216-226
Rapid thermal CVD RTCVD 221-235
Ultra-high vacuum CVD UHCVD 236-242

Table 1.1: Summary of CVD processes®
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Figure 1.5: Schematic of a typical CVD process consisting of a reaction gas dispensing

system, a reactor, including components for defining gas flows and an exhaust system
containing a total pressure controller, vacuum pump, scrubber/or reactant recycling

system?43

1.2.1.2 Electrochemical Deposition

Electrochemical deposition, also known as cathodic deposition, electrolytic deposition or
electrodeposition is a relatively simple technique®**. A thin coating of a metal or a metal-oxide
can be deposited on to a conducting substrate by means of electrochemical reaction. A solution
containing the desired metal ion or complex undergoes electrochemical reaction, usually
reduction, in order for deposition to occur?®®. The equipment used can consist of either a two

or three electrode arrangement. Electrodeposition is an inexpensive technique and has been



used to deposit nanostructured films and substrates and also for the functionalization of
nanostructured templates®*. It is suitable for covering large areas and can be performed at room
temperature (RT) and atmospheric pressure. The method has been used for the deposition of
nanolaminates such as platinum on alloys (Co-super alloy, Inconel, pure Al, Al-Ti alloy,

graphite) for applications in batteries, capacitors and fuel cells?*’,
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Figure 1.6: Schematic of electrochemical deposition process in which an electric field is
applied and the ionically charged particles suspended in the suspension move to the

oppositely charged electrode and then deposit onto it?*8



1.2.1.3 Molecular self-assembly & Langmuir-Blodgett film formation

A Langmuir film is formed by the self-assembly of a monolayer of amphiphilic molecules
usually on the surface of a liquid. Self-assembled monolayers (SAMs) then follow as the
simultaneous formation of monolayers occurs via surface adsorption and organisation of

249

ordered domains<*. These methods combined allow for the deposition of organised multilayers

that are densely and closely packed, for the surface immobilisation of functional molecules?>°
and for the use of some area-selective growth processes?’ 2°2, However, the method is very
time consuming, expensive and requires special equipment. The molecules used must be
amphiphilic which limits the choice of what can be used. The films produced are not

particularly stable under ambient conditions due the weak molecular interactions occurring

between the film and substrate*°,

Nanolaminates films utilising the self-assembly approach have been formed using p-type oligo
(p-phenylenevinylene)s and n-type perylenebisimides films for photovoltaic applications and
gold-polypyrrole amphiphiles for use as chemical sensors, electrocatalysts and microelectronic

253

devices Nanolaminate Langmuir Blodgett films have been applied in biological

membranes®* and glucose sensors?°.

10
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Figure 1.7: Schematic of a Langmuir-Blodgett process in which lipids are dissolved in a
solvent mixture, nanostructured mica are then immersed in water perpendicular to the
interface. The lipid solution is spread at the air-water interface using a Hamilton syringe.
After evaporation of solvents, lipids are compressed continuously until a certain surface
pressure is reached. Once stabilization of the monolayer is complete, the mica surface is

removed from the subphase using an automatic dipper?®

1.2.1.4 Layer-by-layer assembly

The layer-by-layer assembly (LbL) approach utilises the consecutive adsorption of multivalent
molecules present on a surface which gives rise to both electrostatic and non-electrostatic
interactions. Multilayer films fabricated by this method can have their thickness, composition,
structure, properties and functionalities tailored®®®. The method itself has many advantages
such as reproducibility, robustness and flexibility. In order to prevent contamination from the

previous adsorption, washings are required between each multilayer growth?’. Increasing the

11



length of washings can lead to a more regular build-up of layers®°. The most widely used LbL

258

processes are dip-coating®®®, spin-coating®®® 2 and spraying®® 260 261 Nanolaminate films

have been fabricated using these techniques for use as super-capacitors and sensors?®?,

‘Yo ¥

=
(=]
NSO DO
3
|
N A ® O
(LT
- AL

Figure 1.8: Schematic of layer-by-layer process in which a substrate is subsequently exposed
to solutions of oppositely charged polyelectrolytes to allow for stacking of multiple layers of

material. Numerous washings between layers prevent contamination®’

1.2.2 Physical methods for nanolaminate synthesis

Physical deposition methods involve techniques such as evaporation and sputtering. They are
perceived as more environmentally friendly than chemical methods as they do not call for the
use of toxic solvents and reagents while they are also compatible with current semiconductor

processing and as such may be readily scaled to commercial levels.

Although not all physical methods incur it, line-of-sight transfer is the main drawback of this
approach as it can lead to poor coverage of complex surfaces and lack of uniformity in

thickness?®3,

12



1.2.2.1 Magnetron Sputtering

Many sputtering techniques exist including ion-assisted and ion-beam assisted deposition of
which with magnetron sputtering is the most common for the fabrication of nanolayered
materials. In the vapour phase, a collision process between incident particles and a source
material/target occurs. The incident particle transmits energy to a target atom, which can then
collide with other target atoms to start a cascading process. Target atoms near the surface gain
sufficient momentum for ejection to occur causing deposition of material on the substrate. As
ions are charged particles, their velocities can be controlled using a magnetic field?®* 265,
Accordingly, magnets are used to confine the ions in the plasma or close to the surface of the
target?®®. This effect enhances the efficiency of the ionization process, improves the plasma
density and results in faster deposition rates. It also reduces the possibility of damage that may
be caused by the direct impact of these electrons with the film or substrate. Magnetron
sputtering may be direct current (DC) or radio frequency (RF)?®* sputtering and has been
utilised to fabricate nanolaminate structures such as Nd-doped SnO solar cells?®” and Al/CuO

micro-electro-mechanical system (MEMS) energy sources?®®®,

13
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Figure 1.9: Schematic of magnetron sputtering process which shows the cathode target

material and the anode substrate. A sputtering gas is supplied and a plasma is created which

emits positively charged ions. These ions are accelerated by a DC electrical field which is

generated between the cathode target and the anode substrate. A magnetic field around the

target material is used to trap the ions. Argon atoms collide with the ions and ionized argon

molecules are generated which are then driven towards and hit the target material. Target

atoms are sputtered off and condense on the substrate forming the thin film?®°
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1.2.2.2 Pulsed Laser Deposition

Pulsed laser deposition (PLD) is a physical deposition process that occurs in the gas phase. In
an ultra-high vacuum chamber, a pulsed laser is used to vaporise a target material which can
then interact with a reagent gas such as oxygen to form an oxide?’® 2’1, Following the ablation,
condensation of the material and subsequent deposition onto a substrate takes place in order to
form a thin film?"2. Typically an excimer laser is used such as KrF or a solid state laser such as
Nd:YAG?"3, High power pulses in the range of 108 Wcm™ are used. The use of an external
energy source, i.e. the laser makes PLD a clean process and allows for reagent gases to be either
inert or reactive. PLD is capable of producing high quality films with exact stoichiometric
transfer from the target material. This fact makes it possible to reproduce extremely complex
materials?’. The target material is placed on a carousel meaning multiple target materials can
be placed within the chamber to allow for the deposition of multilayer films. The formation of
droplets that may be seen on the surface of the material is a drawback of PLD as this can lead
to the formation of a rough surface. The plasma plume is highly forward-directed which in turn
means deposition is not uniform and composition across the film may vary?®. PLD deposited
TisAlC2 nanolaminates have potential as next-generation biomechanical touch sensors for

energy harvesting?’®.

15
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Figure 1.10: Schematic of pulsed laser deposition process in which the target is exposed to
the PLD laser which vaporises the target material which can then interact with a reagent
gas. Condensation of the material follows the ablation and subsequent deposition onto a

substrate takes place in order to form a thin film. B represents the magnetic field and E

represents the electric field?’’

1.2.2.3 Thermal evaporation deposition
Thermal evaporation deposition, also known as vacuum deposition, was first reported by
Faraday in the 1850s. By placing metal wires in a vacuum and effectively exploding them,
Faraday deposited metallic thin films?’®, The technique itself involves the evaporation of a
source material under conditions of low pressure (10°-10° Torr) so that atoms are lost from
the surface of the source material. A vacuum environment is required to prevent reactions
occurring between the vapour and any species present in the ambient atmosphere. For example

oxide formation may occur if any atmospheric oxygen was present. Collisions with any species

16



that may be present would also slow down the rate of the evaporation process. Generally for
this process film adhesion is poor and films with low densities are often obtained. However,

the method is simple and inexpensive and films may possess high levels of purity?> 279 280,
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Figure 1.11: Schematic of thermal evaporation process in which the target material
contained in a crucible is placed in a vacuum chamber and then heated in order to generate

a vapour flux. The vapour flux condenses on a substrate to deposit material?®
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1.3  ALD for the synthesis of nanolaminates

1.3.1 History and Development of ALD

Atomic layer deposition (ALD) is a vapour phase technique that allows for sequential self-
limiting growth of thin films. Originally, the method was referred to as atomic layer epitaxy
(ALE). As a result of the self-limiting nature of the approach, only one atomic or molecular
layer can be deposited per cycle. During the deposition process, the surface of the activated
substrate becomes saturated with precursor molecules. Owing to this fact, ALD is potentially
the best method for achieving growth of films with precisely controlled thickness in the

nanometre and sub-nanometre range?®?.

ALD is a relatively new method of thin film deposition and interestingly has been discovered

twice, independently. In the 1960s, scientist Valentin Borisovich Aleskovsky?®

and his co-
workers developed a technique which they called “molecular layering” in Leningrad
(Lensovet) Technological Institute in the Soviet Union. Secondly, Finnish scientist Tuomo
Suntola?® and his team developed “atomic layer epitaxy” in the 1970s. Suntola and his
colleagues originally developed the method with the intention of producing electroluminescent
(EL) flat panel displays. The first thin film produced by this process was zinc sulfide (ZnS)?°.
This was patented by Suntola and Antson in 197728, The first literature paper on the topic was
published in Thin Solid Films in 19802%. The first commercial ALE reactor was the F-120 by
ASM Microchemistry. From the years of 1983-1998, an EL display fabricated by ALE operated
at Helsinki Airport?®”, This was the first public display of an ALE device. The method
continued to grow in popularity in the 1980s which saw a rapid expansion of research in this
area combined with the publication of many papers. When compared to other deposition
methods, ALD has a relatively slow deposition rate. While some may see this as a drawback,
it is a definite advantage for the miniaturisation of devices. Excellent reviews exist on ALD,

notably by the researchers Professor Steven George®®’ at the University of Colorado and
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Professors Markku Leskela and Mikko Ritala?®® at the University of Helsinki- all experts in the

field of ALD.

1.3.2 Principles and Mechanisms of ALD

1.3.2.1 ALD principles

ALD can be considered as a modified version of CVD?¥". ALD and CVD are both very similar
processes. However, the main differentiating factor between ALD and CVD is the alternate
pulsing of the precursor doses in ALD which is one of the most characteristic features of the
deposition technique. In CVD, the predefined mix of precursors or single precursor are
introduced into the reaction chamber at exactly the same time for deposition to take place.
ALD has many advantages over other deposition methods for thin films. The self-limiting
feature allows for accurate and precise thickness control of the film. Excellent conformal
growth is also achievable due to this. The process can be scaled up and is capable of large-area
deposition. Excellent reproducibility is seen from film to film meaning recipes can be saved
and carried out numerous times. Low temperature deposition is also possible by means of
plasma-enhanced ALD, meaning delicate and high quality materials can be utilised without
damaging the substrate or film. Multilayer structures (nanolaminates) which possess clearly
defined interfaces between the layers can be fabricated in a continuous process such as roll-to-

roll ALD.

Typically in ALD, growth occurs in a cyclic manner. Gas phase precursors of choice, are
introduced into the deposition chamber in order to saturate the surface. Surface species on the
surface of the substrate then react with the precursor molecules in order to form new bonds. It
is important to note that the precursor molecules do not react with each other. As a result of
this, theoretically only one molecular layer is deposited on the substrate as steric hindrance
must be taken into consideration. At this stage of the process, precursor molecules have been

chemically bonded to the substrate. An inert purge gas or carrier gas then enters the chamber
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in order to remove any surplus precursor or reaction by-products. The purge also prevents any
unwanted gas phase reactions from taking place in the flow tubes. The process is repeated and
the desired precursor is then reintroduced into the deposition chamber where it can react with
the activated surface present. Note that the precursor may be the same or different to the
precursor previously used which allows for growth of different materials within the one
chamber and growth process. This is then repeated until the desired amount of layers with
appropriate thickness has been reached. Growth should occur at temperatures which are below
the gas phase thermal decomposition temperature of the precursor used. Figure 1.12 below

shows a simple schematic describing the ALD process.
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Figure 1.12: A schematic of a typical ALD process taken from reference?3®

1.3.2.2 Surface adsorption

Typical ALD models describe the growth process as successive adsorptions of precursor onto
a surface. In order for an ALD process to be considered a true ALD process, the growth must
occur in a cyclic, self-limiting manner. For gas-solid phase reactions, in order for the desired

20



self-limiting reaction and surface saturation to occur, reactants should not be capable of
forming multiple layers. The saturation point of a surface is related to the chemical equilibrium
associated with chemisorption in that at this point the number of chemisorbed reactant species
does not increase with time. The kinetics of the surface reactions do not influence the position
of the equilibrium but can affect the speed at which the equilibrium is reached. Adsorption of
precursor molecules occurs via both chemisorption and physisorption mechanisms.
Chemisorbed species bond with reactive surface sites. Any excess precursors that may be
present can physisorb on to the chemisorbed species. A purge can be applied to break the weak
physisorbed bonds and remove the unwanted physisorbed species. In an ideal ALD adsorption
process only one monolayer of chemisorbed species remains and any physisorbed species are
re-evaporated and extracted. There are two types of chemisorption process that generally

occurs during the ALD process; (i) ligand exchange and (ii) dissociation and/or association?®.

In the equations below, -a is the surface group ML represents the precursor molecule, M is the
central atom and L represents the ligands. Typically these ligands are alkyls, halides, alkoxides
and P-diketones. Ultimately, MZx is the grown material in which Z atom of the former is
provided by a second reactant such as a non-metal hydride (H20, H2S or NH3) or an oxidiser

(O2 or Oz).The symbol || denotes the surface.

(i) Ligand exchange
In ligand exchange chemisorption, the reactant molecule (ML) is split and a ligand (L) bonds

to a surface group (-a) to form a volatile gaseous by-product that is released.

| —a(s) + ML,(g) 2 || = MLy_1(s) + aL (g) (1.1)
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This type of reaction can also occur in the presence of nearby active sites which results in

multiple precursor-surface bonds (aL). No additional metal centres are bonded to the surface.

| —a(s) + MLy_y_1(g) 2 || = MLy_y—1 = |I(s) + aL (g) (1.2)

Ligand exchange tends to be the most favourable chemisorption mechanism as equilibrium can

be driven forward towards the products as gaseous by-products are removed?*°,

(i1) Dissociation and association mechanisms

In a dissociative mechanism, all fragments of precursor are either chemisorbed onto the surface
or alternatively, one or more of the dissociated the fragments does not chemisorb to the surface
but desorbs into the gas phase. The reactant molecule (ML) is split onto the surface reactive

M' — Z sites.

IM" = ZII(s) + MLn(g) 2 IM" = L(s) + IZ = MLy_1(5) (1.3)

Associative chemisorption is considered to be the rarest of the possible mechanisms. Here, a
bond is formed with the precursor and the surface and no other bonds are broken. The reactant
molecule (ML) usually forms a coordinative or dative bond with the reactive site on the

surface. This bonding does not result in the release of ligands?®°.

| +MLn(g) @ || " MLy (5) (1.4)

22



1.3.2.3 Growth per cycle
Growth per cycle (GPC) is a term used to describe the thickness achieved per deposition cycle.
It is calculated by dividing the film thickness (in Angstroms (A) or nanometres) by the number

of deposition cycles. This is shown in equation 1.5 below.

GPC (nm/cycle) _ film thickness (nm) (1.5)

number of cycles

The GPC is determined by many contributing factors including, the deposition temperature,
the partial pressure of the precursors, the number of reactive sites available, the exposure/pulse
time of the precursors, the length of purge employed to remove redundant ligands and by-
products and the type of substrate used. Typically growth rates of between 0.1 and 1 A per
ALD cycle are possible?®. It is perceived that ALD growth occurs in a layer-by-layer manner
with exactly one monolayer of material deposited per cycle. This is a very common
misconception and often only a fraction of a monolayer is deposited per cycle. Reasons for this
may be due to a limited number of reactive sites present on the surface or steric hindrance
caused by bulky precursor ligands?®*. A bulky precursor with large ligands may hinder growth
as it can prevent adjacent sites from reacting by blocking the active sites. Steric hindrance can

cause an incomplete monolayer growth as the number of chemisorbed species is too low.

1.3.2.4 The ALD Window

Another important characteristic of the ALD deposition process is a term referred to as the
ALD window. This “window” is a temperature range in which the deposition rate, as measured
by the GPC, is constant. Knowing the ALD window for a given process is beneficial as it can
increase the reproducibility of the thin films and also improve quality. At temperatures below
this range where ideal ALD behaviour occurs, precursor molecules may condense on the

surface of the substrate leading to an increase in GPC or alternatively the precursor molecules
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may not have sufficient energy for the reaction to reach completion. Whereas above the ALD
window temperature range, precursor molecules and also surface species may decompose and
desorb leading to a decrease in GPC or alternatively CVD-type processes may occur leading
to an increase in GPC?%2. Under these latter conditions the film may have impurities present.
Figure 1.13 shows schematically the possible variation in GPC with temperature, adapted from
Suntola?®. In order for the identification of the ALD temperature window for a process, the
film should be deposited across a range of temperatures while also varying the precursor pulse
length and purge. At a fixed temperature, once the precursor pulse completely saturates the
surface the GPC should cease to increase further even with an increase in the precursor pulse
duration. The film thickness should also linearly increase with an increase in the number of

ALD cycles. Outside of the ALD window, non-conformal and non-uniform films result.

Growth
per cycle
Condensation Decomposition
ALD window
Incomplete reaction Desorption
Temperature

Figure 1.13: Growth per cycle vs temperature curve displaying the ALD window (Adapted

from Suntola?4)
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1.3.3 ALD Processes

1.3.3.1 Thermal ALD

Thermal ALD is the most reported and most used method of ALD. The definitive characteristic
of thermal ALD is that the surface reactions are solely driven by thermal energy?®®. Both the
reaction chamber and substrate are heated to a temperature of choice which provides the
required energy for the surface reactions to take place. Typical co-reactants used are H»O as an
oxygen source to produce metal oxides and NHz to deposit metal nitrides. Other sources of
oxygen have also been reported such as H20, and Oz which is a particularly strong oxidant.
Both hot and cold-wall reactors are utilised for thermal ALD. A hot-wall reactor, as the name
suggests has a heated chamber wall, substrate and flow lines. In a cold-wall reactor, the
chamber walls are not heated. The substrate and flow lines are heated however, in order to

prevent condensation of precursor®®’.

The thermal ALD processes for the growth of ZnO and TiO; are shown in equations 1.6 and
1.7 and their corresponding thermal enthalpies are given which allow for deposition to occur
at various temperatures without the need for a plasma source. These reactions have negative

values for the heats of reaction?®’.
Zn0O: Zn(CH2CHj3)2 + H20 — Zn0O + 2CoHe AH =-293 kJ (1.6)

TiOz: TiCls + 2H20 — TiO2 + 4HCI AH =-67 kJ 1.7

1.3.3.2 Plasma Enhanced ALD

As previously discussed, thermal ALD may be the most documented variant of ALD and its
mechanism has been described above. However, with the demand for improved quality of thin
films and a reduction of the deposition temperature for specific applications, another branch of
ALD has emerged- plasma enhanced ALD or PE-ALD. This is an atomic layer deposition
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method which is rapidly gaining popularity. It allows for lower temperature processes while
still providing self-limiting growth and maintaining thickness control®®*. It also allows for the
elimination of H.O from the process. This method caters for in-situ surface activation- e.g.
making an otherwise inert surface such as a polymer, active towards the chemically reactive
species that take part in ALD- and also allows for the use of very delicate substrates, e.g.
polymers, textiles etc. A lower temperature may be required if the substrate is particularly

temperature sensitive?®

. The energy to break the bonds in the substrate to chemically activate
it is provided by the plasma and excluding the need for a high growth temperature. The desired
precursor can then bond to the activated surface. The plasma may be applied in two ways;
direct or remote. Direct plasmas (figure 1.14 a) are generated from a low pressure gas source
situated in between two parallel electrodes that are placed a few centimetres apart. A voltage
is applied to the top electrode and the substrate sits on the lower, counter electrode. The plasma
that is generated is in extremely close proximity to the substrate. Gas is fed into the chamber
containing the plasma through a gas distributor in order to improve the uniformity of the
plasma. In contrast, when remote plasmas are utilised (figure 1.14 b) the plasma does not come

296

into contact with the substrate during the reaction process="°. Argon (Ar) or oxygen (O2) plasma

are commonly employed in such processes®’.

(a) Plasma gas & (b) Plasma gas
Precursors
Electrode ¢ Dielectric tube
with with coil N
e "Q"‘ Precursors

5 ¥

Pump

Pump

Figure 1.14: (a) Direct plasma schematic, (b) Remote plasma schematic2®®
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This thesis is mainly concerned with the growth of ZnO, TiO2 and Al20s. In the following
sections the properties of these materials will be summarised and previous work in the area of

their deposition by ALD will be described.

1.3.4 ALD Growth of ZnO

The first material of interest, ZnO, is a wide band gap (3.37 eV) semiconductor that exists as
two main crystalline structures; wurtzite (hexagonal) and zinc blende (cubic). Under ambient
conditions it is the wurtzite form of ZnO that is the most stable. It is possible to stabilize the
zinc blende structure by depositing the ZnO on a substrate that also has a cubic structure. The
geometry for both forms has the zinc and the oxygen atoms positioned within tetrahedral
centres?®8, Owing to its excellent electrical and optical properties, ZnO is utilised in many
applications including thin film transistors (TFTs) and photovoltaic (PV) devices?®®3! solar
cell buffer layers®2317 organic PVs®8324 dye-sensitised solar cells*2>32" (DSSCs) and in
optoelectronic applications such LEDs in which fabrication of p-n junctions are possible with
ZnO as the n-type part and GaN as the p-type part®283%, ZnO is an intrinsically n-type material.
This was originally attributed to the presence of oxygen vacancies and zinc interstitials. More
recent results have shown it is caused by other, unintentional impurities that are incorporated
during film growth®¥3%_ Due to the strong nature of the n-type character, it is extremely
difficult to induce p-type conductivity into ZnO. The lack of p-type characteristics of ZnO
hinders its use in applications such as p-n junctions that are solely fabricated with ZnO. ALD
ZnO-coated SiO2 nanoparticles have also been reported to act as a current blocking layer
between junctions3?® 32% 332 The piezoelectric properties of ZnO allow for it to be used as
chemical and gas sensors®**-344, ZnO has a large exciton binding energy of 60 meV at room

temperature which makes it attractive for optoelectronic applications®®.

Doping of ZnO by ALD for the fabrication of transparent conducting oxides (TCOSs) in order

to improve the resistivity of the material is widely reported. TCOs are electrically conductive
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materials with a comparably low absorption of light. Indium Tin Oxide (ITO) is typically used
but it is limited by scarcity of Indium. ZnO is a promising material for TCOs. It is a wide band
gap semiconductor and its constituent materials are abundant therefore it offers a cost effective
alternative to ITO. Due to its wide band gap, doping of ZnO causes the creation of excess
charge carriers®® 347 Albeit, one of the key requirements for TCOs in many applications is

348

possession of a film resistivity on the order of 1 mQ c¢cm or lower>**. This can be achieved with

ZnO if the material undergoes cation doping from elements from group 111, IV and V.

The structure of ZnO can be controlled by the deposition temperature used. Studies have shown
that at deposition temperatures <70 °C, the growth is along the c-axis®* 30, At temperatures
>100 °C, the (100) peaks becomes more evident and from 160-200 °C, (100) becomes the
preferred orientation®03%, At temperatures above 220 °C, the preferred orientation switches
to the (002) direction®3. The ALD temperature window for ZnO can vary, even for the same
precursors®# 3% 3% This introduces the idea that variation in reactor design plays a significant
role. The precursor sequence also influences the structure of the film®’. By having an O pulse
before the H>O pulse in a DEZn/H>O ALD process, it has been shown that the preferred
orientation switches from (100) to (002)%. In terms of type of ALD process, for PE-ALD the
GPC is more sensitive to plasma exposure and O> plasma is more reactive than H>O resulting
in more stoichiometric films*8, The following sections discuss different Zn precursors for the

deposition of ALD ZnO.

The first report of ZnO deposited by ALD was by Tammenmaa et al. involving zinc acetate
(Zn(CH3C0,),) (ZnAc) and H,0%°. The reported GPC for ZnO deposited on soda lime glass
substrate was 0.9-1.2 A/cycle over a temperature range of 290-350 °C. ZnAc is not very volatile
and requires heating up to 230-250 °C prior to deposition®®. Lengthening the purge time to
allow for element diffusion resulted in ZnO films with a (002) preference. A GPC of 0.4-3

AJcycle was obtained on sapphire (0001) deposited at 350 °C3¢*,
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The ZnAc/H0 reaction proceeds as follows;

e Zn(CH3;C00)% + H,0 (g9) » Zn0* + 2CH;CO0H (g) (1.8)
The symbol * denotes a surface species.

Diethyl zinc (Zn(C2Hs)2) (DEZn) is the most commonly used ALD Zn precursor. Numerous
co-reagents used in conjunction with DEZn have been studied such as H,(Q349-3% 358, 362-3%0
02357, 381, 391, 3921 02 plasma358, 393-397, 03398, 399, N20400-403, HZO plasma396' 404, 405 and H202390’
406 The DEZn/H.0 reaction is exothermic and a lower deposition temperature is required than
that for the ZnAc/H.O process. An ALD window of 110-170 °C has been reported. A GPC of
1.8-2.0 A/cycle can be achieved®? 38247 The interplanar distances for the resulting ZnO films
have been reported for the (001), (002) and (100) peaks respectively as 2.48, 2.60 and 2.82
A351.

The DEZn/H>0 reaction proceeds as follows;
e 7n(CsHg)5 + H,0 (g) = ZnO* + 2C,Hg (g) (1.9)

The dimethyl zinc (Zn(CHs)2) (DMZ)/H20 ALD process closely resembles the DEZn/H.0O
process. The ALD temperature window is similar to that of DEZn although the limit of the
ALD window is lower for DMZ. The GPC has been reported to be higher for DMZ than
DEZn*® at some 1.3-1.4 A/cycle with an ALD window in the range of 120-170 °C on glass
substrates. These films had a higher resistivity than films deposited using DEZn which was
attributed to the presence of residual impurities incorporated into the film during deposition>.
ZnO films deposited on Si, glass, sapphire and GaAs substrates had GPCs ranging from 1.8-
1.9 A/cycle with an ALD window of 110-180 °C%"X. The DMZ/O; plasma process had a higher
GPC of 2.9 A/cycle on a Si (100) substrate. The growth rate was constant between 85-120 °C.

As temperature increased, (002) emerged as the preferred orientation®’2.
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The DMZ/H0 reaction proceeds as follows;

e Zn(CH3)3 + H,0 (g) » Zn0* + 2CH, (9) (1.10)

The use of zinc chloride (ZnCl2) in ZnO has been found to require much higher deposition
temperatures as compared to the various organic-based precursors and shows much lower
deposition rates and for these reasons it is not widely used*®. Studies have found that the ZnCl.
must be heated to 390 °C while a substrate temperature of ca. 500 °C*!% *1 was required.
Despite this extremely high deposition temperature, very flat and smooth films have been
deposited with root mean square (RMS) values of 0.52 nm*°. The smooth surfaces may be as
a consequence of the HCI by-product that is capable of etching the surface of the film. On
GaN/sapphire substrates, monocrystalline growth was observed*®, Whereas, on soda lime

glass, sapphire and Si (001) or (111) polycrystalline growth has been observed*!*,

The ZnCl2/H-0 reaction proceeds as follows;

e ZnCly + H,0 - Zn0 + 2HCI (1.11)

ZnO films deposited by methyl zinc isopropoxide (CH3z)Zn(OCH(CHs)2) (MZI) have required
the use of a low deposition temperature yet it was found that relatively high growth rates were
still achievable. However, only one study exists on this ALD process. This study reported a

GPC of 1.9-2.0 A/cycle within an ALD window of 160-200 °C*2,

Table 1.2 summarises the growth of ZnO with different precursors.
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Precursor ALD window (°C) | Growth per cycle (A/cycle) Reference
zinc acetate 290-350 0.9-1.2 359
diethyl zinc 110-170 1.8-2.0 382, 383, 407
dimethyl zinc 120-150 1.4 371

methyl zinc 160-200 1.9-2.0 412
isopropoxide

Table 1.2: Summary of ZnO ALD processes

1.3.5 ALD Growth of TiO2

Titanium dioxide (TiO2), a thermodynamically stable material exists as three main crystalline
polymorphs; rutile, anatase and brookite. Both anatase and brookite are metastable, whereas
rutile is stable. Anatase consists of a tetragonal structure with octahedrons that share four edges
forming a 4-fold axis. Rutile also has a tetragonal structure. Anatase and rutile possess band
gap energies of 3.2 eV and 3.0 eV respectively*'3, TiO is a well-known photocatalyst. Anatase
possesses a slightly larger band gap than rutile which may be used to explain why anatase TiO>
is @ more active photocatalyst than rutile TiO2. The larger band gap of anatase as compared to
rutile also helps to improve the ability of the material to oxidise surface species when irradiated
with light of energy equal to or greater than the band gap as the photogenerated holes will
migrate to the surface where they can accept electrons from adsorbed species**. TiO, has been

extensively studied as it is widely used in industry as a pigments in white paint and coatings*'°.

The first report of ALD TiO> dates back to 1985 in which TiO2-Al,O3 was fabricated for use
as dielectrics*®. Later work by Lakomaa et al. in 1992%'7 and Ritala et al. in 1993*'8 studied
the growth mechanism for TiO2 ALD. A wide variety of Ti precursors exist for the deposition
of TiO2. The use of halides such as chlorides, bromides and iodides are suitable due to their
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small size and low steric hindrance**<. A drawback to their small size means they can easily be
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incorporated in the growing film and therefore introduce impurities which compromises the
quality of the film and also act as an unintentional dopants. The by-products released by the
use of halide precursors tend to be reactive and corrosive in nature. A highly reactive by-
product such as HCI may etch the surface of the film, thereby reducing the GPC. Tils has been
used as a Ti precursor as it has a lower bond energy*'® than TiCls and releases ligands more
readily*?*-4%>, Precursors with alkoxide ligands such as Ti(OMe)s*?54%8 Ti(OEt)4****% and
Ti(OiPr)4**4° have been employed. The use of metal alkylamides is also common being

TDMAT*1-446 and tetrakis(diethylamido) titanium (TDEAT)*7 448,

Titanium isopropoxide Ti(OCH(CHzs)2)a (TTIP) is the most volatile of the reported Ti
precursors for ALD**°. The reaction between TTIP and H.O is a self-limiting reaction within
the temperature range of 200-250 °C. The reaction of TTIP and an alternative oxygen source
H20; results in self-limiting growth in the wide temperature window of 100-250 °C*%, A
constant growth rate of 0.3 A/cycle has been reported at 250-325 °C*#°. However, this study
also showed that an increase in the H>O dose resulted in an increase in growth rate to 0.6
Alcycle?®:40 Above 325 °C, the precursor showed evidence of self-decomposition in the form
of a departure from self-limited growth**°. Studies have showed that during the reaction
process, on average 2.2-2.5 ligands per TTIP molecule are released i.e. each TTIP molecule

reacts with two hydroxyl groups during adsorption onto the film surface*®.

The TTIP/H20 reaction proceeds as follows;

o Ti(OCH(CHs),), + 2H,0(g) - TiO, + 4((CH3),CHOH)(g) (1.12)

Metal amide precursors are more favourable for ALD reactions when compared to metal halide
precursors as the bond energy of the latter is much stronger than metal amides*. This results
in a higher reactivity for metal amides. Tetrakis(dimethylamido)titanium (TDMAT) is more
reactive than titanium TTIP which allows for enhanced coverage that approaches monolayer
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growth at lower deposition temperatures**. In contrast to this, at higher deposition

temperatures, TDMAT undergoes decomposition**%, The TDMAT/H0O process has a reported
ALD temperature window of 100-250 °C. The TDMAT ALD process with both H,0 and O3

have a reported GPC of 0.46 A/cycle*6: 4%,

The TDMAT/H:O reaction proceeds as follows**3;

e Ti(N(CHs)z)s + 2H,0(g) = TiO, + 4NH(CHs),(9) (1.13)

Titanium tetrachloride (TiCls) is a highly reactive Ti source. TiClsis extremely reactive towards
H>O and hydroxyl groups which allows for deposition to occur over a wide range of
temperatures. The mechanism for the reaction is suspected to follow that of TMA. TiCls4

chemisorbs onto the film surface and undergoes irreversible exchange reactions*8.

The TiCla/H,0 reaction proceeds as follows*?;

e TiCl, + 2H,0(g) » TiO, + 4HCl (g) (1.14)

The amphoteric nature of TiO allows for the formation of both bridging and terminal hydroxyl
groups. Bridging hydroxyl groups are more acidic due to polarization of cations whereas

terminal hydroxyls are basic*8: 452453,
Reactions involving bridging Ti may also occur;
o TiCl, (9) 4+ Ti(=0 =),Ti(s) & Ti(Cl) — 0 —Ti(OTiCl3)(s) (1.15)

In the above reaction in equation (1.15) there is no release of gaseous product. Entropically,
this reaction is less favourable. The reaction is reversible due to the proximity of the products

of the reaction*>*,

33



In addition to the reaction of hydroxyl groups with TiCls, hydroxyl groups may condense on

the film surface with each other*2,

e Ti(OH)— 0 —Ti(0OH)(s) » Ti(—0 —),Ti(s) + H,0 (g) (1.16)

e 2—-Ti(OH)(s)—> Ti—0(s)+ —Ti(s) + H,0 (g) (1.17)

The reaction in equation 1.16 occurs at low temperatures when adjacent hydroxyl groups
undergo hydrogen bonding®2. The resulting product involves the coordination of oxygen to
two cations. In equation 1.17, the hydroxyl groups are isolated. The oxygen coordinates to one
cation and is co-ordinately unsaturated. This reaction is less favourable as it requires proton
migration to occur before dihydroxylation can take place*2. This explains to some extent why
the reactivity of TiCls is found to be temperature dependent as various configurations and

densities of hydroxyl groups exist at different temperatures*2.

It has been reported that the adsorption of HCI onto the surface of the film further complicates

the reaction mechanism as competitive, simultaneous reactions are occurring*>.
e Ti—OH(s)+ HCl(g) & Ti(H,0)—Cl (s)
< TiCl(s) + H,0 (g) (1.18)

o Ti(—0-),(s)+HCL(g) & Ti(OH)—0 —Ti— Cl(s) (1.19)

n=1-3)

For the above reactions (equations) 1.18 and 1.19, the equilibria shown are believed to occur
at lower temperatures for a rutile TiO2 surface®*. At low temperatures, residual Cl has been
reported to increase the surface adsorption of H20. In contrast, at high temperatures residual

Cl assists the dihydroxylation process*®2.
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The titanium ethoxide (Ti(OEt)4)/H20 ALD reaction proceeds as follows*?’;

e Ti(OCH,CHs), + 2H,0 (g9) > TiO, + 4CH;CH,0H(g) (1.20)
It is also thought that the ethanol formed may undergo dehydration®?°.

An alternative mechanism involves the chemisorption of Ti(OEt)4 followed by hydrolysis after

the introduction of water causes complete dehydroxylation of the surface*®, as shown below:

o Ti(OCH,CHy),(g) — Ti(OCH,CHs),(s) (1.21)

e Ti(0OCH;CH3)4(s) + 2H,0 (g)

- TiOy(s) + CH;CH,0H(g) (1.22)

Table 1.3 summarises the growth of TiO> with different precursors.

Precursor ALD window (°C) | Growth per cycle (A/cycle) | Reference
titanium isopropoxide 200-250 0.3 449
tetrakis(dimethylamido) 100-250 0.46 446,451
titanium
titanium tetrachloride 100-150 0.07 418
titanium ethoxide 300 0.03-0.04 429

Table 1.3: Summary of TiO2 ALD processes
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1.3.6 ALD Growth of Al2O3

Al,O3 commonly called alumina is an electrical insulator with a relatively high thermal
conductivity for a ceramic material of 30 Wm™K™. It exists naturally as various minerals
including corundum, which is thermally stable and bauxite which is considered as the principal

aluminium ore*’

. Due to the materials bio-inertness, chemical properties and hardness, Al.O3
is used widely across a myriad of medical applications including bearings for hip replacements,

bionic implants, dental implants and prostheses*®’.

The most commonly used Al precursor in ALD is TMA. The ALD chemistry of this precursor
is the most studied and documented in literature. The precursor itself is cheap and readily
available. Puurunen has published an extensive review particularly studying the TMA/water
ALD process®*. The reaction is understood as two successive “half reactions” as shown below

in equation (1.23) and (1.24).
|| Al - OH(s) + AI(CH3)3(g) — || Al — O — AI(CHzs)2(s)+ CHa4(g) (1.23)
|| Al = CHs (s) + H20(g) — || Al - OH(s) + CHa(g) (1.24)

The surface species present during the reaction switch from methyl-terminated to hydroxyl-
terminated. This has been proven by transmission Fourier transform infrared spectroscopy
(FTIR) in which the AIO-H and AIC-Hsstretching vibrations were monitored. In each case, the
spectra showed each reaction to be self-limiting and to go to completion. As previously
mentioned, the TMA/water ALD process is known to be an “ideal” ALD process. Self-
termination has been proven as longer pulse and purge times do not change the amount of

surface species that is adsorbed. The GPC does not increases with increased exposure time.

Although TMA is the most widely reported Al precursor, it is highly reactive which makes it

difficult for doping. It is too reactive to achieve a low surface density of Al atoms. As a
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consequence alternative Al precursors have been explored. Aluminium isopropoxide (AIP) has
been used as an Al precursor for Al-doped ZnO. AIP is a solid at room temperature. The
temperature of the precursor is controlled at the source which can then allow for control of the
Al atoms present in a single dopant layer. Increasing the AIP source temperature from 115-130
°C resulted in a decrease in GPC from 1.47 to 1.27 A/cycle attributed to a reduction in DEZn

adsorption on Al.Os surface*®,

Dimethylaluminium isopropoxide (DMAIP) is a bulky Al precursor which presents a
compromise in terms of reactivity and volatility. Al atoms can be dispersed more widely on the
surface sites due to the steric hindrance of the isopropyl ligands. Films deposited this way are
found to possess higher conductivities due to the presence of higher densities of active
dopant**®. Films fabricated using DMAIP also had lower resistivity than those grown using

TMA, some 3.5 mQ c¢m as compared to 8 mQ cm*®°,
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1.4  Properties and applications of nanolaminates of Al.Os, TiO2and ZnO

In order to make it applicable to the work in this thesis, the following section is a non-
exhaustive review of the applications of nanolaminates exclusively containing Al.Oz, TiO2 and
ZnO focusing on the application areas of electronics, mechanical fundamentals, optics and

encapsulation.

Al,Os is an excellent insulator with a large band gap*®!

. As previously mentioned, ZnO and
TiO2 possess close band gap energies and exhibit similar photocatalytic degradation

mechanisms suggesting that they may be suitable materials to be coupled together?6? 463,

Over the period 2014 to 2020 there has been a surge of interest in nanolaminates based on the
materials in question leading to a myriad of potential applications. In terms of innovative
devices, nanolaminate structures are increasingly important. An extensive and notable review
exists on the topic of nanolaminate composite materials by Azadmanjiri and Berndt?" %, This
review highlights the unique properties of these materials including chemical, electrical,
mechanical and physical properties. The following section builds on the information presented
in the review by Azadmanjiri and Berndt and includes the most recent developments in terms

of applications of the nanolaminates in question.

1.4.1 Electronic applications of nanolaminates of Al2O3, TiO2and ZnO

Metal oxide nanolayers of Al.Os, TiO2 and ZnO have been deposited for use in devices such
as organic field-effect transistors (OFETSs) and thermoelectric devices. In particular driven by
the limitations associated with the use of SiO: as a gate dielectric in a transistor structures,

Al,03 and TiO have been studied extensively*.

Baek et al.*®* demonstrated the growth of AlOs/TiO2 nanolaminate gate dielectric films for use
in OFETs. Compared to a separate film of Al2Os or TiO2 not part of a laminate structure, the
fabricated films had highly smooth surfaces (Rq < 0.3 nm), low leakage currents (8.6 x 10°
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Alcm? at MV/cm) and high dielectric constants (17.8). The enhancement of the dielectric
constant (2.3 times that of Al,O3) was due to the incorporation of the Ti** cation, which is
highly polarizable. A dramatic improvement in urer When implemented into a pentacene-based
OFET was observed for 50 nm thick nanolaminate films in comparison to the use of single
Al>;03 or TiO; films. A higher « can cause attraction of mobile charge carriers into the channel
and allow for traps to be filled nearby at the interface of the layers. As a result, the consensus
of this study was that the nanolayered structure removes the drawbacks associated with the use

of single material layers.

Al,03/Zn0O nanolaminate films were fabricated by Lee et al.*®® in order to investigate the
thermoelectric properties of the films in which the thickness of the inserted Al>Os layer differed
between growths. While the overall composition remained the same (2% ZnO: Al), the
nanolaminate structure was altered from deposition to deposition by changing the Al.O3z and
ZnO ALD sequence. The Al>Os thickness increased in increments from 0.13 nm to 1.23 nm.
As the Al203 thickness increased, thermal conductivity decreases from 0.57 W/ mK to 0.26 W/
mK. This decrease may have been caused by the interface, whether it be interface scattering of

phonons or interface confinement.

Liu et al.*®® studied the effect of annealing on the structural and optical properties of ZnO/Al.Os3
superlattice structures grown by ALD for future practical electrical device applications. A
nucleation delay was observed for ZnO and it was found that at least 6 ALD cycles (~1.10 nm)
was required for growth. XRD revealed that the orientation of the ZnO crystallites was affected
by altering the cycle ratios of Al203: ZnO. Changing the cycle ratio cause the orientation to
switch between the c-axes lying perpendicular or parallel to the substrate. Annealing the films
resulted in atomic diffusion and recrystallization. The diffusion of Zn atoms in the amorphous
Al>03 layers was found to be much faster than that of Al atoms in the ZnO crystallites at higher

temperatures. This resulted in complete dissociation of ZnO in the films with thicker Al.O3
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layers. This was evident due to the disappearance of its absorption bands in optical

measurements.

Cao et al.*” demonstrated the growth of ZnO/TiO- nanolaminates for use as ultra-long-life
anode material for lithium-ion batteries (LIBs). ZnO/TiO2 nanolaminates were fabricated that
were more stable than pristine ZnO films when subjected to an electrochemical cycling process.
The reversible capacity and the rate performance of ZnO films were found to be greatly
enhanced after the insertion of TiOzlayer into the ZnO film. Notably, the
ZnO/Ti02 nanolaminates fabricated exhibited excellent ultra-long-life performance which
were capable of retaining a reversible capacity of ~667 mAh g in a potential range of 0.05—
2.5 V. Almost no decay was observed after 1200 cycles of charge-discharge at 500 mA g =.
Electrochemical impedance spectroscopy (EIS) measurements indicated that the formation of
a nanolaminate structure decreased the solid electrolyte interface (SEI) resistance and charge-
transfer resistance, in addition to improving the solid state Li* ion diffusion in the bulk
electrode. The results of this study imply that constructing layered nanolaminates structures by
ALD might open up new windows for the improvement of the performance of anode materials

in LIBs.

624
cycles

26 cycles ZnO

Cu

Figure 1.15: ZnO/TiO2 nanolaminates for use as ultra-long-life anode material for lithium-

ion batteries adapted from Cao et al.*’
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1.4.2 Mechanical properties of nanolaminates of Al.0s, TiOz2and ZnO

Berdova et al.*®® studied the micromechanical properties of suspended ALD Al,Os, mixed
oxide (AlxTiyOz) and Al203/TiO2 nanolaminate films. Bulge and MEMS shaft-loading methods
were applied. Table 1.4 presents the results of the tests. As TiO: is incorporated, the strength
of materials decreases with incorporating TiO2 layers, which might be explained by the fact
that TiO2 has lower fracture toughness than AlOz and as a result, lower strength. This work
highlighted the potential use of nanolaminates for micro- and nanosystem applications ranging

from IR detectors, micro hot plate sensors, X-ray windows and large stroke mechanical

actuators.
Thin film Residual stress | Young’s modulus Tensile strength
(MPa) (GPa) (GPa)
Al;03 347-403 164-165 1.57-2.56
AlxTiyO, mixed oxide 365-389 151-154 1.17-2.09
Al>03/TiO2 nanolaminate 450-455 148-169 1.23-2.26

Table 1.4: Residual stresses, Young’s modulus and tensile strength obtained by bulge and

MEMS shaft-loading techniques*®®

The focus of the following work by Homola et al.*¢° was to study the effects of bilayer period
(A) on the mechanical properties of the A1203/Zn0O nanolaminate films. A closer look was taken
at the effect of the ratio between the thicknesses of each material while A was kept constant.
As A decreased, hardness also decreased as a result of a change in the deformation mechanism
from dislocation-based to grain boundary sliding mechanism. The study reported that an Al>,O3
thickness of 1 nm is all that is required to disrupt the growth of ZnO. The disruption lead to

finer ZnO crystallite sizes as the material underwent re-nucleation.
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Fundamental properties such as film thickness, chemical composition, microstructure and
morphology of the TiO2/Al,O3 nanolaminates were examined by Testoni et al.*® to gauge a
better understand on the influence of the particular number of Al,Oz partial-monolayers has on
the TiO> crystallization mechanism. It was found that by depositing only one cycle of trimethyl
aluminium-water (TMA-H0) in the supercycle of TMA-H>0 and TTIP-H.0O, the structure
of the TiO2 chemical composition could be precisely controlled. The morphology in the
TiO2/Al>03 nanolaminate structure could also be controlled by adjusting the number of Al,0O3
partial-monolayers. Mass spectrometry provided evidence for the poisoning effect of the TMA
pulse had during the growth of the TiO- layer, perturbing the surface environment and leading
to a reduction in GPC. The nanolaminate structure is of great interest as it allows for control
over the crystal structure without needing high process temperatures. Such high temperatures
can often lead to drastic changes in intrinsic properties such band gap energy. At low
temperatures, TiO> is thermally unstable which is not desirable from a device point of view.
However, incorporating it into a nanolaminate structure creates a stable amorphous structure

that is of use for many microelectronic applications*™.

Coy et al.*"t deposited Al,O3/TiO, nanolaminates in order to study the wear rate of the
structures for further applications. It was found that as the thickness, size of crystallite and
increment of amorphous interfaces all reduced, the mechanical properties of the film were
directly influenced. A certain thickness of bilayer and stack was found to be required in order
to see altered behaviour due to the layered structure as below a critical value (~25 nm),
nanocomposite coating behaviour was observed. In terms of mechanical properties, the
maximum reduced modulus (Er) and hardness (H) were located in the region closer to the

surface of the nanocomposite*'.,

42



1.4.3 Optical properties of nanolaminates of Al20O3, TiO2and ZnO

Nanolaminates are very attractive for the investigation of potentially interesting optical
properties. Combining complementary metal oxides can lead to performance that cannot be
achieved by either component alone. Optically, this could be extremely beneficial in terms of

the development of new or improved devices.

Viter et al.*”? fabricated Al,03/ZnO nanolaminate films for application in aerospace
technologies as ultra-thin nanolaminates possess a high resistance against high energy particles
and ultraviolet radiation. It was found that as the number and thickness of the bilayers
decreased, the optical absorption peak decreased in intensity and underwent a blue shift. This
behaviour was found to correlate with the formation of a disordered structure, as supported by

a lack of peaks in the XRD pattern.

The RI and band gap behaviour of Al,03/ZnO nanolaminates was studied by Lopez et al.*™ It
is important to understand the optical behaviour of thin films of Al,O3 and ZnO as a
consequence of their use in a range of optical devices. In the case of the study by Lopez et al.,
the optical properties of the bilayers studied were found to strongly depend on the bilayer
thickness. As the bilayer thickness increases from 2 to 22 nm, the RI (A = 370 nm) fluctuated
between 1.63 and 2. By analysing a Tauc plot, the band gap was found to vary from 3.3 to 4.9
eV. These results demonstrate that nanolaminates provide the opportunity to fine tune the RI

and band gap of a material as a function of layer thickness and composition.

Romo-Garcia et al.*’* fabricated Al,0O3/Zn0O nanolaminates by ALD to study the optoelectronic
attenuation behaviour of the films. All films had a total thickness of 20 nm. The Al
concentration varied from 1, 3 and 5% of the total thickness of the stack. XPS results revealed
that it was possible to design nanolayered materials with individual layers with thicknesses of

less than 1 nm and obtain high precision at the interface. The thickness of the bilayers also
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contributed to the control of the optoelectronic attenuation. The intensity of the main emission
from ZnO was increasingly quenched with increasing the thickness of Al>Os layer. In this way
it was possible for the ZnO emission to be attenuated from between 37% and 68%. It should
be noted that despite the reduction of electronic transitions on the nanolayered film, a shift in
the band-to-band emission of ZnO was not observed. Studies of this type further demonstrate
the potential of using Al203/ZnO nanolaminates in the development of new or improved

optoelectronic devices.

1.4.4 The use of nanolaminates of Al20s, TiO2 and ZnO for encapsulation and
passivation

Interestingly, at the time of writing, encapsulation and passivation are the main nanolaminate
application areas of focus and where the bulk of the publications lie in terms of the use of
nanolaminates. Encapsulation involves the confinement of one material by another larger
material. Passivation is a surface modification method that allows for protection of an active
surface from the surrounding environment. The surface becomes “passive’’ or less active via
chemical means. Deposition of a thin film encapsulation layer can act as a barrier layer.

The use of an Al,Oj3 thin film as a moisture barrier layer has been reported by Jung et al.*™.
However, amorphous Al>Oz is susceptible to corrosion caused by water which means it is not
appropriate for use in high humidity conditions. To overcome this, Abdulagatov et al.**® have
fabricated TiO2/Al>O3 bilayers to encapsulate copper in order to prevent corrosion. A bilayer
structure of TiO2/Al>03 was found to resist water corrosion. Although this is an innovative step
forward as TiO2 is known to provide resistance to water corrosion, it is not a long-term solution.
TiO2 is not a practical gas barrier so over time it is possible for gas molecules to diffuse into

the Al2O3 layer.
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Kim et al.** fabricated Al,O3/TiO; films for the purpose of encapsulation of organic thin films
transistors (OTFTs). The aim was to produce films with excellent water anticorrosion and low
gas permeation at a low-temperature process. The passivation of an OTFT using a 50 nm thick
Al>,O3/TiO, nanolaminate structure was found to have a prolonged lifetime which exceeded 52

days.

Al,03/TiO, diffusion barriers were grown by Singh et al.*® for organic light emitting diode
(OLED) encapsulation. The fabrication involved depositing nanolaminates in which ozone was
the oxygen source during the ALD growth first, followed by water based nanolaminates on top
in which water was the oxygen source. This work achieved the deposition of nanolaminate
diffusion barriers that enhanced the lifetime of the OLED and also did not damage the OLED

during fabrication.

Arroval et al.*”® demonstrated the growth of TixAl; <Oy films in order to explore the passivation
effect of the Ti precursor, TiCls towards the chemisorption of Al precursors, TMA and AICls.
The deposition rate of Al.Oz was analysed and was found to be lower in the TiCls-TMA-H,0
and TiCls-AlClz-H20 processes than that in the TiCls-H2O-TMA-H20 and TiCls-H20-AlCls-
H>0 processes, respectively. The adsorption of TiCls was limited by the surface intermediate
species. This intermediate species only partially limited the adsorption of AICIz and TMA. The
growth rate of TiO2 was enhanced in the TiCls-TMA-H2O and TiCls-H.O-TMA-H,0O
processes. Additionally, the growth rate of Al.Oz was enhanced in the TiCls-H20-TMA-H20
and TiCls-TMA-H20 processes as the deposition temperature was >300 °C. No increase in
growth rate was observed for the TMA-H>O process which suggested that the effect was

influenced by the Ti-containing surface layer on the adsorption of TMA precursor molecule.

The use of Al203/ZnO nanolaminates for thin-film encapsulation for flexible organic light-

emitting diodes (FOLEDs) was studied by Jeong et al.*” Tensile stress conditions were tested
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in order to investigate potential long-term reliability. After 30 days the passivated FOLEDs
had comparable performance to the initial state without the formation of any dark spots. These
results showed that the encapsulation of FOLEDs was successful and nanostructured layers of

Al,03/Zn0 act as excellent moisture barriers.

Nehm et al.*® investigated the growth of TiOx/AlOx nanolaminates as moisture barriers for
organic devices such as OLEDs. The organic devices display extreme degradation upon
exposure to moisture. Single, stand-alone layers of metal oxides have been reported to fall short
in terms of chemical and mechanical stability. By using a nanolaminate barrier, the stress on
the film can be reduced and the lifetime of these organic devices can be prolonged. The study
found the optimum individual layer thickness to be 1-2 nm which was then used to build
nanolaminate structures up to 100 nm total thickness. Single layer thicknesses ranging from 4-
8 nm lead to an unstable barrier film. The films were subjected to aging in ambient conditions
to examine to longevity of the nanolaminate barrier films. Even after 2500 hours of continuous

aging, the nanolaminates showed no significant degradation.

ALD Al,O3/TiO2 nanolaminates were fabricated by Leppaniemi et al.* in order to improve the
sealing properties and corrosion protection of chromium nitride (CrN) coatings deposited using
physical vapour deposition (PVD) on high speed steel (HSS). The ALD nanolaminates sealed
pinholes present on the CrN coating. By increasing the thickness of the AlO3/TiO: bilayer
from 50 to 100 nm, pinhole sealing and corrosion protection was further enhanced. Plasma pre-
treatment prior to ALD deposition was found to also improve the corrosion protection and

particularly the adhesion of the ALD layer.

The tribocorrosion behaviour of TiO2/Al.03 nanolaminates was investigated by Radi et al.>°
for orthopaedic corrosion protection. Tribocorrosion is explained as the degradation of a

material as a consequence of both corrosion and wear. This research presented the idea of using
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nanolaminate films for the fabrication of in vivo sensors to reduce the time for the detection of
diseases e.g. cancer. An exemplary in vivo sensor should be biocompatible, non-toxic,
extremely sensitive and stable, similar to a coating for orthopaedic implants. The results of the
study showed that the TiO2/Al.O3 nanolaminate films had a low friction coefficient and were

suitable for application in orthopaedic applications.

Table 1.5 summarises the nanolaminate materials with their corresponding lifetimes.

Material Lifetime Reference
Al,03/TiO; >52 days Kim et al.*
Al,03/TiO; >2100 hours Singh et al.®
Al,03/Zn0O >30 days Jeong et al.*’
TiOx/AlOy >2500 hours Nehm et al.*®

Table 1.5: Lifetimes of nanolaminate materials for encapsulation and passivation applications

1.45 TiO2/ZnO nanolaminates
In particular and in direct relation to the results presented in this thesis, this section focuses
specifically on previous studies involving the deposition of TiO»/ZnO nanolaminates and

alludes to why these materials may be ideally coupled.

ZnO and TiO2 are both active photocatalysts, chemically and thermally stable, low in cost and
are widely available*’” %7, Both ZnO and TiO; are wide band gap semiconductors with band
gap energies in the region of 3.2 eV — 3.4 eV*%2 43 The similar band gap energies of TiO; and
Zn0O and the similarity in photocatalytic mechanisms that these materials exploit suggest TiO>
and ZnO as suitable materials to be coupled together. Another interesting point to observe is

the interactions that occur at the interface of the layers*’®. It is possible to fabricate
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multifunctional films by combining different materials that possess varying capabilities such
as well-known photocatalysts mentioned above, ZnO and TiO». It is interesting to consider

whether the functionalities will both act together and be enhanced or degraded.

Previous studies have shown an improvement in crystallinity and quality of ZnO as a direct

consequence of a TiO, under layer*’®

. In addition such studies have shown improved
degradation of organic dyes*® 48! and enhanced friction coefficients*®. Interestingly, as the
number of bilayers increased while the total thickness and composition of the films remained
the same, an enhancement of the optical transmittance was observed*® 48 Analysis of the X-
ray diffraction (XRD) spectra of these nanolaminates revealed weaker signature peaks for the
same thickness nanolaminates with more bilayers, suggesting the possibility of tuning the
crystallinity of nanolaminates from a crystalline to an amorphous phase. Films with the same

overall thickness showed a decrease the refractive index (RI) as the number of bilayers

decreased*®*.

ZnO/TiO2 laminates have been prepared previously using various deposition techniques such

480,481

as electron-beam (E-beam) evaporation*®®, sol-gel methods , atomic layer deposition

(ALD)*82 483,486 and more recently spatial ALD*%,

Table 1.6 summarises previous work that has been carried out on ZnO/TiO2 laminates,

including various different methods of deposition.
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Method Precursors Growth Reference

Temperature (°C)

E-beam High purity (99.999%) ZnO 200, 250 Xu et al. 200848
evaporation, & TiO; particles,
SO|-g€| Zn(CH:COz): &
monoethanolamine
Sol-gel Titanium(1V) butoxide, RT Tian et al. 20094
ZH(CH3C02)2

ALD TTIP, DEZn, de-ionised H,0 200 Gu et al. 201343
ALD TTIP, DEZn, de-ionised H,0 200 Qian et al. 20134
ALD TiCls4, DEZn, de-ionised H20 200 Wang et al. 2014482
ALD TiCls, DEZn, de-ionised H20 100 Su et al. 2015%7
ALD TiCls, DEZn, de-ionised H20 120-240 Torrisi et al. 20168

Spatial- | TiCls, DEZn, de-ionised H,0 150 Chen et al. 20164
ALD

Sol-gel TTIP, IPA, de-ionised H.O RT Prasannalakshmi et

al. 2017481
Zn(CHsCO2)2:2H20, NaOH

ALD TiCls, DEZn, de-ionised H20 130 Cao et al. 20194
ALD TiCls, DEZn, de-ionised H20 100 Wang et al 20208

Table 1.6: Previous work on ZnO/TiO laminates via E-beam evaporation, sol-gel, ALD and

spatial-ALD deposition methods

Table 1.6 summarises previous work that has been carried out on ZnO/TiO2 laminates,
including various different methods of deposition. From the table, it is clear that ALD is the
most used deposition method for the growth of ZnO/TiO2 laminates. ALD presents many
advantages over these other methods. ALD allows for the following; precise thickness control

and a high degree of uniformity, both owing to the self-limiting nature of the reaction. A high
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level of conformality, is achievable meaning high aspect ratio compatible growth. Growth at
relatively low temperatures is possible which is suitable for applications in which a thermal

restraint exists.

1.5 Doping of ZnO thin films

1.5.1 Advantages of doping by ALD

Doping of materials allows for manipulation of the composition and structure that impact
properties such as the electrical and optical behaviour of the material. ZnO is frequently doped
and to date, some 22 elements have been reported as dopants in ZnO by ALD*° (figure 1.16).
Many publications exist where a variety of different elements have been used as dopants. By

far, Al is the most popular choice.
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Figure 1.16: Bar chart displaying the number of papers versus the dopant element used in

doping of ZnO via ALD. Al is the most frequently studied dopant followed by Ga, N, Ti, and

|n490
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Doped thin films can be fabricated by many methods, all carrying both pros and cons. The most
popular methods of doping have been CVD and PVD. In the case of PVD, sputtering is the
most commonly used. Using these methods, Al-doped ZnO thin films have been prepared with

resistivity values of 0.1 mQ cm achieved*®!,

However, in comparison, ALD presents many advantages over these methods and is a
particularly suitable deposition method when the application of these thin films are considered.
ALD allows for: (i) precise thickness control due to the self-limiting, cyclic manner of the
reaction, (ii) a high degree of uniformity again owing to the self-limiting nature of the reaction,
(iii) a high level of conformality, meaning high aspect ratio compatible growth, (iv) growth at
relatively low temperatures which is suitable for applications in which a thermal restraint exists
and finally, which is particularly advantageous for doping, (v) the cyclic, self-limiting manner
which allows for precise thickness control can theoretically allow for accurate control over the
dopant level?®”4%1 The following section describes how ALD has been used previously to dope

the material of interest to this thesis- namely ZnO.

1.5.2 ALD Doping of ZnO - distribution and efficiency of the added dopant ions

In spite of the advantages of doping thin films via ALD, for ZnO doping in particular,
drawbacks to the method exist and ALD doping presents its limitations. One of the main
reasons for doping a material in the first place is to enhance a particular property of said
material. However, this is not always as straightforward as might be expected. For example
there are reports which show the etching effect dopants can have, thereby reducing the overall

growth rate of the film and the efficiency of the doping process*®.

Elam et al. were the first to report the etching effect TMA has on ZnO films. This was proven
by the nominal thickness being larger than the actual thickness measured*®?. This etching

phenomenon has also been seen during ZnO growth when doping with trimethyl indium (TMI).
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Lee et al. reported that for In-doped ZnO films, film growth rate decreased with increasing
In.03 ALD cycle ratio*®. Interestingly, it has been reported that it takes approximately 6 cycles
of ZnO growth via DEZn and H20 in order to recover 63% of the original growth rate of
ZnO**_ As well as seeing decreased growth rates for doped ALD films, increased growth rates
have also been observed. This is the case for ALD studies of the Ti- doping of ZnO using the
titanium precursor TTIP. Adsorption of TTIP appears to accelerate the overall ZnO growth

rate?%,

Wu et al.*! have extensively studied the Al distribution in ALD-prepared ZnO: Al and the
effect on doping efficiency. It was shown that the anticipated improvement in the resistivity of
the resulting Al-doped ZnO was somewhat limited. Varying the Al doping level, defined as the
proportion of Zn atoms that are replaced by Al, improved the resistivity from 9.8 mQ cm to 2.2
mQ cm. While this was a significant improvement in resistivity, the value achieved overall was

still well below the level of 1.0 mQ cm or lower that is usually required for device applications.

ZnO films utilising ALD supercycles (section 2.2.3) are perceived as flat 5-doped layers, when
in reality a broadening of dopant layers may occur. The term ‘3-doping’ is often oversimplified.
Broadening of the Al-dopant layers may occur due intermixing effects. While diffusion of Al
atoms into the ZnO is possible, it can only happen once the activation energy for diffusion has
been reached. This would require annealing above 800 °C*% 4%7 As noted earlier, an etching
effect is observed with the TMA precursor and the ZnO surface*®?. Effectively, Al atoms
replace the Zn atoms causing a downward spreading of the Al atoms which in turn may lead to
broadening of the Al-dopant layer. The influence of surface roughness due to the
polycrystalline nature of ZnO and the presence of grain boundaries also play a role in the
inhomogeneous distribution of Al atoms. Inactive Al atoms can act as scattering centres which

in turn affect the electrical transport properties of a material such as the carrier mobility and
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the carrier density. The presence of Al enrichment at the grain boundaries has been associated

with the formation of Al suggests trapping centres*®:.

The spacing between dopant layers has also been shown to be very important. Lee et al. have
shown that an optimal spacing of 2.3 to 2.6 nm is desirable for their doped films. It was reported
in this work that the Al-doping occurs predominately at the interface. An electric field is created
by the AI3* atoms which prevents further doping as the electric field results in Coulombic forces
between AI** atoms. These repulsive forces gave rise to a decrease in doping efficiency when
the electric fields overlapped as a consequence of dopant layers being too close together®®,
The relationship between each adjacent Al atom within a single dopant layer also must be
considered. Studies on the lateral relationship of the Al atoms have shown that by increasing
the lateral spacing between the Al atoms, the doping efficiency can be increased while also
decreasing the resistivity. Wu et al. showed Al-doped ZnO to be most efficient when the lateral
spacing between Al atoms was >3.8 nm*™ 4 In order to achieve an increase in the lateral
spacing, fractions of the surface functional groups were deactivated using ethanol. Another
study used the bulky Al precursor, DMAIP in place of TMA to take advantage of steric

hindrance to block active sites to decrease the number of Al atoms deposited per ALD cycle*®.

The solid solubility limit of Al in ZnO also plays a role in determining the doping efficiency.
The solid solubility limit of Al in ZnO is low as Zn and Al exhibit different properties including
ionic radii and oxidation. If the local Al density is below the solubility limit, Al atoms can be
substitutionally incorporated into the Zn sites within the ZnO matrix and act as electron donors.
In contrast, if the local Al density is above the solubility limit, a portion of the Al atoms may
form clusters of AlOx, ZnAl>O4 or equally segregate to the grain boundaries. As a consequence,
these particular Al atoms are unlikely to behave as electron donors which in turn lowers the
doping efficiency. Clusters may also form at interface when the interspacing between layers is

<38 nm491,499
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It is reported that doping efficiency at higher doping levels is reduced due to disorder-induced
carrier localization. Both intrinsic and extrinsic defects can induce a defect in the crystal
structure. A high local Al density will result in low doping efficiency as scattered electrons that

are weakly localized are limited in their contribution to conductivity®%0-50,

1.5.3 ALD growth of Al-doped ZnO

Aluminium-doped ZnO (AZO) is the most extensively studied of the metal-doped ZnO films.
AZO is low cost and its constituent elements are abundant. The material has increased stability
when compared to ITO, particularly in a reducing atmosphere such as the presence of a
hydrogen plasma. The electrical conductivity of AZO is comparable to that of ITO%. AZO
behaves excellently optically, with almost 100% transmittance in the visible region®* %%, In
the IR region®®, AZO is more transparent than 1TO%%. The atomic radius of AlI**is 0.53 A
which is smaller than that of Zn?* (0.74 A)%%7. This allows for AI** to easily occupy the place
of Zn?* causing an overall reduction in the lattice parameter. The above properties make AZO

an excellent material for TCO material in solar cells®%8 509,

Equation 1.25 shows the Kroger-Vink reaction for Al.Oz doping of ZnO in which the two
electrons generated during the reaction are donated to the conduction band. This improves the

electronic conductivity of the material*®.

2Zn0
Al,0; — 2415, + 205 + 2e™ + %0, 1 (1.25)

As previously mentioned in section 1.3.6, TMA is the most widely reported Al precursor.
However, due to its high reactive nature, it is difficult for doping. TMA is too reactive to
achieve a low surface density of Al atoms. Aluminium isopropoxide (AIP) has been explored

as an Al precursor for Al-doped ZnO.
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Li et al. compared the properties of Al-doped ZnO films from different Al precursors. Both
AIP and AICIs require heating in order to generate sufficient vapour pressure. The Al dopant
concentration increases gradually from TMA to AIP and finally AICIs. TMA-AZO and AlP-
AZO showed the lowest resistivity values, at 3.3 and 4.0 mQ cm respectively. AICI3-AZO
showed the highest RMS which was attributed to contamination from residual Cl which may
have a negative effect on the nucleation of ZnO. The XRD results showed TMA-AZO to have
poor crystallinity showing only a very weak (002) peak. However, the XRD data for both the
AIP-AZO and the AICI3-AZO material showed no discernible features®°. It was suggested that
the crystallisation of the ZnO may be suppressed due to thinner films with a relatively high Al

doping concentration®:°.

Various precursor dopant sequences have been studied in order to assess the effect that they
may have. Conventionally, 6-doping is the method of doping employed during a doped ALD
cycle. This results in dopants being localized within a plane that is perpendicular to the
direction of growth. As noted earlier, for Al-doped ZnO, low doping efficiencies can result due
to the formation of Al-O-Al clusters, the formation of insulating ZnAl2O4 or due to suppression

of electron donation caused by Coulombic repulsion forces from adjacent Al atoms*®,

The most common precursor sequence used for the ALD growth of AZO consists of the use of
the DEZn/H20 process for a desired number of cycles followed by insertion of a TMA/H.0
cycle. This is then repeated a number of times until the desired thickness is obtained. This is
known as the “supercycle” method. Song et al.>!! reported an alternative precursor sequence
which consisted of a DEZn pulse, followed by a TMA pulse and then finally a H2O pulse (case
1). Each precursor pulse was followed by a purge step. They have also reported a sequence of
a TMA pulse, then a DEZn pulse and finally the H2O pulse (case 2). The initial metal precursor
pulse was not followed by a pulse from the oxygen source, namely water. The surface species

formed in case 1 is O-Zn-(C2Hs)". This can be replaced by Al-methyls which form Zn-methyl
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species that are very volatile alongside O-Al-methyl surface groups. Case 1 produced films
which showed the lowest resistivity on glass which suggested it was the most effective doping
sequence. In case 2, under DEZn exposure, the O-Al-(CHs)" surface remains stable. This is
expected as the Zn-O bond is weaker than the Al-O bond. The formation of Zn-O-Al bridging
units occurs as both —Zn-(C2Hs)" and —Al-(CHs)" surface species mix. This case favours and

helps control the incorporation of the Al-dopant as the Zn surface species is present.

Films grown using the sequence in the above case 1 (DEZn/TMA/H-0), have shown lower
resistivity, smaller grain size, lower surface roughness, show (100) preferential growth and
have a larger area under the (100) peak than typical Al-doped ZnO grown using the more

‘usual’ sequential (DEZn/H20)m (TMA/H20) cycles 12,

Choi et al.>® used the following sequence: DEZn pulse, TMA pulse, H20 pulse. This sequence
was employed with the aim of enhancing the distribution of AI** ions within the ZnO lattice in

order to avoid deliberately forming a nanolaminates structure.

Precursor co-injection has been explored by Hliberi et al.>** and Yuan et al.®*®. Co-injection
results in homogeneous distribution of Al throughout ZnO which still allowed for accurate
control over the Al: Zn ratio. The method of co-injection results in a competitive reaction
between metal precursors and the surface hydroxyl species. Films fabricated this way were
found to have a higher percentage of Al at the interfaces than the rest of the film. It is thought
that the Al may diffuse through the ZnO and react at the surface or the reaction between the

substrate and TMA precursor may be preferential.

A sequence consisting of a DEZn pulse, a TMA pulse and a combined DEZn/H>0O pulse was
investigated by Pollock et al.>®. It was thought that the addition of another DEZn step after the
TMA pulse and the resulting extra purge time may allow for more DEZn molecule to bind to

active sites. The DEZn is a smaller molecule compared to TMA and also is not as sterically
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hindered. This precursor sequence may result in the formation of a so-called sacrificial

adsorbate layer that would act to shield the ZnO from TMA etching®®.

Park et al. showed how a prolonged purge time of 120 s for the H20 resulted in decreased
chemisorption of TMA as the number of hydroxyl groups decreased due to surface

dehydration®’.

Etching of ZnO is commonly reported when DEZn pulse precedes TMA pulse. The mass loss
observed can be attributed to etching of surface Zn-alkyls. A similar etching reaction occurred
when the TMA pulse preceded the DEZn pulse. Although this is not thermodynamically
favourable, the mass loss is explained by saturation of surface hydroxyls or by passivation of

surface defect sites®8,

Typically, films grow in a direction that minimizes the surface energy therefore growth occurs
with the plane of lowest surface free energy parallel to the surface®®. For undoped ZnO, the
<002> direction is usually the preferential growth direction as it is the most densely packed
and thermodynamically stable in the wurtzite structure>?® %2, The ZnO (002) plane is highly
polar as it consists of Zn?* and O% ions®?!. It is charged either positively or negatively,

depending on surface termination®®*,

AZO films exhibiting a (002) plane preference have been reported®® %2227 In general, as the

Al concentration increases preferential growth along the <002> direction has been observed®!*

528

Oh et al. have reported AZO films with a preference for the <100> growth direction®?°. This
was explained by considering the adhesion of anions, such ethyl group fragments on the (002)
polar surface of AZO causing suppression of growth of the (002) planes®? 3%4, Ahn et al. also

reported the growth of AZO films with a preference for the (100) plane. It was suggested that
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since the (100) plane is charge neutral and the AI** ions may cause a disturbance to the charge

neutrality and cause (100) surface energy to be the most favourable®?

. With increasing Al
concentration, growth preference was found in the <100> direction such that the (100) planes
dominated over the (002)460. 494,509, 512, 527,528, 530-538 '\/jth further increases in %Al the intensity

of the (100) reflections either decreased®?” %2% 5% or no peaks were observed at all>?% 5%,

Baji et al. have studied the effects of growth temperature and have shown that the growth

direction highly depends on the deposition temperature (table 1.7)*%. Other studies have shown

that at high deposition temperatures, (002) plane preferential growth prevails>16 521,535, 540-543

Deposition Intrinsic Doped : 4.9at% Al
Temperature (°)
120 Small grain size; typical orientation | No pronounced orientation,
(100) (100) apparent
150 (100) dominant No pronounced orientation,
(100) apparent
180 (100) orientation even more dominant | Beside the (100) orientation
(101) apparent
210 Besides (100), (002) becomes (100) and (101)
apparent
240 Better crystalline structure, (100) and | No orientation, very small
(002) grains
270 (002) more dominant than (100) and No orientation, very small
(101) but all are present grains
300 (002) orientation No orientation, very small
grains

Table 1.7: Temperature study by Baji et al. showing growth directions for intrinsic ZnO and

4.9at% Al-doped ZnQ3%®

58




Many reports cite a systematic shift of the XRD data for both the (002) and (100) reflection to
higher 20 angles indicating a decrease in the lattice constant, d as AI** ions substitute for Zn*
ions in the ZnO lattice*60: 509 512-514, 522,523, 525, 526, 529, 532, 540-549 The jonic radius of AI** (0.53 A)
is smaller than the ionic radius of Zn?* (0.72 A) which explains the decrease in the lattice

constant®"’.

ZnO heavily-doped with Al may lead to the formation of nano-sized metallic clusters®?,
insulating Al,Q33%: 523, 524, 527, 529, 531, 533, 530, 351 gng ZnAl,04°°2°%, The formation of such
materials may cause distortion of the ZnO crystal structure®” °52 and lead to the creation of

carrier traps®?* and scattering centres®3.,

1.5.4 ALD growth of Sn-doped ZnO

Zinc tin oxide (ZTO) is a wide band gap semiconductor. The material has potential for use as
a channel material in thin film transistors>® %%, It also presents as a promising alternative to
cadmium sulfide for application in thin film solar cells>®" 5%, Previous work has shown the

growth of stacks of ZnO and SnOx deposited at low temperatures®°-56,

Hégglund et al. fabricated ZTO by ALD at 150 °C using DEZn, tetrakis-dimethylamido tin
(TDMASN) and H20 as precursors. Initially, the ZnO grew slower on SnOx as opposed to on
itself as a result of varying surface hydroxyl group densities. The variation in growth rate
observed was found to result in a variation of elemental ratios as function of bilayer period,
even for films with the same cycle ratio. For low bilayer numbers (<20 layers), films were
characterised by ZnO inclusions such as clusters or islands within a SnOx matrix. For larger
bilayer numbers (>20 layers), more defined layers were deposited. It was found that lower
growth rates resulted in island-type growth due to the number of surface nucleation sites being
limited. As the islands amalgamated, growth rate reverted to the expected value. For the ZTO

films deposited at 150 °C, no evidence of atomic mixing was found. For the ZTO films post-
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annealed at 400 °C, a stable surface phase consisting of equal amount of Zn and Sn indicated

the presence of the inverted spinel Zn,Sn04%%2,

ZTO films have also been deposited using the same metal precursors as the case above but with
ozone as the oxygen source. These films had c-axis orientation preference and a high optical
transmittance (>85%) in the visible region. The band gap of the material increased from 3.26
eV to 3.54 eV as the concentration of Sn increased from 0 to 5.7 at%. Electrically, the minimum
resistivity obtained was 9.5 x10* Q cm and a carrier concentration of 3.2 x10%° cm was

measured®®3.

1.5.5 ALD growth of Ti-doped ZnO

Ye et al. achieved Ti-doping of ZnO by growing alternating layers of ZnO and TiO2°®*. DEZn,
TTIP and H>O were the precursors and co-reagent of choice. Films were deposited on Si
substrates at 200 °C. The expected thickness and actual thickness of films differed which was
attributed to a hampered growth mode of the ZnO layer deposited directly on TiO2. The lowest
resistivity of 8.87 x10 Q cm was recorded for a cycle ratio of 20:1 (ZnO: TiO). The carrier
concentration increased and then decreased with increasing Ti concentration. The highest
carrier concentration recorded was 4.80 x10%° cm3. The mobility of the films was 15 cm? / Vs.
XRD results showed the (100) peak shift towards lower diffraction angle as the concentration

of Ti increased®®*,

It was reported by Lee et al. that atomic-layer Ti doping by ALD resulted in films with much
higher electrical conductivity and also doping efficiency than their Al counterparts. The
experimental parameters used in this study were as follows; DEZn, TTIP and H>O were used
as precursors with a deposition temperature of 200 °C. A mobility of >20 cm?/Vs was recorded
which was attributed to the presence of a lower concentration of inactivated dopants which

acted as scattering centres. Ti is very reactive towards oxygen and it is possible for Ti to remove
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oxygen from the ZnO matrix and thus be oxidised itself. In conjunction, this action would

create electron donors in the form of either oxygen vacancies (Vé or Vzg ) or zinc interstitials

(Zn; or ani+ ). The growth rate of the stack overall was found to be higher than that of the sum

of the individual oxide layers. This was explained by considering enhanced absorption of either

the zinc or titanium metal precursor during growth?#%,

The degradation of the crystallinity of Ti-doped ZnO by ALD as the concentration of Ti
increased was reported by Wan et al. in which the fabricated films were transparent and a

maximum resistivity of 1.6 x10° Q cm was achieved with 6.2 at% of Ti°®%,

Bergum et al. deposited Ti-doped ZnO films using DEZn, TTIP and H20 as precursors and co-
reagents. The deposition temperature for their process was 200 °C. The lowest resistivity value
achieved was 1.8 x10° Q cm for a film grown with 1.7 at% Ti. An increase in mobility was
observed even with minimal Ti-doping. The XRD results showed an increase in a-axis
orientation with increasing Ti content alongside no obvious change in lattice parameters. Also
with increasing Ti content, a Burstein-Moss shift was identified. The maximum doping
efficiency was found to be at Ti 1.7at%. This high value suggested a good distribution of the
Ti dopant®®. A further study from Bergum et al. supported previous findings and also added
that an increase in thickness of films resulted in an increase in a-orientation as seen by XRD.
Simulations performed suggest that films grow in a hexagonal bi-pyramidal form. The
electrical properties were thickness dependent below total film thicknesses of 200 nm. The

optical properties in the visible region were also thickness dependent®®’.

Torrisi et al. grew ZnO/TiO2 multilayers with a nominal concentration of Ti of 2%. The films
were highly transparent in the visible range (>97%). The film with the lowest resistivity of 3

x10 Q cm was deposited at 200 °C*88,
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Saha et al. studied the dimensional crossover occurring in stacked ZnO/TiOx layers. Ti-doped
ZnO films were grown using DEZn, TiCls and H>O as precursors and co-reagents. The
deposition temperature for their process was 200 °C. A smooth switch from 2D to 3D of weak
localization was observed®®®, It was further reported that a decrease in the spacing of the ZnO
layers resulted in an evolution of the electron transport behaviour from a metallic to a non-
metallic system. Using ALD for Ti-doping was found to be beneficial as the dopants are
restricted to 2D monolayers. The lower temperature of the deposition decreases the likelihood

of the Ti dopant atoms migrating and diffusing from the plane of growth®®.

Chen et al. deposited ZnO/TiO: films via spatial-ALD (s-ALD). Linear growth was observed
with respect to both the ZnO and TiO2 growth processes. The ZnO films had a high carrier
mobility. The deposited TiO> films possessed good optical transparency. Interestingly, as the
number of number of layers in the ZnO/TiO; stack increased, the % transmittance increased in
the visible range. Similarly, when the number of bilayers increased the intensity of the ZnO
diffraction peaks decreased. The low crystallinity of the ZnO/TiO2 nanolaminates may be
explained by the individual XRD patterns of the amorphous TiO: interlayers and
thinner ZnO with smaller crystal size. Similarly, as the number of number of layers increased,
the % transmittance increased in the visible range. This work demonstrated that it should be
possible to tune the RI of the films as an increase in RI was observed for films in which the

thickness of each bilayer decreased®,

1.5.6 ALD growth of Ga-doped ZnO

Doping with Ga can provide extremely stable films at elevated temperatures®®. There is no
tendency for Ga dopants to segregate at the interface®’*. This makes Ga a favourable dopant.
The covalent bond lengths of Ga-O and Zn-O (1.92 A and 1.97 A, respectively) are very similar

to each other when compared to that of Al-O (2.7 A) and thus, the deformation of the ZnO
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lattice is found to be significantly lower in GZO than in AZO even with the same dopant
concentration®*°. Moreover, the ionic radii of Ga and Zn are closer in value, 0.062 nm and
0.074 nm respectively when compared to Al (atomic radius of 0.053 nm)®°"2. This leads to a

more uniform structure with fewer less lattice defects.

Saito et al. deposited Ga-doped ZnO films using DEZn, triethylgallium (TEG) and H2O as
precursors and co-reagents. The deposition temperature for their process was 300 °C. These
films had a resistivity of 3.0 x10* Q cm. The XRD results showed an increase in the intensity

of the (1011) reflection®”3.

Chang et al. found that the resistivity of Ga-Zn-O (GZO) films rose substantially after
annealing in an oxygen rich environment. The resistivity values for these films on glass and

sapphire were 3.9 x10* Q cm and 3.7 x10™ Q c¢m respectively®’.

Lee et al. studied the effects of an oxygen-plasma post-treatment on Ga-doped ZnO films
grown by thermal ALD. DEZn, TEG and H>O were used as precursors. In order to remove any
residual hydroxyl groups an oxygen ion bombardment process was deployed. A decrease in
resistivity was recorded after the post-treatment from 6.7 x10* Q cm to 4.5 x10™* Q cm. The

carrier concentration increased from 9.7 x10%° cm3to 1.2 x10% cm 575,

Szabo et al. fabricated Ga-doped ZnO thin films using DEZn, hexakis(dimethylamino) gallium
and H20 as precursors. The deposition temperature was 300 °C. The optimum cycle ratio was
found to be 33:1 resulting in films with a resistivity of 3.30 x10 Q cm, carrier concentration

of 1.38 x10%* cm™ and a mobility of 13.0 cm?/V/s®7®.
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1.5.7 ALD growth of In-doped ZnO

Indium oxide (In203) is a wide band-gap semiconductor that has been extensively researched
and developed for TCO applications due to the fact it is chemically stable, possesses excellent
structural stability at high temperatures, has a low resistivity value and has high transparency
in the visible light region. When In is used as a dopant for ZnO, the resulting indium zinc oxide
(1ZO) is found to be cheaper to prepare than conventional ITO and has excellent electrical and

optical properties.

Illeberi et al. investigated the effects of damp-heat tests on 1ZO films under the conditions of
85% humidity at 85 °C. An increase in resistivity was recorded due to a sharp increase in the
carrier mobility of the material. Coinciding with this, the carrier density and the transparency
partially degraded during the experiment. The increase in resistivity was attributed to this
degradation of the structural properties as it lead to a high level of tensile stress within the
film®"". Illeberi et al. further reported 1ZO films with minimum resistivity values of 3 mQ cm,
a carrier density of 6 x10%° cm, a mobility of 3 cm?/ Vs and 80% transparency®’®. llleberi et
al. have also utilised co-injection of precursors to prepare 1ZO films. DEZn, TMI and H>O
were the precursors and co-reagents of choice. The carrier density and resistivity values of the
films were the same as previously reported with >85% transparency. The morphology of the
120 films changed from polycrystalline to amorphous as the In content increased above 15%

while resistivity values of 7 Q cm were recorded®’®.

Lee et al. deposited In-doped ZnO films using DEZn, TMI and H2O as precursors and co-
reagents. The TMI precursor was heated to 50 °C in order to vapourize the (otherwise solid)
precursor. The deposition temperature for their process was 200 °C. In terms of the ZnO films,
the GPC achieved was 0.151 nm/cycle for ZnO and 0.048 nm/cycle for In,Os. The films had a

resistivity of 3.9 x10 Q cm, a carrier concentration of 3.0 x10%° cm™ and a mobility of 50 cm?/
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Vs. The 1Z0 films fabricated were amorphous, highly conductive, ultra-smooth and exhibited

excellent step coverage (96% step coverage)*®,

Kim et al. fabricated 1ZO films using DEZn, dimethylamino- dimethyl indium (DMLDMIn)
and H-20 as precursors and co-reagents. The supercycle method was employed in which the
number of ZnO cycles was varied between 99, 49, 9 and 1 for every 1 In,O3 ALD cycle. The
deposition temperature ranged from 200—400 °C. No growth was observed until a growth
temperature of 250 °C was employed. The growth rate varied as deposition temperature
increased as the surface reaction between the precursor and surface species was thermally
activated. The GPC values for 300, 350 and 400 °C were 0.061, 0.065, 0.11 nm/cycle

respectively®s,

Sheng et al. deposited 1ZO films using DEZn, [1, 1, 1-trimethyl-N-
(trimethylsilyl)silanaminato]-indium (INCA-1) and H.O> as precursor and co-reactants. The
supercycle method was utilised featuring cycle ratios of 1 Zn0O: 1 In203. The growth rate of the
1ZO film deviate from that of the sum of the individual growth rates of ZnO and In,Osz at growth

temperatures of 150, 175 and 200 °C®8.,

Table 1.8 summarises the cation dopants used in ALD doped ZnO along with the process

parameters. The Zn precursor in all cases is diethyl zinc.
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Cation Dopant Precursor Oxidant Growth Deposition | Reference Other
Temperature rate
(°C) (Alcycle)
AR trimethylaluminum H.0 200 0.97 510 511-518,
521-524, 526-
536, 538-546
aluminium isopropoxide H20 200 1.6 510
aluminium trichloride H20 200 1.0 510
Sn** | tetrakis-dimethylamido H.0 150 =1.0 562 559-561, 563
tin
Ti* titanium isopropoxide H.0 200 0.33 565 495,564, 566
titanium tetrachloride H,0 200 0.48 488 569
Ga®* triethylgallium H.0 300 - 573 574-575
hexakis(dimethylamino) H20 300 - 576
gallium
In3* trimethyl indium H.O - 578 493,577,579
dimethylamino- dimethyl H20 300 0.61 580
indium
[1, 1, 1-trimethyl-N- H20; 200 0.71 581

(trimethylsilyl)silanamin
ato]-indium (InCA-1)

Table 1.8: Listing of cation dopants used in ALD doped ZnO along with the dopant

precursors, oxidants, growth temperature and deposition rate. The Zn precursor in all cases

is diethyl zinc
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1.5.8 Ternary/Quaternary Oxides

In recent years, there has been increasing interest in the fabrication of ternary and quaternary
materials. Ternary and quaternary films have been utilised in application areas such as
catalysis®® 58 energy storage®* °% and photovoltaics®®6-%%, An extensive review on the topic
of functional multicomponent oxides has been published by Coll et al. which focuses on
pervoskites (ABOs), spinels (AB20.), delafossites (ABO2) and scheelites (ABO4)°®. In this
review, the fact that the exact same metal cation can be either stable or metastable in different
structures is highlighted. The work presented in this thesis focuses exclusively on ZnO-based
ternary oxides. The ternaries are composed of Zn?* ions combined with two other metal ions
in an oxide matrix- so-called ternary oxides. Depositing ternary oxides provides more
opportunities to fine-tune the composition as well as the atomic and electronic structures.
Mackus et al. have published an extensive review on the growth of doped, ternary and
quaternary materials by the deposition method of ALD®. In this review, ZnO-based ternaries
studied include ZnO: Al203: Zr0;%*, ZnO: MgO: Al,05%% and ZnO: TiO,: Zr02%%. The co-
reactant used in the growth of the films in this review was H2O. In this thesis, O, plasma was
the co-reactant of choice. The use of a more reactive co-reactant can lead to the elimination of
nucleation effects such as etching by persistent ligands or memory issues associated with the
persistence of H20 in the chamber. By utilising Oz plasma, it may also functionalize the surface

of the film with more reactive sites
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1.6 Summary of the contents of the thesis

The motivation behind this thesis was to explore a wide range of composite/nanolaminate
materials grown by ALD. The main objective of the work was to develop an understanding of
the way in which materials may be specifically engineered from the bottom up, to produce
desirable properties such as electronic conductivity, electron and hole mobility, surface
hydrophobicity or hydrophilicity, antimicrobial activity and transparency. In order to achieve

this, ALD was the deposition method employed for materials preparation.

The central research question this thesis will ultimately aim to answer is: can we obtain a better
understanding of the fundamental nature of the growth and properties of ultra-thin film

hybrid/composite materials?

Chapter 1- This chapter describes the history of thin films, nanolaminates and ALD. The ALD
chemistries of AlO3, TiO2 and ZnO are discussed in depth. A review of the electronic,
mechanical, optical and encapsulation applications of Al>Os, TiO2 and ZnO nanolaminates are
presented. Doping of ZnO is discussed with a particular focus on Al, Ga, In, Sn and Ti-doped

ZnO by ALD.

Chapter 2 — This chapter outlines the experimental procedures for the deposition of all films
prepared during this project. It also includes a brief description of the associated methods of
analysis such as electron microscopy, electrical measurements, photoactivity measurements

and other analytical methods including XRD, XPS and UV/Vis spectroscopy.

Chapter 3 — This chapter presents the results of a study of the growth of nanolaminates of ZnO
and TiO- in which the spacing and thickness of each layer has been carefully controlled. In
particular we present results for nanolaminates of ZnO and TiO2, prepared with the aim of
combining the photocatalytic properties and robustness of TiO2 with the transparent conducting
behaviour of ZnO. The photocatalytic properties of the laminate layers were examined using a
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simple dye test, comparing TiO2 layers both with and without ZnO under—layers (and vice
versa), in order to assess the magnitude and range of any possible ZnO templating influences
on the photo active nature of the TiO,. It is shown that the structure and composition of such
materials play a dramatic role in terms of determining the crystallinity and photocatalytic
activity while the nature of the strained interfaces that are an essential feature of such materials

are highlighted.

Chapter 4 — This chapter describes a study of the deposition of ZnO onto Si and glass
substrates by both thermal and remote plasma ALD. The same reactor, in this case a Picosun™
R200 ALD reactor, was used for both sets of experiments so as to minimise the influence of

reactor design on the nature of the deposited materials.

Chapter 5 — This chapter describes a study of the growth of doped ZnO ALD fabricated in
order to study the effects of the doping process on the structure and composition of the films.
The dopants used were Al, Ga, Sn and Ti. The electrical behaviour of the various films was
particularly studied via Hall Effect measurements. Similar to chapter 4, films were deposited
by both thermal and plasma ALD in order to assess differences in properties as a result of

growth conditions.

Chapter 6 - Building on the results obtained from chapter 5, ternaries of ZnO based films were
grown. The goal here was to deposit various combinations of doped ZnO in order to find the
best electrically performing film. For ternaries, the elimination of water from the list of

precursors was key. These films were deposited via plasma ALD for this reason.

Chapter 7 - This chapter summarises and concludes the work presented in this thesis. Finally,

some suggestions for future work are proposed.
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Chapter 2: Experimental Methods

2.1  Substrate cleaning

Prior to all depositions, glass substrates were cleaned by ultrasonication in Decon 90 (5%
solution in deionised water) acetone, and isopropyl alcohol (IPA) successively for 15 minutes
each. The substrates were thoroughly dried after each step using an in-house supply of dry
nitrogen gas produced by boil-off from a liquid nitrogen supply. Si (100) wafers (SI-MAT)
were cleaned using ozone followed by treatment in hydrogen fluoride (HF) to remove any
oxide from the surface of the wafer. Immediately before being placed in reactor, dry N2 gas

was again used to clean the substrates.

2.2 ALD growths

2.2.1 Preparations of TiO2/ZnO composites

TiO2/ZnO bilayer laminate films were deposited on Corning® glass and Si (100) substrates
using a Cambridge Nanotech Fiji 200 ALD system (figure 2.1). All substrates were loaded in
to the reactor together to avoid run-by-run variations. Diethyl zinc (DEZn) (min. 95% Strem
Chemicals), tetrakis(dimethylamido)titanium(IV) (TDMAT) (99% Strem Chemicals) and
water were used as precursors under a growth temperature of 200 °C. Argon was used a carrier
gas to transport the precursor molecules into the chamber. During the deposition process, DEZn
and water were sustained at room temperature while the titanium precursor; TDMAT was
heated to a temperature of 80 °C to ensure sufficient vapour pressure was generated. Pulse
times were 0.4 s, 0.2 s and 0.1 s for TDMAT, DEZn and water respectively accompanied with
a 10 s Argon purge between precursor pulses to remove redundant ligands and any excess

precursor. The deposition rate was controlled at 2 A/cycle for ZnO layers and 0.5 A/cycle for
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TiO2 layers. The thickness of both the ZnO and TiO> layers was set to 40 nm (200 cycles for
ZnO and 670 cycles for TiO.). Films were produced with ZnO layer (40 nm) followed by TiO>
layer (40 nm) and vice versa. For comparison, TiO2 and ZnO films were grown with a thickness
of 40 nm using the same precursors already mentioned. A laminate consisting of ZnO and TiO>
multilayers, (4 nm ZnO + 4 nm TiO2) x5 was grown. A deliberately mixed ZnO/TiO> 1:1 film
was also grown by alternating very short pulses (0.05 s) of each metal precursor followed by
water. This was repeated until the desired thickness of 40 nm was reached (as mentioned above,

200 cycles for ZnO and 670 cycles for TiO,).

Figure 2.1: The Cambridge Nanotech Fiji 200 ALD deposition system at the Tyndall

National Institute
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Figure 2.2 (a) — (f) below shows schematics of the samples prepared.

40 nm [ 40 nm [
40 nm [ Zn0O 40 nm [ Tio2
Si/glass Si/glass

(@) ZnO and TiO2 bilayer laminate (b) TiO2 and ZnO bilayer laminate

40 nm 40 nm Zn0
Si/glass Si/glass
(c) TiO2 (d) ZnO
|l 20 |
5 bilayers 40 nm
AN biayer
[ .
Si/glass Si/glass
(e) ZnO and TiO multilayers laminate (f) Standard ZnO/TiO, 1:1 laminate

(4 nm ZnO + 4 nm TiO,) x5
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2.2.2 Preparation of ZnO thin films
ZnO films were deposited on Corning® glass and Si (100) substrates using both thermal and

plasma processes on a 200 mm Picosun™ R200 ALD reactor (figure 2.3).

It must be noted that films deposited using different ALD reactors cannot be directly compared
as reactors vary substantially in terms of chamber size, pumps, flow rates and heating of
precursors. A clear example of this is seen in this work when using the Ti precursor, TDMAT.
For the Cambridge Nanotech Fiji reactor, the TDMAT container was heated to 75 °C while on
the Picosun™ R200 reactor, a boost function is used and it was found that optimum transfer

was obtained when the precursor container was heated to 65 °C.

Figure 2.3: The Picosun™ R200 ALD deposition system at the Tyndall National Institute
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All substrates were loaded in to the reactor together to avoid run-by-run variations. DEZn (min.
95% Strem Chemicals) was used as a metal precursor. The substrate temperatures for both the
thermal and plasma ALD-grown ZnO films were 100, 150 and 200 °C. Nitrogen (N2) was used
a carrier gas to transport the precursor molecules into the chamber. During the deposition
process, DEZn and water were sustained at RT in which adequate vapour pressure was
achieved. Pulse times were 0.05 s and 0.1 s for DEZn and water respectively accompanied with
a 6.0 s Ar purge between precursor pulses to remove redundant ligands. The PE-ALD ZnO
growth consisted of 0.05 s of DEZn exposure, 6 s Ar purge, 28.0 s of oxygen plasma exposure
with RF power of 2800 and 3000 W, followed by 6.0 s of Ar purge. The flow rate of the oxygen
was 80 sccm. Further details regarding plasma growth are given in table 2.1. Prior to deposition,
the substrates were subjected to a stabilisation time of 30 minutes in the chamber due to the

indirect heating of the substrate which is a feature of the Picosun™ reactor.

RF power 2800/3000 W
MFC700 (Ar carrier) 80 sccm
Plasma gas 150 sccm
ty, flow stabilisation 1.4
t2, RF power on 20.0

Table 2.1: Plasma growth process details using Litmas® RPS 3001 by Advanced Energy™

A study was carried out to determine the time required for plasma exposure. The plasma
exposure times tested at 2800 W radio frequency (RF) power were 14.0, 20.0, 21.0, 22.0, 23.0,

24.0, 25.0, 26.0, 27.0, and 28.0 s. It was found that the plasma cut out at 14.0, 20.0 and 21.0 s
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exposure time as the plasma was not stable. A study was also completed in which the RF plasma
power was reduced to 2500 W. Films were successfully deposited using this RF plasma power
however, based on a manufacturer suggestion, 2800 W was selected as the RF plasma power

to use for the study presented here.

2.2.3 Preparation of doped ZnO thin films

ZnO thin films were doped with Al (AZO), Ga (GZ0), Sn (SZO) and Ti (TZO). Growth of all
doped films were carried out using a Picosun™ R200 system following the supercycle method
seen in figure 2.4 below in which X = Al, Ga, In, Ti and Sn. Dopant ratios of 9:1 and 19:1 were
used. Films were deposited at 150 °C. Variations in different dopant precursors pulse and purge

times are displayed in table 2.2.

Zn0O X doping
precursor X
reactant | |
pPurge time
n cycles 1lcycle ———

1 supercycle

Figure 2.4: Supercycle method schematic for doped ZnO thin films in which X = Al, Ga, In,

Ti and Sn
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Dopant Precursor Carrier gas Pulse Purge time T (°C)
flow rate time (s) (s)
bottle | neck
(sccm)
Al Trimethylaluminium (TMA) 150 0.1 6.0 20 60
Ga Trimethylgallium (TMG) 150 0.03 10.0 20 60
Sn Tetrakis(dimethylamino)tin(1V) 80 1.6 8.0 65 80
(TDMASN)
Ti Tetrakis(dimethylamino)titanium(I1V) 80 1.8 8.0 65 80
(TDMAT)

Table 2.2: Carrier gas flow rate, precursor pulse, purge times and temperatures for TMA,

TMG, TDMASn and TDMAT

A typical supercycle recipe used for the growth of ZnO: Al with a 19:1 dopant ratio was as
follows: firstly the zinc precursor; DEZn was introduced to the chamber for a pulse time of
0.05 s followed by a 6 s purge. Next, a 28.0 s pulse of O2 plasma was introduced (0.1 s pulse
of H20 for thermal ALD process). These two steps were then repeated a further 18 times giving
a total of 19 ZnO growth cycles. The dopant was then introduced into the chamber. In the case
of aluminium dopant, a 0.1 s pulse of TMA was employed followed by a 28.0 s pulse of O2
plasma. This supercycle was repeated until the desired number of cycles is completed, 900
cycles in this case. Similar recipes were used for 9:1 dopant ratio films. This recipe presents a

supercycle which has been altered in order to ensure growth does not cease on a dopant layer.
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The Picosun™ R200 system offers a boost option which is particularly suitable for solid
precursors with a low vapour pressure. The boost function works by flowing the carrier gas
(N2) through the precursor vessel when the pulsing valves are active. This is made possible as
the precursor vessels were equipped with a second valve which the carrier gas could flow
through. The boost function allows for more efficient transport of the precursor to the chamber.

This function was utilized in the case of the TDMASNh and TDMAT precursors.

2.2.4 Preparation of ZnO-based ternary thin films

The growth of ZnO-based ternary thin films also followed the supercycle method which is
shown in figures 2.5, 2.6 and 2.7. In all cases, an additional 10 cycles of ZnO was grown at the
end so as to not terminate the growth on a dopant layer. For each ternary with dopant 1 and 2,
three combinations of dopant ratios were used (table 2.3). Ternary films that have been grown

include; ZnO: TiO2: Al,O3, ZnO: SnO2: Al,03 and ZnO: Gaz03: Al20s. All ternary films were

deposited at 150 °C.
Case Dopant 1 ratio Dopant 2 ratio
1 9:1 19:1
2 19:1 9:1
3 19:1 19:1

Table 2.3: Dopant ratios used for the growth of ternary films
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DEZ
A9
0, plasma
Dopant 1
™1
0, plasma
DEZ
A 19
0, plasma
Dopant 2
N1
0, plasma
DEZ
A 10
0, plasma

Figure 2.5: Supercycle recipe for the deposition of PE-ALD ZnO-based quaternary with 9:1

dopant 1 and 19:1 dopant 2 ratios using the Picosun™ R200
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DEZ
A 19
0, plasma
Dopant 1
A 1
0, plasma
DEZ
A 9
0, plasma
Dopant 2
A 1
0, plasma
DEZ
As 10
0, plasma

Figure 2.6: Supercycle recipe for the deposition of PE-ALD ZnO-based quaternary with 19:1

dopant 1 and 9:1 dopant 2 ratios using the Picosun™ R200
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DEZ
19
0, plasma
Dopant 1
A1
0, plasma
DEZ
A 19
0, plasma
Dopant 2
A1
0, plasma
DEZ
A 10
0, plasma

Figure 2.7: Supercycle recipe for the deposition of PE-ALD ZnO-based quaternary with 19:1

dopant 1 and 19:1 dopant 2 ratios using the Picosun™ R200
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2.3 Methods of Analysis

2.3.1 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a microscopy technique that focuses a beam of
electrons on a material in order to produce an image*. SEM is capable of achieving a resolution
of less than 1 nm. The maximum resolution possible depends on a combination of the electron
spot size and the interaction volume of electron beam occurring with the sample?*. Prior to
analysis, samples may be low vacuum sputter- coated with gold. Non-conductive samples or
those deposited on insulating glass substrates tend to become charged under the electron beam
and a gold coating is required in order to reduce charging effects so as to obtain a better quality
image?. The sample is mounted on to a holder/stage and placed in a chamber. The high pressure
region around the sample neutralizes any build-up of charge and allows for amplification of
secondary electron (SE) signal. The optical column is pumped down in order to keep a low
vacuum at the electron gun. Once sample preparation has been completed, primary electrons
are released. There are three types of commonly used electron sources; tungsten filament, solid
state crystal (CeBe or LaBg) and field emission gun (FEG). The electron beam passes through
a series of condenser lenses in which the beam is focused to a spot size of 0.4 and 0.5 nm in
diameter. The electron beam then passes through a coiled Cu wire in which an electromagnetic
field causes convergence of the beam. This focused, fine beam of electrons scans the sample
surface using scanning coils in a raster pattern. The detector counts the number of SEs emitted
from each point of the sample and the cathode ray tube scans to create an image. The higher
the number of electrons detected, the brighter the spot on the image appears. The sample may
be mounted and tilted at a certain angle in order to obtain a higher quality image. The tilt angle
allows for the incident beam to move greater distances in the surface region meaning more SEs

can be produced in this area than those that are normal to the electron beam®.
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Figure 2.8: Schematic of components of a Scanning Electron Microscope®

SEM was undertaken using the FEI Quanta 650 FEG High Resolution Scanning Electron
Microscope in order to view the surface of the films prepared. The followings conditions were
applied; high vacuum, spot 2.0 — 3.0 and HV 15-20 kV. Prior to analysis, samples deposited
on glass substrates were low vacuum sputter- coated with gold. SEM analysis was performed

by Vince Lodge and Dr Michael Schmidt, Tyndall National Institute.
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2.3.2 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is a microscopy technique that produces highly
detailed and magnified images. It allows for the analysis of internal microstructures. TEM
sample preparation is more specialized than that for SEM analysis. Sample are cut thinly using
a focused ion beam system (FIB) and often protective layers are deposited on top. The system
operates by firstly heating of an emission source, typically a tungsten wire, and electrons are
emitted by thermionic emission into a vacuum. For field emission, a field emission electron
gun is used which uses a strong electric field to extract electrons from a metal filament. The
electrons are accelerated towards the specimen through a series of electrostatic plates and a
columnar aperture to the anode at high voltage. The electron beam then passes through a system
of condenser lenses which focuses it on the specimen. The electrons are focused by an objective
lens in which a diffraction pattern is formed, followed by an image. Projector lenses are then
utilized to magnify the image/diffraction pattern onto the detection system. In order to create a
sharper image, it is possible to decrease the number of electrons lost by controlling the size of

the beam to be larger than that of the field of view’ 8.
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Figure 2.9: Schematic of components of a Transmission Electron Microscope®

In this work, cross sections of samples were prepared using a DualBeam FIB FEI Helios
NanoLab 600i. Protective layers consisting of 50 nm C layer and 300 nm Pt layer were
deposited within the DualBeam FIB by electron beam induced deposition and 2 um thick Pt
layer with ion beam induced deposition. These layers were grown to protect the sample before
the milling process. The lamellas were prepared and thinned down for the TEM analysis. The
thinning at 30 kV was followed by polishing at 5 kV in order to reduce the ion-beam induced
damage to a less than 2 nm thin layer on both sides. TEM analysis was performed using a JEOL

JEM-2100 at 200kV operating in bright field mode (chapter 3). Cross sections of samples were
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prepared by Dr Micheal Schmidt, Tyndall National Institute. TEM analysis for the work
presented in chapter 3 was performed by Dr Micheal Schmidt. The Scanning electron
transmission microscopy (STEM) analysis in chapter 5 was performed by Dr Michele Conroy
at the Bernal Institute, University of Limerick using a Thermo-Fisher Scientific double tilt
STEM holder in the Thermo-Fisher Scientific FEI double aberration-corrected monochromated
Titan Themis Z. The microscope was operated at 300 kV. The imaging mode used was STEM
at 146 mm camera length with a 50-um C2 aperture. EDS mapping was done using a Bruker
Super X detector. All Titan STEM and EDS data processing was done using Thermo-Fisher

Scientific Velox Software.

2.3.3 X-ray Diffraction

X-ray diffraction (XRD) is an analytical technique which determines the crystallinity and
allows for the phase identification of materials. A metal target, typically Cu, Cr or Mo is
bombarded with electrons generated from the heating of a metal filament. This bombardment
of a target causes the production of X-rays (electromagnetic radiation of wavelength ranging
from 10 picometres to 10 nanometres). The X-rays produced are directed towards the thin film
to be analysed. For a crystalline film, X-rays will be diffracted at different angles from the
various crystal planes within the thin film. The nature of the planes is revealed from the analysis

of the various diffracted beams and hence the crystalline type can then be determined.

XRD ideally requires a monochromatic X-ray source. The X-rays may interact constructively
or destructively with the atoms and are used to measure the interatomic distances between
atoms. Constructive interference occurs in crystalline materials due to in-phase waves

combining which results in the reflection of X-rays in specific directions. Destructive
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interference occurs when no reflected energy is emitted as waves that could combine are out

of phase®.

Bragg’s Law presents the conditions necessary for constructive interference. Braggs Law

(equation 2.1) is as follows;
nA = 2dsin6 (2.1)
Where:
n is the order of diffraction
A is the wavelength of light that is diffracted (nm)
d is the interatomic spacing (nm)

0 is the angle between the normal plane and incident X-rays

Video monitor for
sample alignment

X-ray source

optics

X-rays

=

sample

2D detector
Goniometer

Figure 2.10: X-ray diffraction schematic. Adapted from He et al.!!

All films in this work were analysed using a Phillips (PW3719) X’pert Materials Research X-

ray diffractometer with a Cu Ka radiation (A = 0.154056 nm) and a Panalytical X Pert MRD
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X-Ray diffractometer (Cu Ka radiation A = 0.1541874 nm), 10 to 70° at a step size of 0.02°
under 45 kV and 30 mA. The XRD analysis presented in chapters 5 and 6 was performed by

Jennifer Halpin, Tyndall National Institute.

2.3.4 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive spectroscopic technique that
quantitatively identifies the elemental composition of materials. The technique can be used to
generate empirical formula for materials. Detection limits of 0.1-1.0% are possible. During the
analysis, a sample is irradiated by a beam of X-rays. The electron binding energy of each of
the emitted electrons can be obtained using the equation for the photoelectron effect (equation

2.2)

Epindging = Epnoton — (Ekinetic + 0) (2.2)
Where:
Ebinding - binding energy of electron measured in relation to the Fermi level of the material
Ephoton - €nergy of X-ray photon
Exinetic - Kinetic energy of electron measured by instrument

@ - work function of surface of the spectrometer

Each element produces a characteristic XPS peak and each peak corresponds to an electron
configuration within an atom. The number of corresponding electrons in each peak that are
detected directly relate to the amount of that element that is present in the sample being
analysed. Variations in peaks may arise due to the following factors; different chemical

environments may cause a shift in energy for materials with the same core levels. This effect
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can be seen when a change in oxidation state can shift the position of an XPS peak by 1 eV.
Differences in the hybridisation of orbitals can increases the binding energy and result in a shift
in the XPS peak position. For carbon, different hybridisations resulted in a varying energies
required to remove an electron such as carbon-carbon single bond 284.8 eV, carbon-oxygen
single bond 286 eV and oxygen=carbon-oxygen both single and double bond to oxygen 288
eV12 13, The position of a peak can be effected by spin-orbital coupling influences**. Doublet
and triplet peaks can be obtained, particularly for p, d and f orbitals. The Ti 2p peak is observed
as a doublet due to two spin-coupling modes; Ti 2p % and Ti 2p 3/2. The atomic percentages of
constituent atoms may be calculated. The XPS spectrum produced is a plot of the number of
detected electrons at specific binding energies. The presence of H or He are not detected by

XPS analysis®®.

The composition and binding energies of the films were investigated by XPS using a Kratos
AXIS_ULTRA spectrometer with the following parameters; sample temperature: 20-30 °C and
X-ray gun: mono Al K, 1486.58 eV; 150 W, 10 mA, 15kV (300 W, 20 mA, 15 kV for doped
Zn0). Samples were sputtered with Argon Gas Cluster source (10keV, Ar1000+ clusters) for
2-3 seconds in order to remove the carbon over layer. Analysis was completed by Dr Fathima

Laffir and Dr Karrina McNamara at the Bernal Institute, University of Limerick.

2.3.5 UV/Visible Spectroscopy

UV/Visible spectroscopy is an optical technique in which light interacts with matter and causes
electronic transitions to occur. Incident light interacting with a sample can undergo the
following processes; absorption, transmission and reflection. Scattering of light is also possible
but tends to be negligible for samples that are particularly transparent'® 7. Table 2.4 shows the

characteristic wavelength ranges for UV, visible and IR.

167



Region Wavelength range (nm)

uv 190-380
Visible 380-750
IR 750-2000

Table 2.4: Characteristic wavelength ranges for UV, Visible and IR regions

The principle of UV/Visible spectroscopy is based on the so-called Beer-Lambert Law which

is given in equation 2.3,

A = logyo (170) = ecl (2.3)

The Beer-Lambert law describes the exponential relationship that exists between the light
intensity before (lo) and after (1) interaction with a sample and relates to the molar absorptivity

(e) (Mtcm®), concentration (c) (M) and optical pathway length (1) (cm).

Equation 2.3 shows the relationship between The Beer-Lambert law and absorbance (A). The

transmittance (T) and percentage transmittance (%T) are given by;

by (2.4)

“ x100 = %T (2.5)

The experimental set up of a UV/Visible spectrometer is shown in figure 2.11. The light source

for UV is provided by a deuterium arc lamp and for visible and IR, a tungsten-halogen lamp is
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used. Prior to the analysis of a sample, a background scan using a blank substrate reference
should be carried out. Light emitted from the suitable source lamp passes through a diffraction
grating/prism in which it is dispersed into different wavelengths. It then passes through a
monochromator which selects a single wavelength that is sent in the direction of the sample to
be measured. Monochromators may be single or double beam, the latter creates two beam paths
which allows for better quality spectra as the amount of scattered light is reduced. A lens is
then used to focus the beam onto a detector. The detector measures the intensity of light that
has been transmitted thought the sample. A spectrum is produced that plots %A or %T as a
function of wavelength. A Perkin EImer 950 Spectrometer was used to analyse the %T of all
films in this work. The analysis presented in chapters 5 and 6 was performed by Dr Mircea

Modreanu, Tyndall National Institute.
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Figure 2.11: Schematic of the components of a UV/Visible Spectrometer®
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2.3.6 Contact Angle Measurement

When a liquid comes in contact with a solid surface, the angle created between the two media
is referred to as the contact angle (CA). It is determined by the properties of the liquid and solid
and is influenced by the intermolecular forces that occur between them. Both cohesive and
adhesive forces explain the interactions that occur®® 2!, Young’s equation is used to study the

wettability of a surface. According to Young’s equation??;

ysc— yLs—yLcCosBc = 0 (2.6)
Where:
vsG - solid-gas surface tension
yvs - liquid-solid surface tension
yLe - liquid-gas surface tension

0c - contact angle (°)

Figure 2.12: Understanding Contact Angle®

The contact angle can help to determine the degree of hydrophilicity or hydrophobicity of a

thin film. Typically, hydrophilicity is characterised by a CA <80° and hydrophobicity >80°.
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Complete surface wetting or superhydrophilicity and the opposite, complete surface dewetting

or superhydrophobicity are characterised by the CAs <10° and >120° respectively?.

B =< 10°

*super-hydrophiliz BB
107 B < 80"
“normal’-hydrophilic
8 =80-120°

“nrmal’-hydrophobic B

0 =1207

|

Il

“super-hydrmphobic

Figure 2.13: Contact angles associated with hydrophilic and hydrophobic surfaces®*

In this work, contact angle measurements were carried out using a Data Physics OCA 15EC
system utilising a sessile drop arrangement at room temperature. This instrument utilises a
SCAZ20 software system. A Hamilton 100 pL syringe was used to dispense 1 pL water droplets
onto the surface at medium speed. Small volumes were beneficial to avoid gravity-induced

drop shape alteration and to diminish evaporation effects during CA measurements.

CA measurements were performed on samples prior to and after 30 and 60 minutes of UV light

irradiation (INTEC standard ISO/WD 27448-1).

2.3.7 Evaluation of Photocatalytic Activity
Various methods of surface organic degradation are used in order to determine the degree of
photoactivity that a particular material possesses. These methods include; dye or ink

degradation®-33, microbiological®* and stearic acid (SA) decomposition®® ¢, Photocatalytic

171



inks/dyes undergo oxidative/reductive degradation as a consequence of irradiation via light
when present on the surface of an active photocatalyst. Photocatalytic dyes that have been used
for the degradation of metal oxides include methylene blue (MB) 26-28. 3739 ‘methyl orange
(MO) 2% rhodamine B3% 4142 hasic blue 66 (BB66)* and resazurin (Rz)*. The SA method
involves the mineralisation of SA into CO2 and H>O upon irradiation of the surface it is
typically spin-coated onto. The photocatalytic degradation is monitored by Fourier Transform
Infrared Spectroscopy (FTIR) analysis** 4. With these methods, standardization is an issue.
Most of the work reported previously involves disparate ink/dye dilutions, varying
photocatalytic material quantities and differing light intensities. Evans and Mills have
extensively studied techniques for determining photocatalytic activity®® 6. They have
developed a self-cleaning surface tester pen that contain sacrificial electron donors (SEDs) and
stabilizing polymers which is sold by Ink Intelligent™. The pen tests the activity of a

photocatalytic surface by dispensing ink in a convenient and fast method*’.

* ,ZnCly

ﬁ\ﬂ, NH» cr

N® O
DN »—CHs
PN s N N
Hs;C O \_CH3
Figure 2.14: Chemical structure of basic blue 66

The work in this thesis employed a standardized INTEC method to measure photocatalytic
activity. Evaluation was carried out by degradation of BB66 under UV light irradiation. A
dropper was used to add the dye of choice to the top of the film and a metal rod (3 mm K-bar)
was used to spread the dye across the film. The dye was allowed to dry and subsequently

exposed to UV light (3.30 mV/cm?). A qualitative approach was applied to monitor and record
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the dye degradation over time which involved use of a handheld digital scanner (Skypix

handscanner™).

2.3.8 The Hall Effect and Hall Measurements

The Hall Effect was discovered in 1879 by Edwin Hall who measured transverse voltage
produced on Au foils. The Nobel Prize in Physics for the years 1985 and 1998 were awarded
for work dedicated to the Hall Effect. In 1985, the prize was given to Professor Klaus von
Klitzing, Max Planck Institute for the discovery of the quantized Hall Effect*. More recently
in 1998, Robert Laughlin, Horst Stormer and Daniel Tsui were awarded the prize for noticing
that electrons in a magnetic field can act together to form new types of “particles” whose

charges have values that are fractions of the charge of an electron®.

Hall Effect measurements are used to determine electrical properties of a material®. It is
possible to determine the carrier type (electrons or holes) and the mobility of a material by
measuring its Hall voltage. When an electric current flows through a material that is placed
within a magnetic field, the magnetic field will exert a transverse force on the mobile charge

carriers. This force is called the Lorentz force given in equation 2.7.

Frorentz = q(E + (vx B) (2-7)

Where:

q - particle charge

E - electric field

v - particle velocity

B - magnetic field (T)
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This force separates the charge carriers and forces them to either side of the conductor where

charge builds up. The influence of the magnetic field is balanced by the build-up of charge and

creates a difference in voltage across the material which can be measured. This is known as the

Hall voltage (Vn) and is given in equation 2.8,

Vy = RyIB

(2.8)

Vn is proportional to the magnetic field (B), the current (I) and the Hall coefficient (Rr). VHis

inversely proportional to the thickness (t). The following equations relate Ry and the resistivity

(p) to the carrier density (n) and mobility (p).

1
P~ nen
And
Ry = —
Therefore
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Figure 2.15: Schematic representation of the Hall Effect®?

Two Hall methods are used, DC and AC. Typically, for a DC field, mobilities less than 10 cm?/
V.s are difficult to measure. In contrast AC field Hall systems are capable of measuring

mobilities on the order of 0.001 cm?/ V.s.

The measured Hall voltage for a sample with ideal geometry would be zero with zero applied
field. However, the measured experimental voltage (Vm) includes a misalignment voltage (Vo)
and a thermoelectric voltage (V1e). Vo is a result of asymmetric contact placement on the
sample. It is independent of B and therefore it may be removed by field reversal. V1e results as
a consequence contacts between two different materials. The unwanted effects of Ve can be

removed by current reversal®.

Drawbacks to the DC method include the following;

For low mobility materials (<10 cm?/ V.s), Vo and Vte may be quite large in comparison to Vi
making it difficult to measure voltage. Systematic errors may be introduced as a consequence

of drift of both V, and Ve as the values may vary over time.
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The AC method is a more reliable measurement for low mobility materials. The V4 is
proportional to B and so when an AC field is applied, the V4 signal is also an AC signal. As
Vo and Ve are both DC signals, they can easily be separated from the V4 signal. A lock-in

amplifier is capable of separating AC signals from DC signals to a very high level of accuracy®®

53

For the measurements described in this thesis a van der Pauw arrangement was utilized. In this
arrangement, the carrier density and resistivity of a flat sample (essentially 2D) that is of
arbitrary shape can be measured without knowledge of its current pattern. The following

conditions must be satisfied; contacts placed at the edges of the sample must be sufficiently
small in size such that the error is on the order of %where D is the diameter of contacts and L

is the distance between contacts. The sample must have uniform thickness and there must be
no isolated holes present® %°, Contacts are typically placed on a square substrate as per figure
2.16. For the van der Pauw measurement, current is applied to the two adjacent contacts and
the voltage is then detected between the other two. For Hall measurements, current is applied
between opposite contacts (1 and 3) and voltage is detected between the two opposite contacts

(2 and 4).
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Figure 2.16: Schematic representations of a) Van der Pauw resistivity measurement

configuration (one of the eight possible configurations) and b) The Hall Effect measurement

configuration®®

Prior to analysis of films deposited for this work, films deposited on glass substrates were diced
into 10 mm? squares by Paul Tassie, Tyndall National Institute. The glass was cut along the
back side and samples used for analysis were selected from the centre in order to ensure no
growth was deposited on edge or back of samples. A van de Pauw arrangement was used with
ohmic contacts in place on the 4 corners of the square sample. The average resistivity of the
sample was measured by placing a four point probe on each corner point. The measurements
were performed using a Lake Shore 8404 AC/DC (alternating current/ direct current) Hall-
effect system. The system offers both AC and DC magnetic fields (B) over a variable range up

+/- 1.7 T for DC and up to a fixed range of 1.24 T for AC.
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Chapter 3: Combinatorial ALD for the Growth of
ZnO/TiO2 Nanolaminates and Mixed ZnO/TiO;

Nanostructured Films

Abstract

In this study, combinatorial atomic layer deposition (C-ALD) has been used to deposit layered
ZnO and TiO2 nanolaminates on both oxide-covered Si (100) wafers and glass substrates in
order to assess the influence of substrate and each layer on the structure of the resulting
nanolaminates and their photoactivity towards dye degradation. In addition, for comparison to
these layered structures, C-ALD has been used to directly create oxide films consisting of an
approximately equal mixture of Zn?* and Ti** ions using the concept of under-dosing in order

to deposit sub-monolayer quantities of each oxide per complete C-ALD cycle.

A nucleation delay was observed for ZnO deposited directly on the substrate and on the
subsequent TiO; layer, the latter to a lesser extent. The reason for the difference in nucleation
delay is due to the dissimilar surface groups. For the deliberately-layered structures it was
found that on both substrate types, ZnO appeared to possess a templating influence on the TiO>
layer grown subsequently. XRD analysis showed strong preferential orientation for (002)
which indicates the polycrystalline manner of the ZnO film. XRD results also suggested that
layer growth was substrate-dependent as crystalline TiO2 was only identified on glass
substrates. The nanolaminate structures were found to be stable in that the layer structure
remained intact after annealing at 400 °C for 1 hour in contrast to the mixed ZnO: TiO> (1:1)

film which showed evidence of ZnO segregation and crystallisation. With respect to
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photocatalytic activity, no evidence was found for any enhancement of photoactivity in the
mixed or nanolaminate films, the most photoactive films being those consisting of ZnO

deposited onto glass substrates.

3.1 Introduction

Thin film materials are an essential part of the modern world being relevant to all aspects of
society as may be easily appreciated when one considers electronics, energy, communications
and medical issues. Nanostructured materials offer unique, but more often unknown potential
benefits that could positively be applied in all of the areas cited arising from the fact that the
properties of atoms, groups of atoms and ultra-thin layers are exploited rather than bulk

materials.

Hybrid nanolaminate materials have attracted great attention in recent years due to the physical
and chemical properties that 2D nanosheets possess that their bulk counterparts do not such as
electrical® 2, mechanical®, optical*® and thermal properties’. The number of publications on the
topic is increasing and is predicted to continue to increase®. Noteworthy reviews exist on the
topic which explore the fundamentals and importance of these materials®° and also with a
focus on specific application fields'!. The applications of hybrid films are almost endless,
ranging from use as capacitors'?>®®, dielectrics and insulators’®?®, encapsulation layers/

protective coatings?®-3*, lubricants® and optical waveguides®®.

Specifically, nanolaminates are multicomponent systems consisting of alternating layers of
materials such as metals and metal oxides. Each layer has an associated thickness on the
nanometre scale®’. Mixing a wide variety of materials makes it possible to fine-tune a material
in terms of its properties, composition and structure®. Films of this type can be readily prepared
using atomic layer deposition (ALD) - particularly when deployed in a combinatorial sense

using multiple precursors, since ALD is a method that is capable of producing precise films
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with constant thickness®> #°. Under these conditions the method has been referred to as
combinatorial ALD or C-ALD. The unique conformity and precision of ALD enables sub-
nanometre design and control of these true nanolaminates thus facilitating the realisation of
unique materials properties through this combinatorial approach. Indeed C-ALD provides a
route to the fabrication of a truly vast number of potentially new materials, being based on sets
of layers of differing materials, layers consisting of mixtures of sub-monolayer quantities of
various materials, materials where doping is spread or confined to particular layers or even the

creation of new types of alloys.

Using C-ALD it is thus potentially possible to create materials that have new electronic,
magnetic and optical properties. Many such properties depend on bulk phenomena which then
manifest as new surface phenomena®. Photocatalytic activity is a good example of such a
phenomenon, in which the creation of excitons via the absorption of light of energy greater
than the band gap of the material results in the formation of highly oxidizing surface species,
capable of destroying organic materials such as pollutants and micro-organisms. Arguably, the
most well-known examples of photocatalytically active metal oxide materials are TiO2 and

Zn0.

Both ZnO and TiOz are wide band gap semiconductors with band gap energies in the region of
3.2 eV — 3.4 eV* %, The similarity in band gap energies of TiO, and ZnO and their similar
photocatalytic mechanisms suggest TiO2 and ZnO as suitable materials to be coupled together.
Previous work synthesizing ZnO/TiO; laminates involved the use of E-beam evaporation®,
sol-gel methods*46, ALD*"*° and spatial ALD®® with alternative precursors. The findings of
these studies showed improvements in crystallinity and quality of ZnO as a direct consequence
of a TiO, under layer*, the successful degradation of organic dyes* %6, enhanced friction
coefficients*® and increased growth per cycle (GPC) of TiO, when deposited on ZnO as

opposed to itself*®, Interestingly, as the number of bilayers increased with the total thickness
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and composition of the films remaining the same, an enhancement of the optical transmittance
was observed*’-%0, XRD spectra of nanolaminates revealed weaker signature peaks for the same
thickness nanolaminates with more bilayers, suggesting the possibility of tuning nanolaminates
from crystalline to amorphous phase. As the number of bilayers decreased for films with the

same overall thickness, the refractive index (RI) decreased™°.

In terms of the photocatalytic properties of both ZnO and TiO: it is interesting to consider
whether the functionalities will both act together and be enhanced or degraded when the
materials are combined in various nanolaminate structures. Possible enhancements of
photocatalytic activity may arise from greater photocarrier separation arising for example from
the ability of ZnO to act as an electron transport layer®>4 On the other hand a loss in

photocatalytic activity may arise from structural factors related to templating effects.

In order to try to examine these and other potential issues we have studied the growth of
nanolaminates of ZnO and TiO> using a C-ALD approach. Nanolaminate structures have been
prepared with the specific aim of combining the photocatalytic properties and robustness of
TiO2 with the transparent conducting behaviour and photoactivity of ZnO. In addition we have
grown a mixed ZnO/TiO> layer by deliberately under-dosing during the metal precursor parts
of the ALD cycle. Figures 3.1 and 3.2 are schematic representations of the structures grown
and examined here. The spacing and thickness of the ZnO and TiO; layers in the nanolaminates
have been carefully controlled and the resulting materials studied using electron microscopy,
atomic force microscopy and UV/visible spectroscopy. In addition the photocatalytic
properties of the layers were examined using a combination of contact angle measurements
and a simple dye test, comparing TiO> layers both with and without ZnO under—layers (and
vice versa), in order to assess the magnitude and range of ZnO templating influence on the

photo active nature of the TiO,.
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Figure 3.1: Schematic of the TiO2/ZnO nanolaminates

40 nm

Si/glass

Figure 3.2: Schematic of the true ZnO: TiO2 1:1 nanolaminate
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3.2 Experimental

3.2.1 Preparation of TiO2/ZnO composites

TiO2/ZnO bilayer laminate films were deposited on glass and Si (100) substrates using a
Cambridge Nanotech Fiji 200 ALD system. Diethyl zinc (DEZn) (min. 95% Strem Chemicals),
tetrakis(dimethylamido)titanium(l1VV) (TDMAT) (99% Strem Chemicals) and water were used
as precursors at a growth temperature of 200 °C. Argon (Ar) was used a carrier gas to transport
the precursor molecules into the chamber. During the deposition process, the diethyl zinc and
water were sustained at room temperature while the temperature of the titanium precursor
container; was set to a temperature of 80 °C to ensure sufficient vapour pressure was generated.
Pulse times were 0.4 s, 0.2 s and 0.1 s for TDMAT, diethyl zinc and water respectively
accompanied with a 10 s argon purge between precursor pulses to remove redundant ligands.
The deposition rate was controlled at 2 A/cycle for ZnO layers and 0.5 A/cycle for TiO; layers.
The deposition depth of both ZnO and TiO- layers was 40 nm. Films were produced with ZnO
layer (40 nm) followed by TiO: layer (40 nm) and vice versa. For comparison, TiO2 and ZnO
films were grown with a thickness of 40 nm using the same precursors already mentioned. A
laminate consisting of ZnO and TiO2 multilayers, (4 nm ZnO + 4 nm TiO2) x5 was grown. A
deliberately mixed ZnO/TiO2 1:1 film was also grown by alternating very short (0.05 s) pulses

of each precursor until the desired thickness of 40 nm was reached.

3.2.2 Characterization techniques

The surface morphology of the film was observed using scanning electron microscopy (SEM)
using a FEI Quanta 650 FEG High Resolution Scanning Electron Microscope. The crystallinity
of the TiO2/Zn0 films was analysed by X-ray diffraction (XRD) using a PANalytical X’Pert
Pro diffractometer, with Cu Ka (A = 0.154 nm) radiation from 10 to 70° at a step size of 0.02°

under 45 kV and 30 mA. Grazing incidence XRD (GIXRD) was carried out on a Rigaku Ultima
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with an incidence angle of 2°. The XRD results were compared to the Joint Committee on the
Powder Diffraction Standard cards (JPCDS). The interface of the bilayer was observed using
transmission electron microscopy using FIB/TEM. Atomic Force Microscopy (AFM)
measurements were carried out in the non-contact mode, with an XE-100 apparatus from Park
Systems, using sharp tips. The topographical 3D AFM images were taken over the area of 1 x
1 um?. The images were processed with XEI (v.1.8.0) Image Processing Program developed
by Park Systems. The UV-Vis transmission spectra were recorded in the range of 200 — 1000
nm using a Perkin Elmer Lambda 950 UV/VIS/NIR spectrometer. The composition and
binding energies of the films were investigated by x-ray photoelectron spectroscopy (XPS)
using a Kratos AXIS ULTRA spectrometer with the following parameters; sample
temperature: 20-30 °C and X-ray gun: mono Al Ko 1486.58 ¢V; 150 W (10 mA, 15 kV).
Samples were sputtered with Argon Gas Cluster source (10 keV, Ar1000+ clusters) for 2-3 sec
in order to remove the carbon over layer Contact angle (CA) measurements were obtained
using a Data Physics OCA 15EC system utilising a sessile drop arrangement at room
temperature. A Hamilton 100 pL syringe was used to dispense 1 puL water droplets onto the
surface. Small volumes were beneficial to avoid gravity-induced drop shape alteration and to

diminish evaporation effects during CA measurements.

3.2.3 Evaluation of Photocatalytic Activity

The photocatalytic activity was evaluated by degradation of various dyes under UV light
irradiation. A dropper was used to add the dye of choice to the top of the film and a metal rod
(3 mm K-bar) was used to spread the dye across the film. The dye was allowed to dry and
subsequently exposed to UV light (3.30 mV/cm?). A qualitative approach was applied to
monitor and record the dye degradation over time which involved the use of a handheld digital

scanner.
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3.3 Results and discussion

3.3.1 The surface morphologies and structural properties of TiO2/ZnO films

Figure 3.3 shows the GIXRD pattern of selected samples. For both ZnO grown on TiO> and
vice versa, the most predominate peaks can be attributed to hexagonal ZnO with the (002) peak
being most evident. Strong preferential orientation for (002) indicates the polycrystalline
manner of the ZnO film. This corresponds to wurtzite ZnO. On glass substrates, peaks are again
visible for hexagonal ZnO but interestingly also seen are peaks that may be attributed to anatase
TiO,. The GIXRD patterns suggest that ZnO is somewhat crystalline. Interestingly, the XRD
pattern of both ZnO: TiO2 (1:1) and ZnO-TiO2 (bilayer x5) appear to be strikingly similar on
both glass and Si (100) substrates. A crystalline peak at approximately 52° on the Si (100)
substrate is seen for both films and is assigned to TiO> (105), indicative of the anatase phase.

The observed GIXRD peaks compare to standard JCPDS file data.
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Figure 3.3 GIXRD patterns recorded from TiO2 (light blue), ZnO (pink), TiO2 on ZnO (dark
blue) and ZnO on TiO; (green), ZnO-TiO2 x5 bilayer (red) and ZnO: TiOz 1:1 (black) grown
on (a), an oxide-covered Si (100) substrate and (b), glass substrates. See insert caption for

detail

SEM reveals that the underlying structure of the ZnO layer affects the structure of the TiO>
grown on top. This can be seen by comparing the morphology of TiO2 grown directly on the
substrate versus TiO2 grown on ZnO (Figure 3.4 and 3.5). The morphology is comparable to
Zn0O. Growth also appears to be substrate-dependent based on the SEM images obtained. A
difference can be seen between TiO, deposited on (a), the oxide-covered Si (100) substrates
and (b), the glass substrates. Larger surface features are evident on the glass substrate. These

data are analysed further in a later section.
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The Scherrer equation (3.1) was applied which relates the full width at half maximum height

(FWHM) for the XRD peaks to the grain size.

K2
a BcosO

3.1)

Where K is the shape factor, A is the X-ray wavelength, B is the FWHM (full width at half
maximum) (radians) and 0 is the angle of diffraction. The (002) peak was used in the equation.
A comparison was made with grain sizes obtained via the Scherrer method® and the intercept
method®®. The results are seen below in table 3.1. Grain sizes obtained by the Scherrer method
were consistently smaller than those obtained using the intercept method. For the latter,
measurements correspond to random but forced fixed placement of a line on an image.
Therefore, observer interpretation and variations in patterns must be considered. In the case of
ZnO, rod-like grains have random placement which does not lend itself to accurate

measurement via the intercept method.

Thin film Scherrer method Intercept method
crystallite size (nm) crystallite size (nm)
ZnO on TiO, Si 12.1 22.7
glass 12.0 21.9
TiO2 on ZnO Si 14.9 29.3
glass 15.0 29.5

Table 3.1: Comparison of crystallite size calculated by the Scherrer equation and the

intercept method along to ZnO (002) crystal plane
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Figure 3.4: SEM images following ALD growth on Si (100) substrates: (a) TiO2 (b) ZnO (c)

TiO2 on ZnO and (d) ZnO on TiO;
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Figure 3.5: SEM images following ALD growth glass substrates: (a) TiO2 (b) ZnO (c) TiO>

on ZnO and (d) ZnO on TiO2

Transmission electron microscopy (TEM) images are presented in figure 3.6. In these images
the darker layer is ZnO and the lighter layer is TiO2. The brighter layer seen below the TiO- is
a SiOz interfacial layer as the Si (100) substrate is naturally oxidized. From figure 3.6 (a) it is
seen that the ZnO layer is thinner than the TiO: layer despite the fact that the nominal growth
rate of 2 A/cycle was expected for ZnO and 0.5 A/cycle for TiO2 which should have resulted
in both layers having thicknesses of 40 nm. From the TEM images measured layer thicknesses
of 35 nm for ZnO and 55-60 nm for TiO2 were obtained. This observation suggests that there
was a delay in the nucleation of the ZnO layer at the start of the ALD growth process. It is
possible that ZnO may self-inhibit when growing on Si and as a result there may be a need to

fine tune the recipe to correct this discrepancy.

In support of this proposal it is apparent that in contrast to the SiO2/ZnO/TiO; structure, the
SiO2/Ti02/ZnO structure shows similar layer thicknesses for the TiO2 and ZnO layers, figure

3.6 (b). From these TEM images it is evident that ZnO is crystalline due to clear lattice plane
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images being present in the TEM image and TiO2 is amorphous which explains why no

diffraction peaks were obtained in the XRD pattern on Si substrate.

(@)

(b)

Figure 3.6 (a) TEM images of (a) the Si (100)/ZnO/TiO; and (b) the Si (100)/TiO2/ZnO
bilayer structures grown on the naturally-oxidized Si (100) substrates. Note the differences in
layer thickness for the darker, ZnO layers when comparing both structures
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Figure 3.7: TEM images of ZnO and TiO2 multilayers laminate (4 nm ZnO + 4 nm TiO2) x5

at (a) 20 nm and (b) 10 nm

Figure 3.7 shows TEM images of true nanolaminate films. Again, the darker layers represent
ZnO and the lighter coloured layers represent TiO2. The nanolaminate remains intact and the

layers can clearly be distinguished. In support of the earlier proposal that the growth of the
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ZnO on the oxidized Si (100) surface is somewhat inhibited, from figure 3.7 it is possible to
see clearly that the first of the very thin ZnO layers simply did not grow due to the proposed
delay in nucleation. Interestingly in this example, the TiO2 layers were thicker than expected,
being some 6 nm as opposed to the expected 4 nm. The GPC of TiO2 grown on ZnO appears
to be greater than that of pure TiO> deposited directly on substrate. The opposite is observed
with ZnO where the GPC of ZnO deposited on TiO; is reduced compared to that of pure ZnO
grown directly on the substrate. This may be explained by considering surface chemisorption
reactions. ALD is very sensitive to the chemical activity of the growth surface. Differences
may exist in the chemical activity of the TDMAT and DEZn precursors and these differences
could explain the resulting GPC values. A similar result has been observed in other ALD

experiments®” %8,

Figure 3.8: TEM images of the mixed 1:1 ZnO/ TiO2 (1:1) layer (a) before and (b) after,

annealing at 400 °C for 60 minutes in air
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As seen in figure 3.8 the TEM images of the mixed ZnO/TiO; (1:1) layer reveal that after
annealing some new deposits appear at the surface of the layer which also appears to have

reduced in overall thickness from roughly 32 nm to 29 nm.

Given the tendency of ZnO to readily form crystalline deposits it is proposed that the new
deposits consisted on ZnO nanocrystals that form via segregation of Zn?* ions from the mixed
layer, oxidation and crystallisation. With this proposal in mind ZnO lattice constants were
calculated in accordance with Bragg’s law®® using 1.54 A for A (Cu Ka radiation). The values
for d; the interplanar spacing for ZnO (002) and (100) orientations are 2.68 A and 2.9 A
respectively, confirming that the deposits were most likely ZnO nanocrystals having a
predominant orientation on the (002) direction as the interplanar spacing measurement was in
agreement with the theoretical value. It has previously been reported that annealing ALD ZnO
produces films preferentially oriented with the c-axis perpendicular to the substrate®® ®*, Figure

3.9 shows the interplanar spacing within the ZnO nanocrystals as observed using TEM.

Figure 3.9: TEM image of the annealed mixed ZnO/TiO: layer focusing on one of the
deposits that appear at the surface of the layer after annealing at 400 °C for 60 minutes in
air
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Atomic force microscopy (AFM) was employed to evaluate the surface topography of the ZnO,
TiO2 and ZnO/TiO2 nanolaminate films. AFM images recorded for all films are presented in
figures 3.10-3.15. The sampling surface area of the films analysed was 1 x 1 um?. The lighter
coloured areas in the images indicate higher surface features. The Z scale of the AFM data is
situated to the left of each image. The Z scale values vary from sample to sample with a

maximum of >20 nm for ZnO deposited on TiO on glass substrate.

The root mean square (RMS) roughness was evaluated for each of the films. These results are
displayed in table 3.2. It can be seen from the results that RMS roughness increases for all films
grown on glass substrates when compared to the same films deposited on Si substrate. This
supports the proposal that growth is substrate-dependent as previously implied from the XRD
results. Comparing TiO2 and TiO2 grown on ZnO, the RMS roughness values are practically
the same on glass substrates, at ca. 1.49 nm and 1.5 nm respectively. However, the RMS
roughness value doubles in the case of growth on the Si (100) substrate from 0.64 nm for TiO>
alone to 1.2 nm for TiO2 grown onto ZnO on Si (100). In other words the surface of the TiO>
layer is considerably rougher when deposited onto ZnO grown on Si (100) as compared to that

obtained when the TiO2 was deposited directly on the Si (100) substrate.

Comparing ZnO and ZnO deposited onto TiOz, again the RMS roughness values are very
similar on glass substrates although a slight increase in RMS roughness is observed when the
ZnO is deposited onto the TiO2 layer grown on glass, having a slightly larger value at 1.77 nm
as compared to 1.68 nm. Similarly the RMS roughness value obtained from the surface of the
ZnO layer deposited onto the TiO> layer grown on the Si (100) substrate is again higher than
that for ZnO grown directly on the Si (100) substrate, at 1.64 nm versus 1.27 nm, although the
increase in RMS roughness isn’t as substantial as that observed for the TiO2 layer. For the
nanolaminate stacks, RMS roughness values were found to be lower in comparison to the other

films, being ca. 1.24 nm on glass and 0.8 nm on Si (100).
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Interestingly, the mixed ZnO/TiO- 1:1 layer grown on a glass substrate had one of the highest
results in terms of RMS roughness, at ca. 1.63 nm. In contrast, the same structure grown on the

Si (100) substrate had one of the lowest RMS roughness values, at ca. 0.61 nm.

RMS roughness of films RMS roughness of
grown on glass films grown on Si
substrates (nm) (100) substrates (nm)

ZnO 1.49 0.64

TiO2 1.68 1.27

ZnO on TiO2 1.77 1.64

TiO20n ZnO 1.50 1.21

Zn0O: TiO2 (1:1) 1.63 0.61
mixed layer

ZnO/TiOz2 x5 1.24 0.80

Table 3.2: RMS roughness values for the various films produced here as a function of

substrate type

Figures 3.10 — 3.15 below present AFM images for the nanolaminate films. For all images,
films deposited on glass substrates are the left and films deposited on Si (100) substrates are

on the right.
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Figure 3.11: AFM images of ZnO
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Figure 3.13: AFM images of TiO2 on ZnO
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Figure 3.15: AFM images of the x5 bilayers

XPS was employed to characterise the chemical bonding and composition of the films. Figures
3.16 - 3.18 show the XPS spectra of the Ti 2p, Zn 2p and O 1s peaks after mild argon-ion
sputtering designed to remove the surface contamination that arises due to handling in air. The
major doublet peaks at 459 eV and 465 eV in figure 3.16 can be assigned to Ti 2p s2and Ti 2p
v peaks of Ti - O bonding, consistent with the literature that exists for TiO2*: 6263 The spectra

can also be fitted with a second doublet at Ti 2p 32 at approx. 457.5 eV which can be attributed
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to Ti (111) oxide and hence Ti%*%263 The 2 peaks seen in figure 3.17 at 1021 eV and 1044 eV
correspond to Zn 2p 32 and Zn 2p v and corresponds to accepted XPS data for ZnO found in
the literature*®. The O 1s spectrum depicted in figure 3.18 shows a peak at 529 eV which is

attributed to oxygen bound to metal ions in the form of Ti-O and Zn-O species®.

TiO,on ZnO

ZnO on TiO,
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Figure 3.16: Ti 2p XPS spectra for TiO2, TiO2 on ZnO, ZnO on TiOz, ZnO/TiO2 x5 and ZnO:

TiO2 (1:1) on a Si (100) substrate
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Figure 3.17: Zn 2p XPS spectra for ZnO, TiO2 on ZnO, ZnO on TiO2, ZnO/TiO2 x5 and ZnO:

TiO2 (1:1) on a Si (100) substrate
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Figure 3.18: O 1s XPS spectra for TiO2, ZnO, TiO2 on ZnO, ZnO on TiOz, ZnO/TiO x5 and

ZnO: TiO2 (1:1) on a Si (100) substrate
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The XPS data are entirely consistent with the growth of the target materials and do not indicate
that layers are deficient in terms of any particular species. However, for the films which
terminate in a TiO- layer, or for the deliberately mixed films, XPS can be particularly useful
as a means of detecting Ti®* species which have been reported to play a crucial role in
determining the photocatalytic activity of the film. Ti®* formation may arise from oxygen
vacancies created as a result of oxygen diffusion®. Table 3.3 lists the percentage of Ti** present
in the TiO2 only film, the ZnO/TiO2 x5 nanolaminate stack, the ZnO/TiOz bilayer nanolaminate

and the ZnO: TiOz (1:1) as determined from the Ti 2p XPS data:

Sample % Tid*
TiO; 25.6
ZnO/TiO2 x5 21.9
TiO2 on ZnO 20.5
Zn0O: TiO2 (1:1) 8.8

Table 3.3: Percentages of Ti®* present in the various nanolaminate films studied

From table 3.3 it may be seen that the layered nanolaminate structures has 20-25% of the
titanium present as Ti** and the rest as Ti**. These surfaces may provide photogenerated hole
traps and assist with enhancing photocatalytic activity. Hole traps can increase the excited
electron lifetimes located near the surface oxide species. This offers an opportunity for a greater
chance of surface reactive oxide species (ROS) generation®%". This will be further discussed
in terms of photocatalytic activity later. However, mixed nanolaminate ZnO: TiO2 (1: 1) is seen

to behave differently that it has a lower relative concentration of Ti** and Ti 2ps/2 peak of the
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dominant Ti(IV)oxide is shifted to lower binding energy of 458.3 eV suggesting that the
immediate chemical/structural environment of the Ti** is different to that of the other layered

TiO2 nanolaminates.

3.3.2 Optical Properties

The optical transmittance spectra for ZnO: TiO> (1:1), ZnO/TiO2 (x5 bilayer), ZnO/TiO, and
TiO2/ZnO bilayer nanolaminate structures grown on glass can be seen in figure 3.19. The
average transmittance over the entirety of the visible wavelength range 400 to 550 nm is >60%
rising to with a hike ~80% at 400 nm for the TiO2 on ZnO sample and to ~90% for the ZnO on
TiO2sample. At 380 nm, a strong absorption peak is evident due to the fundamental band gaps
of the materials. A slight bump is seen at 350 nm which may be a consequence of the film
being a composite of two separate layers. The transmittance values for both films decline to
~0% at lower wavelengths due to near complete absorption in the UV region. The ZnO/TiO>
and TiO2/ZnO bilayer nanolaminates absorb more strongly in the UV/visible region in
comparison to the ZnO: TiO2 (1:1) and ZnO/TiO, (x5 bilayer) films. A blue shift in the
wavelength of the absorption edge is observed with the ZnO: TiO; (1:1) and ZnO/TiO2 (x5
bilayer) films with ZnO: TiO (1:1) possessing the greatest effect on the shift. The blue shift
observed may be explained by the Burstein-Moss effect. In this instance, the optical band gap
of a semiconductor is increased with increasing electron concentration as the conduction band
is occupied with excited electrons. The bottom of the conduction band is filled with donor
electrons. According to Pauli’s principle no two electrons may occupy the same state hence
leading to a blockage in low-energy transitions which in turn enhances the optical band gap®.
The structure of the latter films resemble that of Ti-doped ZnO (TZO). Hence, the carrier

concentration may effectively be increased as Ti could be behaving as a donor material.
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Figure 3.19: Transmittance spectra of the ZnO: TiOz (1:1), ZnO/TiO2 (x5 bilayer), ZnO/TiO>

bilayer nanolaminate structures grown on glass

3.3.3 Contact angle and photocatalytic activity

Contact angle (CA) measurements were taken in order to get an idea of the hydrophilic or
hydrophobic nature of the films. In general a low surface energy and a rough microstructure
equate to super-hydrophobicity®®. The CA was measured prior to UV exposure, after 30
minutes and after 1 hour UV exposure. All values displayed are taken from films that had been

annealed at 400 °C for 1 hour in air.
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Figure 3.20: Contact angle measurements for TiO2 and TiO2 on ZnO grown on both Si (100)
and glass substrates, after annealing at 400 °C for 1 hour in air and then exposed to UV

radiation, as a function of time
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Figure 3.21: Contact angle measurements for ZnO/TiOz (x5 bilayers) and ZnO: TiO> (1:1)
grown on both Si (100) and glass substrates, after annealing at 400 °C for 1 hour in air and

then exposed to UV radiation, as a function of time

Initially, films grown on the glass substrates had lower CAs than those grown on Si (100)
substrates. In some ways this would not be unexpected since XRD revealed that on these
samples there was evidence of anatase formation and anatase is generally found to be the most
photoactive form of TiO2"°. Following 30 minutes UV irradiation, the CAs decreased for all
samples except for the TiO2 on ZnO grown on glass sample and for ZnO/TiO> (x5 bilayers)
grown on Si. After 1 hour UV exposure, the CA for TiO2 on ZnO grown on glass increased
dramatically. Out of all the samples, the CAs for the ZnO: TiO: (1:1) films were found to be

the some of the highest, however a slight decrease in CA with increasing irradiation time was
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observed. CAs of <5° were recorded for TiO2 on glass after UV exposure which is indicative
of superhydrophilicity. This is again indicative of some photoactivity arising from the presence
of some anatase. Although no general consensus exists to explain why, amorphous TiO>
surfaces are not found to be particularly photoactive while anatase surfaces are the most

photoactive’®.

Morphological influences may also influence CA values. In our case particularly if the TiO;
adopts the shape of the ZnO grown directly beneath it as in the case of the TiO2 on ZnO grown
on Si (100) substrate sample (see figure 3.4 (c)). The CA data for this sample is shown in the
red solid line in figure 3.20 and reveals that the CA remains high despite UV irradiation for an
hour. In this particular case it would be tempting to assume that the very prominent texturing
of the TiO, surface that arises from the ZnO template underneath dominates the CA response
completely. However a similar level of texturing, albeit less uniform in nature, arises for TiO>
on ZnO grown on a glass substrate and as may be seen from the red dotted line in figure 3.20
this material has a low CA value to start with which actually increases during UV exposure.
Such potentially conflicting results are indicative of the fact that CA measurements are at best
only a very rough guide to wards understanding the hydrophobicity or hydrophilicity of a

sample surface.

Photocatalytic activity was also investigated via dye degradation experiments. Films were
coated with an even layer of Basic Blue 66 dye and exposed to UV light and the change in the
colour of the ink monitored and recorded over time by use of a handheld digital scanner. Digital
image analysis as described by Mills et al. was used to assess photo-activity of the films.
Figure 3.22 below shows the films initially covered with a thin layer of dye before UV exposure

and after 150 minutes of UV bleaching.
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By comparing the before and after images presented in figure 3.22, it is concluded that the dye
did not degrade to any visual degree on the ZnO/TiO, x5 nanolaminate stack grown on glass
suggesting nearly complete inactivity (samples () in figure 3.22). For the samples shown in
(c) in these figures which were the ZnO/TiO:> bilayer samples grown on glass with the TiO>
layer on top of the ZnO layer, the dye only showed slight discolouration suggesting that this

sample had some, albeit minimal levels of photoactivity.

Comparing the samples shown in (c) TiO2 on ZnO and (d) ZnO on TiOz in these figures, the
dye was again degraded suggesting that these films also possessed some degree of
photoactivity. Similarly the sample shown in (f) also degraded the dye to some extent showing

photoactivity.
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No UV 150 min UV
N
N - .
(c) TiO; on ZnO - -
(d) ZnO on TiO; . .
() ZnO/TiO; X5 . .
(f) ZnO:TiO> (1:1) . .

Figure 3.22: Images of the samples before and after 150 minutes UV irradiation on glass
substrate: (a) TiO2 (b) ZnO (c) TiO20n ZnO (d) ZnO on TiO2 (e) ZnO/TiO2 x5
(f)ZnO: TiO2 (1:1)"
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Although some of the films display some degree of photoactivity, the shortest time-to-bleach

as determined by visual inspection was around 69 minutes exposure.

Time to bleach (minutes)
TiO2 75.8
Zn0O 69.3
ZnO on TiO," 116.4
TiO2 on ZnO 130.8
ZnO/TiO2 x5 -
ZnO: TiOz (1:1)" 77.2

Table 3.4: Times to bleach for TiO2, ZnO, ZnO on TiO,, TiO20n ZnO, ZnO/TiO, x5
and ZnO: TiO2 (1:1) films

*Two separate films of ZnO on TiO, were analysed so the average of both values is being used for time to
bleach.

*Sample has been annealed at 400 °C for 60 minutes in air

By assessment of the time-to-bleach values given in table 3.4, it may be seen that the ZnO and
TiO: films are the most photoactive, followed closely by ZnO: TiO2 (1:1). A value for the time

to bleach ZnO/TiO2 x5 bilayer could not be calculated.

The results from the dye degradation experiments are in good agreement with the CA values
obtained for the films after 1 hour UV exposure. The layered nanolaminate structures has 20-
25% of the titanium present as Ti®* and the rest as Ti**. The presence of Ti* influences the
electronic structure and surface activity of TiO2"2. In particular it is likely that the presence of
Ti** extends the wavelength range where the material absorbs into the visible region of the

218



spectrum. If this were the case then it might provide a mechanism whereby the visible light-
induced photocatalytic activity could become significant®’’. However as noted above, these

samples were not found to be photoactive using the tests employed.

3.4 Conclusions

TiO2/Zn0O nanolaminates were deposited via an ALD process which revealed a slight delay in
nucleation with ZnO. SEM showed that TiO2> morphology follows that of the ZnO underneath.
XRD results suggested that layer growth was substrate-dependent as crystalline TiO2 was only
identified on glass. The ZnO was polycrystalline as evidenced by the appearance lattice fringes
in the TEM images while the TiO2 was amorphous. TEM revealed that the laminates remained
intact after annealing. Nanocrystals were seen on top of the mixed ZnO: TiO; (1:1) film and
thus it is apparent that the mixed film is not stable towards high temperature annealing. These
results suggest that formation of a nanolaminate structure may help with stability. After 1 hour

UV exposure, the TiO> yielded a CA value of <5°, suggesting superhydrophilicity.

This study highlights how the use of an under layer may act as a template of morphology. It
also suggests the possible role of nanolaminates in stabilizing materials. In a practical sense,
TiO2 may act as a stabilizer for ZnO in a TiO2/ZnO bilayer stack when used as an anode

material in lithium ion batteries (LIBs)"®.
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Chapter 4. A Comparative Study of the Growth of
ZnO on Si (100) and Glass Substrates by both

Thermal and Remote Plasma-Assisted ALD

Abstract

The deposition of ZnO onto Si (100) wafers and glass substrates by both thermal and remote
plasma atomic layer deposition (ALD) was studied. The same reactor, in this case a Picosun™
R200 ALD reactor, was used for both sets of experiments so as to minimise the influence of
reactor design on the nature of the deposited materials. For both sets of experiments diethyl
zinc (DEZn) was used as the zinc precursor while water was used as the oxygen source for the

thermal process and O, was used as the oxygen source for the plasma-assisted process.

The growth per cycle (GPC) for the thermal process was found to be higher than that of the
plasma process with the exception of growth at a substrate temperature of 100 °C. The
maximum GPC for the thermal process was found to be 2.1 A/cycle at a substrate temperature
of 150 °C which was achieved on glass substrate whereas on the Si (100) substrate the GPC
under the same conditions was found to be 1.76 A/cycle. In contrast, for the plasma process,
the maximum GPC observed was 1.4 A/cycle at 200 °C which was achieved on the Si (100)
substrate. The differences between the thermal and plasma-assisted processes are discussed in

terms of the mechanisms of nucleation and growth.

In addition, significant variations in film morphology and crystallinity were observed between
process type and substrate. In terms of morphology, the thermal ALD films presented

cylindrical, tear drop-like surface features. In contrast, PE-ALD films showed more spherical
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surface features on both Si (100) and glass substrates. For both thermal and PE-ALD, features
became more defined as the substrate temperature increased. In terms of crystallinity the PE-
ALD films showed a preference for c-axis orientation with the XRD spectrum dominated by
the (002) reflection, while the thermal ALD process showed no particular preference between
the (100) and (002) directions for films deposited at 100 °C on both Si (100) and glass
substrates. As the substrate temperature increased to 150 and 200 °C, the (100) direction was

more prevalent.

Electrically the films produced were found to be highly resistive irrespective of the type of
ALD process used to deposit them. These results are interpreted in terms of variations in the

initial nucleation of the ZnO films and differences in their subsequent rates of growth.

4.1 Introduction

Within the scientific community zinc oxide (ZnO) has long been at the forefront of
semiconductor research. The first evidence of this material being studied links as far back as
1935 in which C. W. Bunn determined the lattice dimensions of pure zinc oxide®. Still to this
day, the material is heavily relied on. The basic properties and applications of ZnO have been
well documented over the years and interest is constantly being renewed in this material. ZnO
is an n-type semiconductor with a direct band gap of 3.37 eV at room temperature?®. Due to
its large band gap, ZnO exhibits considerable potential in areas such as electronics,
optoelectronics and sensors? 7. The material has been extensively studied by both thermal and
plasma ALD processes. Tynell et al.® produced an exhaustive review on ALD of ZnO in which
they discuss in depth both thermal ALD and PE-ALD. It is well known that the quality of films
depends on the deposition method used. Another crucial factor to consider is the growth
temperature as it directly influences the growth rate for the deposition. Borylo et al.® reported

the influence that the process temperature has on the structure on the thin film. Their results
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show that the temperature of the ALD process significantly affects the structure and

transparency of ZnO thin films.

Atomic layer deposition is a vapour phase technique that allows for self-limiting growth of thin
films. Since the process involves a self-limiting approach, only one atomic or molecular layer
can be deposited each time. The surface of the activated substrate becomes saturated with
precursor molecules. Due to this fact, ALD is potentially the best method for achieving growth
of films with precisely controlled thickness in both the nanometre and sub-nanometre range®°.
Once, ALD was predominately a thermal process in which the thermal energy drives the
surface reactions!'. However, in recent times with demand for improving quality films and
lowering of the deposition temperature, research has surged in the area of plasma enhanced
ALD or PE-ALD. This method allows for lower temperature processes to be employed while
still providing a self-limiting growth and maintaining thickness control. A lower temperature
may be required if the substrate is particularly delicate or temperature sensitive. Low-
temperature ALD processes may be required for application in perovskite solar cells (PSCs)
where ALD is used to deposit charge carrier transports layers or act as encapsulation layers.
Low-temperature deposition is essential in order to prevent the degradation of thermally
sensitive perovskites'? 13, In PE-ALD, the plasma provides the energy to break the bonds in
the substrate to chemically activate it while eliminating the need for elevated process
temperatures.’*. The desired precursor can then proceed to bond to the activated surface. PE-
ALD is a suitable method if it is necessary to remove water as a precursor which may be
important for eliminating the possibility of hydrogen contamination of the film or for speeding
up the process, since water is generally more difficult to remove from a vacuum chamber by
conventional pumping than some radical or ionic species which necessarily results in increased

purge times.

233



Here, a comparative study of the growth of ZnO on Si (100) and glass substrates by both
thermal and remote PE-ALD is presented with focus on the films crystallinity and morphology
as well as optical and electrical performance. The same reactor, in this case a Picosun™ R200
ALD reactor, was used for both sets of experiments so as to minimise the influence of reactor
design on the nature of the deposited materials. For both sets of experiments DEZn was used
as the zinc precursor while water was used as the oxygen source for the thermal process and

O was used as the oxygen source for the plasma-assisted process.

4.2  Experimental

4.2.1 Preparation of ZnO films

ZnO films were deposited using both thermal and plasma processes on a 200 mm Picosun™
R200 ALD reactor. Diethyl zinc (DEZn) (min. 95% Strem Chemicals) was used as a metal
precursor. The growth temperatures for the thermal and plasma ZnO films were 100 °C, 150
°C and 200 °C. Nitrogen (N2) was used a carrier gas to transport the precursor molecules into
the chamber. During the deposition process, DEZn and water were sustained at room
temperature. Pulse times were 0.05 s and 0.1 s for diethyl zinc and water respectively
accompanied with a 6.0 s Ar purge between precursor pulses in order to remove both residual
precursor and reaction products. The PE-ALD ZnO growth consisted of 0.05 s of DEZn
exposure, 6 s Ar purge, 28.0 s of oxygen plasma exposure with RF power of 2800 and 3000
W, followed by 6.0 s of Ar purge. The flow rate of the oxygen was 80 sccm. Prior to all
depositions, glass substrates were cleaned by ultrasonication in Decon 90, acetone, and IPA
successively. Si (100) wafers (SI-MAT) were cleaned using ozone followed by treatment in

hydrogen fluoride (HF) to remove any oxide from the surface of the wafer.
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Figure 4.1: A schematic representation of the thermal and plasma

ZnO ALD recipes used in this work

4.2.2 Characterisation techniques

The surface morphology of the films was observed using scanning electron microscopy (SEM)
using a FEI Quanta 650 FEG High Resolution Scanning Electron Microscope. The crystallinity
of the ZnO films was analysed by X-ray diffraction (XRD) using a PANalytical X Pert Pro
Diffractometer, with Cu Ka (A = 0.154 nm) radiation from 10 to 70° at a step size of 0.02°
under 45 kV and 30 mA. The XRD results were compared to the Joint Committee on the
Powder Diffraction Standard Card (JPCDS: 36-1451). Optical measurements (UV-Vis) were
obtained in the range of 200 — 800 nm using a Perkin Elmer Lambda 950 UV/VIS/NIR
Spectrometer. AC and DC field Hall Measurements were performed using a Lake Shore 8400

Series system.
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4.3 Results and Discussion

4.3.1 The surface morphologies, growth rate and structural properties of ZnO films

SEM was used to study the morphology of the ZnO thin films deposited. Viewing the samples
at a tilt angle of 30° allowed for cross-sectional analysis and in turn facilitated measurement of
film thickness. Figure 4.2 shows the GPCs of the thermal and plasma ALD ZnO films deposited
as a function of substrate temperature. Each point represents the results of 3 separate
experiments. From previous studies a nominal growth rate of ca. 2 A/cycle was expected for
the thermal ZnO**" and 2.2 A/cycle for the plasma ZnO*®. However, from figure 4.2(b) (black
data points) it may be seen that in our experiments this GPC was only achieved on glass
substrates over the temperature range studied. Based on these results plus the results from the
nanolaminate study in section 3.3, it is suggested that a delay in nucleation occurred on both
substrate types which is tentatively attributed to the initial state of the Si (100) substrate prior

to growth.

For growth on Si (100) substrates, the thermal ALD process achieved a maximum GPC of 1.82
Alcycle at 200 °C. Decreasing the temperature to 150 °C resulted in a slight drop in GPC to
1.76 Alcycle while further decreasing the temperature to 100 °C resulted in a further drop in
GPC to 0.13 Alcycle. A variation in growth rate of this nature may be accounted for by
invoking a mechanism which is essentially thermally activated. Interestingly a similar trend in
GPC was observed for the PE-ALD growth on the Si (100) substrates although for all substrate
temperatures studied the variation in the measured GPCs was considerably less than that seen
for the thermal ALD process (figure 4.2(a)). This is perhaps not surprising since it might be
expected in PE-ALD that the activation energy for the process would be largely delivered by
the plasma rather than from the substrate. However since the substrate temperature still

influences the GPC to a degree this highlights the fact that the process is not solely determined
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by gas-phase activation- which again would be entirely consistent with the self-limiting nature

of an ALD process.

The values of GPC for the films deposited by the plasma process range from 0.87 — 1.4 A/cycle.
Comparing the GPC value for both the thermal and plasma films grown at 100 °C shows a
higher GPC for the plasma film. As implied above, for the thermal process the low GPC value
can be explained by the lower reactivity of the DEZn precursor at lower temperatures. At 150
°C and 200 °C, GPC values for the plasma grown films on Si (100) substrates are lower than

those for the thermally grown films.
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Figure 4.2: Graph of growth rate per cycle vs. temperature for thermal and PE-ALD ZnO on

(a) Si and (b) glass substrate at 100 °C, 150 °C and 200 °C

From figure 4.2 (b) (black data points) it may be seen that the maximum GPC achieved on
glass substrates was 2.1 A/cycle deposited by the thermal ALD process at 150 °C. Increasing
the growth temperature still further resulted in a slight drop in GPC to 1.9 A/cycle. These values

are similar to the nominal growth rate of 2 A/cycle>Y

Overall, the plasma GPC values were much lower on the glass substrates than on the Si (100)
substrates (figure 4.2, red data points). Similar to the pattern seen on the Si (100) substrates,
the glass substrate plasma GPC values at 150 °C and 200 °C were practically the same at both

temperatures, being 1.1 A/cycle in this case.
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As with the growth on the Si (100) substrates the overall behaviour of the GPC as a function
of substrate temperature for both the thermal and plasma ALD processes is indicative of
processes which are thermally activated in that in general increasing the substrate temperature
increases or at least maintains the GPC. The exception here is the thermal process on glass at

200 °C, where a decrease in GPC is observed.

There is nothing particularly unusual about such behaviour since it is generally-known that
ALD growth can decrease at higher temperatures due to desorption effects. However, what is

unusual is the influence of the substrates.

On the Si (100) substrates increasing the substrate temperature results in an increase in GPC
while on glass substrates the GPC decreases. In addition on the Si (100) substrates reducing
the temperature to 100 °C results in the lowest GPC value measured while on glass substrates

growth at the same temperature results in a GPC which is over 10 times larger.

These differences are highlighted in table 4.1, below:

Substrate/ growth | GPC @100 °C GPC @ 150 °C GPC @200 °C
mode (A) (A) (A)
Si (100)/ thermal 0.13 1.76 1.82
Glass/ thermal 1.4 2.1 1.9
Si (100)/ plasma 0.87 1.3 1.4
Glass/ plasma 0.8 1.1 1.1

Table 4.1: A comparison of the GPC values recorded for ZnO ALD on both Si (100) wafers

and glass substrates as a function of substrate temperature and growth mode
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From table 4.1 it may be seen that in terms of the thermal process, the Si (100) substrates appear
to be considerably less reactive than the glass substrates at the lowest temperature studied, 100

°C. This trend is maintained at the higher temperatures but to a lesser degree.

This is quite surprising since both surfaces are effectively SiO. in terms of chemical
composition. This trend is reversed for the plasma process although here the differences are

much less marked. Again this is quite surprising.

A possible reason behind the variations in GPC values are the magnitudes of the sticking
coefficients of the species impinging on the surface. In the case of the thermal process the
adsorption of DEZn is likely to dominate the growth process. Using this argument we might
assume that if this is the case then logically the sticking coefficient of DEZn must higher on

the glass surface than on the Si (100) surface.

Plan-view SEM images (figure 4.3 and 4.4) highlight the differences in morphology of ZnO
grown by thermal and plasma ALD at 100 °C, 150 °C and 200 °C. Thermal ZnO films display
cylindrical, tear drop-like surface features on both the Si (100) and glass substrates. In contrast,
plasma ZnO films on both substrates have more scattered, spherical features on the surface.
These features become more defined with an increase in growth temperature due to increased
thermal energy. The PE-ALD ZnO SEM images are very similar to each other which suggests
that the substrate temperature has little influence on the morphology as a consequence of the

high reactivity of the O, plasma?®. All films are free from discontinuities or defects.
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Figure 4.3: Plan-view SEM of (a) - (c) thermal ZnO and (d) - (f) plasma ZnO at various

temperatures on Si (100) substrate
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Figure 4.4 Plan-view SEM of (a) - (c) thermal ZnO and (d) - (f) plasma ZnO at various

temperatures on glass substrate
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XRD patterns of all ZnO films grown by both thermal ALD and PE-ALD are presented in
figure 4.5. All films characterized by XRD were grown using 900 ALD cycles. XRD patterns
for thermal ALD ZnO show characteristic peaks at 26 values of 31.8°, 34.4°, 36.2° and 56.6°
corresponding to reflections having the Miller indices, (100), (002), (101) and (110)
respectively. The broad peak at 20° (26) is characteristic of the glass substrate. Similarly, the
broad peak at 70° (26) is attributed to Si (100) substrate. All films apart from the film deposited
using thermal ALD ZnO at 100 °C exhibited a preferred c-axis oriented (100) phase of the
wurtzite structure. XRD patterns for PE-ALD ZnO show the characteristic peak at 26 value of
34.4° (002) being present in all samples except for the PE-ALD ZnO on deposited on glass at
200 °C. This film also lacked any characteristic peaks suggesting that it was amorphous. One
peak at 31.8° (26) corresponding to the (100) of wurtzite ZnO was present in all of the ZnO
films deposited using thermal ALD. In contrast, this peak was only observed in the spectra

obtained from the PE-ALD deposited samples grown at 100 °C on both substrate types.

Further interpretation may be made by considering the ALD window for ZnO as described by
Pilz et al. in which the GPC was constant in the temperature range of 125 to 200 °C?%. Below
the ALD window (100 °C), a mixture of both (100) and (002) orientations is evident. As the
temperature increases, the (002) orientation becomes more dominant. Therefore, inside the
ALD window (>100 °C) the PE-ALD ZnO films are (002) textured. The expected GPC of the
PE-ALD process has previously been stated in section 4.3.1 as ca. 2.2 A/cycle. This is closely
related to the interplanar distance of 2.6 A of the (002) orientation. For the atomic arrangement
of the (002) plane, one species lies parallel to the substrate. For the (100) plane, it consists of
both Zn and O species. Therefore, in the (100) direction, a full crystalline plane could not be
formed with one ALD cycle and the GPC would restricted to half of the lattice spacing (2.82

A) for the (100) plane (depicted by Pilz et al.?°). This may explain the low GPC observed at
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lower temperatures?®. It has previously been reported that for PE-ALD ZnO, a switch in

preferred orientation from (100) to (002) occurs as substrate temperature increased®2%.

A switch from no preferential orientation to (002) preferential orientation was also observed
by Kim et al.?? In all of these cases, the temperature at which this preferential orientation switch

occurs is similar to the start of the ALD window for ZnO.

Interestingly in this work, for the PE-ALD ZnO deposited on Si (100), the intensity of the (002)
peak increased with increasing temperature (figure 4.5 (b)) but in contrast, for the PE-ALD
ZnO deposited on glass substrates, the (002) peak disappears completely as the temperature

increases (figure 4.5 (d)).
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Figure 4.5 XRD patterns of (a) thermal ALD ZnO on Si, (b) PE-ALD ZnO on Si, (c) thermal

ALD ZnO on glass and (d) PE-ALD ZnO on glass
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In general, the thermal ALD ZnO films appear to display more evidence of crystallinity than
those grown via PE-ALD although the film that gave rise to the most intense (002) peak was
the PE-ALD film deposited on Si (100) substrates at 200 °C, see figure 4.5 (b), black trace.
Interestingly, a peak at 73.8° (264) (004) was present on PE-ALD ZnO on glass growth at 200

°C which is usually characteristic of ZnO nanoparticles.

The average grain size was estimated using the Scherrer equation (section 3.3) along the ZnO
(100) crystal plane for thermal ALD process and the ZnO (002) crystal plane for the PE-ALD
process?. The results are seen below in table 4.2. In general, the grain sizes for the thermal
ALD process were larger than those for the PE-ALD process. The films deposited on glass
substrates had larger grains than those deposited on Si (100) substrates for both ALD processes

with the exception of the films grown using thermal ALD ZnO at 100 °C on glass.

Growth Scherrer method crystallite size (nm)
temperature
. Thermal Plasma
(°C)

Si (100) glass Si (100) glass

100 27.0 23.0 244 26.1
150 26.5 28.5 245 255
200 27.3 28.8 25.7 -

Table 4.2: Comparison of crystallite size calculated by the Scherrer equation for thermal and

plasma ALD deposited ZnO on both Si (100) and glass along to ZnO (002) crystal plane
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Comparing the grain sizes estimated via the Scherrer method and those measured from the
SEM images, it was found that the grain sizes as determined using the two approaches were

consistent.

4.3.2 Optical Properties
Optical measurements in the form of UV/Visible spectroscopy were carried out by recording
transmittance spectra for the films grown using 900 ALD cycles of both the thermal and PE-

ALD processes on glass substrates at 100 °C, 150 °C and 200 °C, figure 4.6.

Thermal ALD films (figure 4.6 (a)) grown at 150 °C and 200 °C on glass appear to follow a
similar pattern with transmittance at 90% above 600 nm. Transmittance decreases from 90%
down to 70% steadily from 600 nm to 450 nm. An increase is seen at 400 nm to 80% before
dropping as expected in the UV region to 0%. Films grown at 100 °C on glass show a slight
difference and once in the UV region, the percentage transmittance for these films inclines to
0% more slowly. Figure 4.6 (b) shows UV/Visible transmittance spectra for ZnO PE-ALD
films at 100 °C, 150 °C and 200 °C. The average transmittance over the entirety of the visible
wavelength range 400 to 550 nm is >60%. A higher transmittance at ~90% is observed for films
grown at a higher temperature. At 360-380 nm, a strong absorption edge is evident near the
ultraviolet region due to the fundamental band gap of the material for both the thermal and PE-
ALD processes. Transmittance of all films incline to ~0% in the UV region as expected. Once
in the UV region, the percentage transmittance for films grown at 150 °C and 200 °C
comparatively much lower than the 100 °C film. This result was also seen in the thermally
grown film and may be attributed to the quality of the material being affected at different
temperatures. A sharper transition in the spectra can be attributed to a thin films with a higher

optical quality and less defect absorption states?® 24,
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Figure 4.6 UV/Visible Spectroscopy transmittance spectra for 900 cycles (a) ZnO thermal

ALD and (b) PE-ALD films at 100 °C 150 °C and 200 °C on glass substrates
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It is worth noting that UV/Vis measurements on thin films deposited by ALD are used as a
guide only. This is due to the fact that ALD is capable of coating high aspect ratio films.
Although this is generally considered as an advantage, for the purpose of obtaining UV/Vis
measurements it presents a disadvantage. An overgrowth occurs where the ALD films deposits
on the underside of the substrate and leads to an overlap of growth. An incorrect decrease in
percentage transmission may be measured due to additional absorption caused by this overlap.
The use of a mask may prevent this overgrowth and allow for more accurate optical

measurements.

4.3.3 Electrical Properties

The Hall mobility (un), carrier concentration (n) and the sheet resistance (Rs) were obtained
with Hall Effect measurements carried out at room temperature using a van der Pauw structure
(1 cm x 1 cm). The measurements were performed using a Lake Shore 8404 AC/DC
(alternating current/ direct current) Hall-effect system as described in section 2.3.8. Table 4.3
summarises the Hall data measured. Figure 4.7 displays the effect of the growth temperature

on the resistivity of thermal and PE-ALD ZnO.

T(CC) | pH(cm?/Vs) n (1/cm?3) Rs (Q/o)

plasma |thermal | plasma | thermal | plasma | thermal

100 0.8 0.7 | 23E16 | 1.9E17 | 6.0E7 | 3.6E6

150 1.5 10.5 | 2.4E16 | 8.8E18 | 2.4E7 | 6.1E3

200 1.7 27.2 | 8.3E15| 29E19 | 2.6E7 | 4.4E2

Table 4.3: Hall mobility, carrier concentration and sheet resistance measurements for 900

cycles thermal and PE-ALD ZnO films at 100 °C, 150 °C and 200 °C
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Figure 4.7: Resistivity of thermal and PE-ALD ZnO deposited on glass substrates as a

function of substrate temperature

From table 4.3 it may be seen that in general for all samples the Hall mobility increases with
increasing substrate temperature during growth, while the sheet resistance decreases
accordingly. Interestingly in terms of carrier concentrations, for the samples grown by thermal
ALD an increase in carrier concentration is observed with increasing substrate temperature
while for the PE-ALD grown samples the reverse trend is observed. Similarly for these latter
samples the sheet resistance values are very high for all samples prepared, meaning that the

PE-ALD samples are essentially resistive. In contrast the samples grown by thermal ALD have
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much lower sheet resistance values by several orders of magnitude, as might be expected from

the higher carrier concentrations and mobilities.

In more detail, the Hall mobility’s for both ALD processes deposited at 100 °C were very
similar with thermally grown ZnO having a slightly higher Hall mobility of 0.7 cm?/Vs versus
0.8 cm?/Vs for the plasma grown film. Similarly, the carrier concentrations for both films are
of the same order of magnitude. However, the sheet resistance of the plasma grown film was

an order of magnitude higher than that of the thermally grown film.

For the films deposited at 150 °C, the thermal ALD ZnO films had Hall mobilities that were
approximately 7 times those of the plasma films, being some 10.5 cm?/Vs as compared with
1.5 cm?/Vs. The carrier concentration of the thermal ALD ZnO films was 2 orders of magnitude
higher than that of the plasma-grown films. The sheet resistance of the plasma grown ZnO was
2.4E7 Q/o which was much higher than the thermally grown film which has a sheet resistance

of 6.1E3 Q/o.

The most significant difference in Hall mobility between the ALD processes was seen for the
films deposited at 200 °C. The Hall mobility for the thermal ALD ZnO was approximately 16
times higher than that of the plasma film. It has been reported that the microstructure of a thin
film can influence its electrical properties®>?’. As the grain size increases, the Hall mobility
has been reported to increase?. The surface features observed in figures 4.3 an 4.4 may explain
the large Hall mobility for this film. The carrier concentration of thermal ALD ZnO was 5
orders of magnitude higher than the plasma grown film. The sheet resistance was much lower
for the thermal film than the plasma films, 4.4E2 Q/o for thermal ZnO and 2.6E7 Q/o for the
plasma grown ZnO. Thermally deposited ZnO at 200 °C was the best performing across Hall

mobility, carrier concentration and sheet resistance.
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The results show that for all substrates temperatures and both substrate types, the thermal
process leads to films that are more conducting than their plasma-grown counterparts. All films
grown by thermal ALD have higher carrier concentrations as compared to their plasma-grown
counterparts. As the substrate temperature was increased, the carrier concentrations of the films
grown by thermal ALD increased whereas the opposite trend was observed for their plasma-
grown counterparts. The plasma grown films are much more resistive than the thermally grown
films at the same temperature. The optimum growth temperature with respect to the minimum
resistivity was found to be 150 °C as reflected in both the thermal and plasma processes. Hence,

this temperature was selected to continue growth of doped-ZnO films.

The Hall mobility (un), carrier concentration (n) and the sheet resistance (Rs) were obtained
for two other PE-ALD ZnO films deposited at 150 °C in which all growth parameters remained
the same except one was deposited with a reduced plasma power of 2500 W (compared to 2800
W for all other films) and the other, a reduced Oz plasma pulse time of 22.0 s (28.0 s all other

films). The results are displayed in table 4.4.

Film nH (cm?/Vs) n (1/cmd) Rs (Q/o)
PE-ALD ZnO 150 °C 15 2.4E16 2.TE7
| pulse 0.6 1.9E16 3.0E7
| power 0.4 2.0E16 4.2E7

Table 4.4: Hall mobility, carrier concentration and sheet resistance measurements for 900
cycles PE-ALD ZnO films at 150 °C, PE-ALD ZnO deposited with a reduced plasma power

and PE-ALD ZnO deposited with a reduced plasma pulse
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From the results in table 4.4, neither the Hall mobility, carrier concentration or sheet resistance
improve for PE-ALD ZnO deposited with a reduced plasma power and PE-ALD ZnO deposited

with a reduced plasma pulse when compared to PE-ALD ZnO films at 150 °C.

Jin et al. have reported a possible explanation to the decrease of sheet resistance of PE-ALD
ZnO thin films grown with an extended plasma pulse?®. The decrease in sheet resistance may
be attributed to the fact that as the O plasma pulse time is extended, the ZnO crystal size also
increase?®. This larger crystal size allows for a longer carrier mean free path within the ZnO
film layer?® %, Secondly, the excess of oxygen present from a longer plasma pulse time leads
to the formation of Zn vacancies and a breakdown of the intrinsic stoichiometry of ZnO. High
quality and strictly stoichiometric ZnO is typically insulating. Generally, the conductivity of
ZnO is largely dependent on the presence of impurities®™ 32, The nature of the ALD process
can lead to the formation of impurities such as hydrogen or hydroxyls which can act as shallow
donors. The presence of impurities can positively increase the carrier concentration of ZnO

thin films33-4°,

As previously mentioned, ITO is the TCO commercial standard in many applications with sheet
resistance values in the range of 8-100 Q/a. In order for ZnO and doped-ZnO to compete with
ITO, it needs to possess at least comparable electrical properties. The best performing ZnO
film in terms of sheet resistance in this study was thermally deposited at 200 °C, with a sheet
resistance of 440 Q/o. This does not compete with commercial ITO hence explaining why

doping of ZnO is necessary in order to improve the electrical properties.
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4.4 Conclusion

The growth of ZnO has been demonstrated by ALD and PE-ALD on a 200 mm Picosun™
R200 ALD reactor. Both processes are substrate and temperature dependant. The GPC for the
thermal process was found to be higher than that of the plasma process with the exception of
growth at a substrate temperature of 100 °C. The maximum GPC for the thermal process was
found to be 2.1 A/cycle at a substrate temperature of 150 °C which was achieved on glass
substrate whereas on the Si (100) substrate the GPC under the same conditions was found to
be 1.76 A/cycle. In contrast, for the plasma process, the maximum GPC observed was 1.4
Alcycle at 200 °C which was achieved on the Si (100) substrate. The differences between the
thermal and plasma-assisted processes are discussed in terms of the mechanisms of nucleation
and growth. In addition, significant variations in film morphology and crystallinity were
observed between process type and substrate. In terms of morphology, the thermal ALD films
presented cylindrical, tear drop-like surface features. In contrast, PE-ALD films showed more
spherical surface features. For both thermal and PE-ALD, features became more defined as the
substrate temperature increased. In terms of crystallinity the PE-ALD films showed a
preference for c-axis orientation with the XRD spectrum dominated by the (002) reflection,
while the thermal ALD process showed no particular preference between the (100) and (002)
directions. For all films, the average transmittance over the entirety of the visible wavelength
range 400 to 750 nm is >60% with a sharp cut off in the UV region due to the band gap.

Electrically the films produced were found to be highly resistive irrespective of the type of

ALD process used to deposit them.
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Chapter 5: The Growth of Nanolaminate Doped

ZnO binaries by ALD

Abstract

In this chapter, the growth of thin ZnO films doped with aluminium (AZO), gallium (GZO),
tin (SZO) and titanium (TZO) by both thermal and PE-ALD is described. As previously
mentioned in chapter 4, the best performing undoped ZnO film did not compete with the
electrical properties of commercial 1TO. As a result, doping of ZnO with the intention of

improving the electrical properties has been investigated.

It was found that neither the thermal nor PE-ALD doped films could compare in terms of the
Hall mobilities obtained for as-grown ZnO (10.5 and 1.5 cm?/V.s for thermal and PE-ALD
ZnO respectively). However, for both the thermal and PE-ALD doped films, the carrier
concentration values were higher than those obtained for as-grown ZnQO. The best Hall mobility
at 6.77 cm?/V.s was achieved for thermal TZO (19:1). The doped films had lower values of
sheet resistance than that of as-grown ZnO (6.1 kQ/o and 240 MQ/a for thermal and PE-ALD
ZnO respectively). These results show how the incorporation of dopants can influence the
electrical properties of ALD-grown ZnO. XRD results displayed varying degrees of
crystallinity for the doped-ZnO films. From studies of the growth per cycle (GPC) of the
various processes it is suggested that the dopant may cause inhibited nucleation of ZnO due to
the dopant blocking sites and hindering DEZ absorption® 2. SEM results showed similarities
between as-grown thermal ALD ZnO and thermal ALD AZO, SZO and TZO on both glass and
Si (100) substrates. On glass substrates, PE-ALD AZO, GZO, SZO and TZO all mirror what
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is observed with as-grown PE-ALD ZnO. PE-ALD AZO also shows similar surface features
on Si (100) substrates. The reduction in the growth rates observed were confirmed via TEM

imaging which revealed the presence of layers that were thinner than expected.

5.1 Introduction

The introduction of dopants into a host material allows for the manipulation of the composition
and structure that can impact both electrical and optical properties of the material. ZnO is
frequently doped and to date, some 22 elements have been reported as dopants in ZnO by ALD
where Al is the most popular choice®. ALD is particularly advantageous for controlled doping
due to the cyclic, self-limiting manner which allows for precise thickness control that can
theoretically allow for accurate control over the dopant level* °. Despite the advantages of
doping thin films via the method of ALD, drawbacks exist and ALD doping presents its
limitations- the most obvious of which is the fact that the dopant atoms are not uniformly
distributed throughout the material as might be required under ‘ideal’ conditions. One of the
principal reasons for doping a material in the first place is to enhance a particular property of
said material. However, this is not always a straightforward process. For ALD-grown materials
there are many reports which present the etching effect dopants can have, leading to a reduction
of the overall growth rate of the film and a reduction in the efficiency of the doping process®’.
As well as decreased growth rates for doped ALD films, increased growth rates have also been
reported. This has been observed for Ti- doping of ZnO with the titanium precursor
titanium(1V) isopropoxide (TTIP) where adsorption of TTIP appears to increase the overall

ZnO growth rate®,
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ZnO is doped by ALD for the fabrication of transparent conducting oxides (TCOs) in which
the overall aim is to improve the resistivity of the material without losing transparency. TCOs
are electrically conductive materials, usually designed so as to minimize the absorption of light
in the visible region. The most widely used TCO material is indium tin oxide (ITO) however
its use is limited by the commercial difficulties associated with the acquisition of indium. ZnO
is an extremely promising material for application in TCOs owing to its wide band gap and its
earth abundance. Hence, it offers a cost effective alternative to ITO. The wide band gap of ZnO
causes the creation of excess charge carriers when doped® °. In many applications, one of the
key requirements for TCOs is a film resistivity on the order of 1 mQ c¢m or lower!!. This can

be achieved by cation doping ZnO with group 11, IV and V elements.

Here, doped ZnO films were deposited via thermal and PE-ALD with the intention of
improving the electrical properties of the material as compared to undoped ZnO. ZnO thin films

were doped with Al, Ga, Sn and Ti dopants.
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5.2 Experimental

5.2.1 Preparation of doped ZnO films

Doped ZnO films were deposited using both thermal and plasma ALD processes on a 200 mm
Picosun™ R200 ALD reactor. ZnO thin films were doped with Al (AZ0O), Ga (GZO), Sn (SZ0O)
and Ti (TZO). The supercycle method was followed as shown in figure 5.1 below in which X
= Al, Ga, In, Tiand Sn. Dopant ratios of 9:1 and 19:1 were used. Films were deposited at 150

°C.

Zn0 X doping
precursor X
reactant | |
purge time
n cycles 1cycle ————

1 supercycle

Figure 5.1: The supercycle method schematic for doped ZnO thin films in which X = Al, Ga,

In, Ti and Sn

A typical supercycle recipe used for the growth of ZnO: Al with a 19:1 dopant ratio was as
follows: firstly the zinc precursor; DEZ, was introduced to the chamber for a pulse time of 0.05
s followed by a 6 s purge. Next, a 28.0 s pulse of O, plasma was introduced (0.1 s pulse of H.O
for thermal ALD process). These two steps were then repeated a further 18 times giving a total

of 19 ZnO growth cycles. The dopant was then introduced into the chamber. In the case of
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aluminium dopant, a 0.01 s pulse of TMA was employed followed by a 28.0 s pulse of O2
plasma. The pulse times for trimethylgallium (TMG), tetrakis(dimethylamino)tin(l1V)
(TDMASN) and tetrakis(dimethylamino)titanium(l\VV) (TDMAT) were 0.03 s, 1.6 sand 1.8 s
respectively. This supercycle was repeated until the desired number of cycles was completed.
Similar recipes were employed for 9:1 dopant ratio films. A further 10 nm of ZnO was
deposited after the above recipe in order to ensure that the growth did not cease on a dopant

layer.

5.2.2 Film Characterisation

The surface morphology of the films was observed via SEM using a FEI Quanta 650 FEG high-
resolution scanning electron microscope. Scanning transmission electron microscopy (STEM)
analysis was carried out using a Thermo-Fisher Scientific double tilt STEM holder in the
Thermo-Fisher Scientific FEI double aberration-corrected monochromated Titan Themis Z.
The microscope was operated at 300 kV. The imaging mode used was STEM at 146 mm
camera length with a 50-um C2 aperture. EDS mapping was done using a Bruker Super X
detector. All Titan STEM and EDS data processing was done using Thermo-Fisher Scientific
Velox Software. The crystallinity of the ZnO films was analysed by X-ray diffraction (XRD)
using a PANalytical X Pert Pro Diffractometer, with Cu Ka (A = 0.154 nm) radiation from 10
to 70° at a step size of 0.02° under 45 kV and 30 mA. The XRD results were compared to the
Joint Committee on the Powder Diffraction Standard Card (JPCDS: 36-1451). Optical
measurements (UV-Vis) were obtained in the range of 200 — 800 nm using a Perkin Elmer
Lambda 950 UV/VIS/NIR Spectrometer. AC and DC field Hall Measurements were performed

using a Lake Shore 8400 Series system.
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5.3 Results and discussion

5.3.1 The morphologies, growth rate and structural properties of doped ZnO films
Plan-view SEM images were obtained for thermal and PE-ALD doped ZnO thin films. Figures
5.2-5.5 compare plan-view images for thermal and PE-ALD AZO, GZO, SZO and TZO (19:1)

films deposited at 150 °C on both glass and Si (100) substrates. Figure 5.6 shows plan-view

SEM images of as-grown thermal and PE-ALD ZnO on glass and Si (100) substrates.

t 400 nm
nm TLD 125 0. 0.00 0 EMAF

Figure 5.2: Plan-view SEM images of thermal ALD (a) AZO, (b) GZO, (c) SZO and (d) TZO

(19:1) films deposited at 150 °C on glass substrates, Au-coated
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Figure 5.3: Plan-view SEM images of PE-ALD (a) AZO, (b) GZO, (c) SZO and (d) TZO

(19:1) films deposited at 150 °C on glass substrates, Au-coated
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Figure 5.4: Plan-view SEM images of thermal ALD (a) AZO, (b) GZO, (c) SZO and (d) TZO

(19:1) films deposited at 150 °C on Si (100) substrates, Au-coated
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Figure 5.5: Plan-view SEM images of PE-ALD (a) AZO, (b) GZO, (c) SZO and (d) TZO

(19:1) films deposited at 150 °C Si (100) substrates, Au-coated
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Figure 5.6: Plan-view SEM images of as-grown ZnO on Si (100) substrates by (a) thermal
ALD and (b) PE-ALD, and on glass substrates, Au-coated by (c) thermal ALD and (d) PE-

ALD deposited at 150 °C
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Similar to as-grown thermal ALD ZnO, thermal ALD AZO, SZO and TZO layers show grains
on the surface of the films on both glass and Si (100) substrates. AZO appears to have the
thinnest columnar surface features of the three. GZO differs from the above as no columnar
grains are presents but rather smaller, more random surface particles are apparent. For PE-ALD
films on glass substrates, AZO, GZO, SZO and TZO all reflect what is observed with as-grown
PE-ALD ZnO, namely small densely packed surface features. PE-ALD AZO also shows
similar surface features on Si (100) substrate. However, GZO, SZO and TZO differ, displaying

columnar surface features.

It is well known that a correlation between microstructure and electrical properties of thin films
exists!2. Polycrystalline films tend to possess a lower sheet resistivity. Larger grain sizes on the
surface of a film may cause promotion of electron movement due to overlapping of the
individual grains. A densely packed film can also lead to an increase in the electron mobility.
On the contrary, grain boundaries that form around large surface grains can result in an increase
in sheet resistivity as a consequence of charge trapping®®. Table 5.1 displays the approximate
grain sizes for all films obtained via the intercept method*. Following this, Scherrer
calculations (section 3.3) were employed to determine the crystallite size for comparison

purposes.

Due to the fact that XRD analysis for many films revealed a lack of crystallinity, the calculation
of crystallite size via the Scherrer equation was not possible for all samples. Therefore, the
comparison of crystallite size via both methods was impractical. For all films, the grain sizes
obtained by the Scherrer method were consistently smaller than those obtained by the intercept
method. For the latter, measurements correspond to the random but forced fixed placement of
a line. Observer interpretation and variations in patterns must be considered. Another point to
consider is that rod-like grains with random placement do not allow for accurate measurement

via the intercept method.

272



Thin film ALD Process Intercept method Scherrer method
crystallite size (nm) | crystallite size (nm)
AZO Si thermal 23.78 2.70
plasma 11.93 -
glass thermal 28.71 -
plasma 10.53 0.18
GZO Si thermal 17.62 2.78
plasma 19.01 -
glass thermal 17.21 -
plasma 19.79 -
SZ0O Si thermal 19.53 2.76
plasma 21.10 2.66
glass thermal 30.48 -
plasma 19.40 -
TZO Si thermal 30.08 4.09
plasma 36.06 2.68
glass thermal 33.24 -
plasma 18.05 -

Table 5.1: Comparison of crystallite size as determined by both the Scherrer equation and

the intercept method for both thermal and PE-ALD 19:1 AZO, GZO, SZO and TZO on Si

(100) and glass substrates
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TEM imaging, figures 5.7-5.8, 5.10-5.15, does not show any evidence of true nanolaminate
formation for the AZO, GZO, SZO and TZO samples. This may result from intermixing
between the layers. However, the dopant layer thickness would be very small compared to the
overall thickness of the films making it difficult to view. Typically, the mass differences of the
component elements causes the visible contrast in the imaging mode. Although this difference
in contrast is seen in the TEM images, it does not reveal the existence of laminate layers as

might be expected from the film deposition recipe.

From the TEM images, more information about the morphology was obtained and the presence
of ZnO columnar grains in the bulk was identified. The interface plays an important role in the

properties of a thin film®®. Discernible lattice planes suggest that all films are crystalline.

Defects or imperfections present at the interface may cause electronic trapping or even
formation of undesirable phases which would invoke degradation and deterioration of any
device made from this material'®. For example, in ferroelectric field transistors where the
electronic properties of oxide—oxide interfaces are utilised!’. In addition optical guided wave

device structures have been fabricated in which the oxide-oxide interface is very important*é,
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Figure 5.7: TEM image of thermal AZO at scale of (a) 10 nm (b) 20 nm and (c) 50 nm on Si

(100) substrates

Figure 5.8: TEM image of PE-ALD AZO at scale of (a) 20 nm (b) 50 nm and (c) 100 nm on Si

(100) substrates

Thermal AZO films appear to be polycrystalline in nature as evidenced by the presence of
oriented planes. For PE-ALD AZO, figure 5.8 (a), the planes seem to be mainly be oriented in
one direction. As will be presented in section 5.3.1, the XRD pattern for this film shows (100)
orientation. The measured thickness of the films were less than the theoretical values. As

mentioned in section 1.5.3, etching of ZnO is commonly reported with the DEZ, TMA and
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H>O ALD reaction. The etching of surface Zn-alkyls may therefore account for the reduced

thickness.

Fast Fourier transform (FFT) images recorded from the TEM images for PE-ALD AZO
displayed in figure 5.9 showed the periodic structured pattern which confirmed the formation

of ZnO in hexagonal wurtzite structure.

Figure 5.9: TEM image and FFT images of PE-ALD AZO confirming the presence of ZnO in

hexagonal wurtzite structure on a Si (100) substrate
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Figure 5.10: TEM images of thermal ALD GZO at scales of (a) 5 nm (b) 10 nm and (c) 20 nm

on Si (100) substrates

Figure 5.11: TEM images of PE-ALD GZO at scales of (a) 10 nm (b) 20 nm and (c) 50 nm on

Si (100) substrates

For thermal GZO, based on previous studies by Comstock, the thermal TMGa and H.O ALD
process does not occur which would suggest the film most likely consists of ZnO with residual
TMGa precursor/ or products from this randomly scattered throughout the film. This is further
discussed later in this section. Comparing the TEM of both the thermal and PE-ALD films, the
images for the latter show no obvious signs of crystallinity. This is consistent with the XRD

data for PE-ALD GZO, which reveals the films to be amorphous.
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Figure 5.12: TEM images of thermal ALD SZO at scales of (a) 10 nm (b) 50 nm and (c) 200

nm on Si (100) substrates

Figure 5.13: TEM images of PE-ALD SZO at scales of (a) 10 nm (b) 20 nm and (c) 50 nm on

Si (100) substrates

Thermal SZO displayed columnar features in the bulk (figure 5.12). For both thermal and PE-
ALD SZO, discernible lattice planes are present. The measured thickness for SZO was also
less than the theoretically calculated value. Mullings et al. have explained how etching in SZO

ALD could take place®®.
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With these ideas in mind, it is suggested that the following may occur; cleavage of a C-N bond
in an N(CHj3). ligand of the Sn precursor, TDMASN followed by formation of DMZ and the
associated C-Zn bonds. However, this is likely to be hindered by the fact that the C-N bond is
stronger than a C-Zn bond, being some 82 kcal/mol?° as measured in HN(CHs)2 versus ca. 64
kcal/mol?!. A reduction in surface hydroxyl group density and/or the presence of less reactive

surface hydroxyl groups is likely the cause of a reduced SZO growth rate?®.

Figure 5.14: TEM images of thermal ALD TZO at scales of (a) 10 nm (b) 20 nm and (c) 50

nm on Si (100) substrates
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Figure 5.15: TEM images of PE-ALD TZO at scales of (a) 50 nm, (b) 5 nm and (c) 20 nm in

which the film-substrate interface is highlighted on Si (100) substrates

For both thermal and PE-ALD SZO, Discernible lattice planes are observed in the TEM

images, figures 5.14-5.15.

(@)

Figure 5.16: TEM images of PE-ALD TZO in which the film-substrate interface is

highlighted at (a) 2 nm and (b) 20 nm on a Si (100) substrate
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(b)
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Figure 5.17: EDS elemental mapping of thermal ALD (a) AZO, (b) GZO and (c) SZO on Si
(100) substrates
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(b)

(©)

(d)

Figure 5.18: EDS elemental mapping of PE-ALD (a) AZO, (b) GZO, (c) SZO and (d) TZO on
Si (100) substrates
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Energy dispersive X-ray spectrometry (EDS) elemental mapping images (figures 5.17 and
5.18), indicate the incorporation of dopants into the ZnO films. The EDS mapping results of
the dopants show lower densities in comparison with the mapping of Zn and O as a

consequence of the lower concentrations in the samples.

The deposition of binary films utilises the supercycle method. In theory, the film composition and
growth rate should follow that described by the rule of mixtures (ROM) in which a linear change

in growth rate with film composition is expected® 2% 2 (equation 5.1).

Thickness =

Total number of cycles [(CRigpcs + CR,gpc,)] (5.1)

In which;

CRx (>1) is the cycle ratio relevant to the particular metal oxide and gpcy is the growth per
cycle of each metal oxide. The growth rates per cycle used for each calculation are based off
literature values for the deposition of each binary metal oxide. For thermal ALD, the GPC
values used for Al,Os, SnO,, TiO2 and ZnO were 14, 0.6%, 0.5%% 27 and 2.0%3° A/cycle
respectively. For PE-ALD they are 1.2%,0.66%, 1.7%%, 0.5** and 2.2%° A/cycle for Al,03, Ga20s,

SnO,, TiO2 and ZnO respectively.

The thickness predicted by both the ROM and that measured by TEM of doped ZnO are

presented in table 5.2.
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Film Thermal/Plasma ROM Measured
thickness (nm) thickness (nm)
AZO thermal 175.5 155-158
plasma 193.5 94-96
Gz0 thermal - 63-68
plasma 191.1 78-88
SZO thermal 173.7 170-172
plasma 195.8 65-68
TZ0 thermal 173.3 75-77
plasma 190.4 167-174

Table 5.2: Estimated and measured thickness for thermal and PE-ALD 19:1 AZO, GZ0O, SZO

and TZO on Si (100) substrates

Comparing the ROM values to the experimentally-determined values, all films deviated from
the expected values albeit to different degrees. It is possible that the inhibition of ZnO growth
on the dopant layers may have occurred. This has previously been reported by Kessels et al. in
which Al,03 ALD cycles interrupted the growth of the ZnO grains®. This has also been reported
by Elam et al. for AZO® and by Lee et al. for 1ZO’. In both of these cases the actual growth rate per

cycle was lower than expected. In contrast an increase in growth rate per cycle has also been reported
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in which adsorption of TTIP molecules caused a deviation in expected growth rate of TiOZ2.
Nucleation effects can occur due to the differing surface reaction sites possessed by different metal
oxides. In the case of AZO, it has been reported that it takes 4-6 ALD cycles of ZnO for the growth
rate to return to full potential when deposited on Al.Os and 2-3 cycles for the growth rate of Al.O3
to return to its full value when deposited on ZnQO®. This can be explained by the surface density of
the hydroxyl species being lower for AloOzthan ZnO. The crystallinity of a material also has an
effect on the growth rate per cycle. ALD-deposited ZnO is typically crystalline whereas ALD
deposited Al.Osis amorphous. The surface density is effected by the difference in crystallinity as it
influences the formation of microstructures during growth?. This also emphasises the necessity
to use sheet resistance as opposed to resistivity when evaluating the electrical properties of
these thin films Thickness variations are highly likely due to the different growth rates of
different dopants. Using the sheet resistance also takes into account the possibility of nucleation
delays between the nanolaminate layers. From table 5.2, it is clear that a large deviation in
thickness was obtained for thermal TZO. For this particular sample it was suspected that the
DEZn precursor ran out during deposition. This was highlighted further in the Hall Effect
measurements as the film was too resistive to measure. As a consequence of these uncertainties

the film was re-grown and all electrical measurements were taken from the new sample.

For AZO and GZO, the PE-ALD counterparts had a considerably lower overall thickness
compared to the thermal ALD films. This may be explained by the high ion energy of the
plasma causing etching of the thin films and precursor desorption®’. Zhu et al. explained how

the decreased GPC is likely a consequence of film densification®.
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The crystal structure and different structural parameters of the films were analysed from the
XRD data obtained for the thermal and PE-ALD ZnO (as-grown), AZO, GZO, SZO and TZO
thin films, deposited at 150 °C at both 9:1 and 19:1 dopant ratios. The XRD patterns of these

films are shown in figures 5.19 — 5.23.

As previously discussed in section 4.3, the XRD pattern for thermal ALD ZnO exhibits well
defined reflections at 26 values of 31.8°, 34.4°, 36.2° and 56.6° corresponding to reflections
having the Miller indices, (100), (002), (101) and (110) respectively. The presence of these
multiple peaks suggest the polycrystalline nature of the film. The broad peak at 20° (26) is
attributed to the glass substrate. Similarly, the broad peak at 70° (20) is characteristic of a Si
(100) substrate. XRD patterns for PE-ALD ZnO show the characteristic peak at 26 value of
34.4° (002) being present. A preference for c-axis orientation was identified as the XRD pattern
is dominated by the (002) reflection. The (110) reflection was only present in the data obtained

from the thermal ALD ZnO films.

The introduction of dopants caused a deterioration of the ZnO crystal structure. The deposition
was clearly substrate dependent with Si (100) substrate films displaying weak crystallinity and
glass substrate films being amorphous with the exception of the PE-ALD AZO (19:1) sample
grown on a glass substrate. The intensity of the characteristic ZnO peaks decreased with doping
due to loss of crystallinity and perhaps incorporation of defects into the lattice sites of ZnO.
However, it must be noted that the XRD depth of analysis is only ca. 10 nm under the conditions

employed.

A shift in the (100) XRD peak towards higher angle was observed with the introduction of Al.
This can be attributed to the smaller ionic radius of AI** (0.053 nm) compared to that of

Zn?* (0.074 nm) as the lattice parameters of AZO are smaller than those of ZnO. This signifies
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the incorporation of AI** due to doping®. Depending on what dopant is introduced, the

crystallinity of doped-ZnO films differs accordingly® 2.

It has been reported that the (002) plane in ZnO films is suppressed once AI** is incorporated*®
41, Banerjee et al.*? suggested that since the (100) plane is charge neutral due to it consisting of
alternating rows of Zn?* and O% ions, the AI** ions may cause a disturbance to the charge

neutrality and cause the (100) surface energy to be the most favourable®.

The deformation of the ZnO lattice is reported to be significantly lower in GZO than in AZO
as the covalent bond lengths of Ga-O and Zn-O (1.92 A and 1.97 A, respectively) are very
similar when compared to that of Al-O (2.7 A). The Ga®* dopant ions cause lattice disordering
due to the ionic radius mismatch of Ga®* (0.62 A) and Zn?* (0.74 A)*. Hence, a shift in the
XRD peaks towards a higher angle was observed with the introduction of Ga. This was seen
for the thermal GZO (19:1) films where the upward shift of the (100) plane was slightly less
than that observed for the thermal AZO (19:1) sample. The PE-ALD GZO (19:1) sample was

completely amorphous in terms of the XRD data.

In the case of SZO, PE-ALD (on Si (100) substrates) films exhibited an a-axis orientation
preference. The (100) component is observed, indicating that the a-axis of the wurtzite crystal
is growing parallel to the substrate. Compared to as-grown ZnO, the XRD pattern for the SZO
film was significantly broader and weaker. This result is consistent with previous reports of
ALD as-grown SZO which showed that the films were largely amorphous as is also the case

for SnOx deposited by the TDMASH and H20 ALD process'® 4549,

Finally, the XRD results for TZO showed that the films were largely amorphous on glass
substrates. The PE-ALD TZO (9:1) sample showed preferential c-axis orientation with a peak
at 34.1°. The presence of the (002) plane may be explained by the following; the surface energy

is reduced when Ti ions are substituted at zinc sites of the wurtzite structure. The (002) plane
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(a)

possesses a high atomic density and is therefore capable of producing the lowest surface energy
when doped with Ti. This may then be the reason why growth proceeds with the preferred
orientation along the c-axis® °*. All other TZO films on Si (100) substrates displayed a weak
(100) peak, while the peak associated with the (101) plane was also present for both the 9:1
and 19:1 PE-ALD TZO samples. A preferential a-axis orientation was found by Bergum et al®2.
The overall low crystallinity of TZO may be attributed to the presence of amorphous
TiOz interlayers and thinner, crystalline ZnO layers which possess smaller crystal size®. It has
been shown that increasing the Ti at% in TZO completely suppresses the appearance of peaks
associated with the (100) and (101) planes®. Ti** ions have a smaller ionic radius of 0.68 A
when compared to the Zn?* that has an ionic radius of 0.74 A and therefore the Ti can substitute
in place of the Zn ions in the ZnO lattice®*. This can be seen by an upward shift of the peaks

associated with the (100) plane to higher angles.
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Figure 5.19: XRD patterns of as-grown ZnQO films deposited at 150 °C on (a) glass substrates
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Figure 5.20: XRD patterns of thermal ALD AZO, GZO, SZO and TZO (9:1) films deposited
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Figure 5.21: XRD patterns of thermal ALD AZO, GZO, SZO and TZO (19:1) films deposited
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Figure 5.22: XRD patterns of PE-ALD AZO, GZO, SZO and TZO (9:1) films deposited at 150
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Table 5.3 and 5.4 below displays the results obtained from XPS analysis and depth profiling of
thermal and PE-ALD ZnO, AZO, GZO, SZO and TZO. Depth profiling was carried out as
depth of analysis for typical XPS is typically ca. 10 nm. An etch time of 600 s relates to a depth

of analysis of 24 nm and an etch time of 900 s relates to a depth of analysis of 36 nm.

Film Name Thermal/Plasma % Conc.
ZnO Zn 2p thermal 44.5
plasma 46.4
O1s thermal 53.8
plasma 52.3
C1s thermal 1.7
plasma 1.2

Table 5.3: Quantification of high resolution XPS data for both thermal ALD and plasma ALD

grown ZnO at 600 s etch time, equivalent to 24 nm depth profiling
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Film Name Thermal/Plasma % Conc.
AZO Zn 2p thermal 42.1
plasma 44.4
O 1s thermal 52.0
plasma 49.3
Cls thermal 1.4
plasma 1.4
Al 2p thermal 4.5
plasma 4.9
GzZO Zn 2p thermal 43.2
plasma 39.9
O 1s thermal 40.2
plasma 50.4
Cls thermal 5.4
plasma 7.2
Ga 2p thermal 11.2
plasma 2.5
SZO Zn 2p thermal 44.2
plasma 52.5
O1s thermal 53.0
plasma 43.3
Cls thermal 24
plasma 0.5
Sn 3d thermal 0.3
plasma 3.8
TZO Zn 2p thermal 46.7
plasma 51.8
O1s thermal 48.4
plasma 45.5
Cls thermal 2.9
plasma -
Ti2p thermal 2.0
plasma 2.7

Table 5.4: Quantification of high resolution XPS data for both thermal ALD and plasma
ALD-grown AZO, GZO, SZO and TZO (19:1) samples at 900 s etch time, equivalent to 36 nm

depth profiling
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Dopants were incorporated into the ZnO films as reflected in the results outlined in tables 5.3
and 5.4. For the thermal ALD process, the most effectively doped film was GZO with a Ga
atomic percentage of 11.2%. Szab0 et al. reported the optimal Ga doping concentration to be 3
at% in which films had excellent homogeneous resistivity®®>. However, Al was the most
effective dopant for the plasma process at 4.9 at%. For all doped ZnO films except GZO, the
plasma ALD process films had a higher incorporation of dopants than their thermal ALD
process counterparts. In terms of electrical characterisation, thermal ALD AZO, SZO and TZO
(19:1) possessed a higher Hall mobility and carrier concentration and a lower sheet resistance
than their PE-ALD counterparts. Therefore, electrically, the thermal ALD films can be said to
perform better than the PE-ALD films. From this it can be concluded that a higher dopant
incorporation alone does not necessarily equate to the best film electrically. As discussed in
chapter 1, the doping efficiency is important. The presence of residual carbon was detected in
all films except for plasma ALD TZO (etch time 900 s). This is due to precursor ligand
reactions at the low temperatures at which the ALD process was carried out, or possibly just
ligand incorporation. The highest carbon concentration was found at 0 s etch time which

equates to surface contamination which is expected for samples handled in air.

The binding energies of Zn 2ps;> and Zn 2p1» were observed at 1021.8 and 1044.8 eV, which
is consistent with the literature for Zn in bulk ZnO%. From figure 5.24, it can be seen that the
O peak contains two components with different binding energies. The lower binding energy
component of the O 1s peak at ca. 530 eV can be assigned to O ions surrounded by Zn?* ions,
indicating the presence of Zn-O bonds®® 5%, The second O component at the binding energy

of ca. 532 eV can be attributed mainly to surface hydroxyl groups®® 57-5°,
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Figure 5.24: XPS spectra of the O 1s region for (a) thermal and (b) PE-ALD AZO at a depth
of 0-36 nm. The oxygen peak was composed of two components with different binding

energies

The peak at 532 eV can also be attributed to O ions coupled with AI** which might be present
as Alzy" in the ZnO phase, but also as AlOx clusters. The low binding energy component at ca.
73 eV is indicative of the presence of Al,03%%%2, Low concentrations of Al doping would most
likely not be detectable from the Al 2p peak such that it would be difficult to investigate the
chemical environment®® %3, Gupta et al. reported that Al 2p peaks which exhibit a low energy

‘shoulder’ indicates presence of non-oxidised Al atoms®. This was not observed here which

suggested that all Al is oxidised.
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For GZO, the Ga 2ps/2 peak was at ca. 1118 eV, consistent with the literature values for Ga®*®.
The Ga concentration differed hugely between the thermally grown and PE-ALD grown GZO,
11.2% and 2.5% respectively. Comstock et al. reported that H2O is not sufficiently reactive
with the TMGa-terminated surface resulting in no thermally-driven growth of Ga,03%. The
carbon contamination was also significantly higher in the thermal ALD GZO films as compared
to the PE-ALD GZO films. A high Ga and C content may suggest the somewhat unreactive
nature of TMGa and water under the conditions employed. The carbon ligands from the TMGa
precursor may have been incorporated into the film. The precursor may not have decomposed
as intended and/or was not sufficiently purged. The Ga atoms may have segregated together in
the layer, to give an apparent concentration which is much higher than would be achieved just

from the pulse ratio of 19:1

The Sn 3ds/2 spectral peak was observed at a binding energy of ca. 486 eV which is consistent
with the standard values of SnO at 486.4 eV as given in the literature®’. Differentiating between
SnO and SnO> from the XPS Sn 3d peaks alone is quite difficult. A valence band spectrum is

normally required to distinguish between these two oxides®.

The binding energies of Ti 2ps» and 2py2 corresponding to Ti** states were ca. 458 and 464
eV, in agreement with the reported literature’®. A shoulder associated with Ti®* species was
observed at 456.9 eV"3. Interestingly, this film had the best electrical properties, a finding

which is discussed in section 5.3.3.

The nominal dopant fraction based on GPC values for both the thermal and PE-ALD processes
were calculated using equation 5.2%. The nominal dopant fraction may be defined as the atomic

percentage (at%) of dopant incorporated into the ZnO film.

, GPCaopant
Nominal at.% = per x 100% (5.2)
GPCdopant"’ GPCzno
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The GPCs used for each calculation are based on literature values for the deposition of each
binary metal oxide. For thermal ALD, the GPC values used for Al,O3, SnO2, TiO2 and ZnO
were 124, 0.6%°, 0.5%:2" and 2.0%%-%0 A/cycle respectively. The PE-ALD GPCs used were 1.2%%,
0.66%2, 1.7%, 0.5% and 2.2% AJcycle for Al,0s, Ga20s3, SnO2, TiO, and ZnO respectively.
Thermal Ga;0O3 does not appear due to the fact that H2O is not sufficiently reactive with the
TMGa-terminated surface®® and to the best of the knowledge of the author, no GPC values for
this process exist in the literature. It also must be noted that AZO GPC is highly dependent on

the growth temperature. The GPC increases rapidly with growth temperature’.

Film Thermal/Plasma Nominal dopant
at%

AZO thermal 2.6
plasma 2.8

GzO thermal -
plasma 1.6

SZ0 thermal 1.6
plasma 3.9

TZ0 thermal 1.3
plasma 1.2

Table 5.5: Nominal dopant atomic percentage (at%) for thermal and PE-ALD AZO, GZO,

SZO and TZO calculated based on GPC values using equation 5.2, dopant ratio 19:1
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5.3.2 Optical Properties

The optical spectra displaying the transmittance results for ZnO and doped-ZnO grown at 150
°C for thermal and PE-ALD are shown in figures 5.25-5.27. The optical transparency exceeded
70% in the visible range. The absorption edge for all samples lay within the region 275-370
nm as expected due to the absorption of the glass substrates. Incorporation of the Al, Ga, Sn
and Ti-dopants produced a blue shift in the wavelength of the absorption edge. The Ga dopant
caused the greatest shift for the 9:1 thermal and PE-ALD films and 19:1 thermal films.
However, the Al dopant produced the greatest effect on the shift for the 19:1 PE-ALD films.
This may be explained by considering Burstein-Moss theory. This theory explains how the
optical band gap of a semiconducting material with a direct band gap increases with increasing
electron concentration due to the conduction band being highly populated with excited
electrons from shallow donor states®. The electronic valence structure of Al and Ga are the
same (3s?, 3p* for Al and 4s?, 4p* for Ga) and so it may be expected that AZO and GZO would
be similar in terms of their optical properties. However, GZO is metallic-like and produces a
larger Burstein-Moss shift with respect to undoped ZnO which is seen in figures 5.26 and 5.27.
In contrast, AZO behaves as a semiconductor and shows a smaller Burstein-Moss shift. Gabas
et al, have attributed the difference to the fact that Al atoms occupy both substitutional and

interstitial sites, whereas it was suggested that Ga occupies substitutional sites only™.
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Figure 5.25: UV/visible spectra of thermal and PE-ALD ZnO films deposited at 150 °C on
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Figure 5.26: UV/visible spectra of (a), thermal and (b), PE-ALD AZO, GZO, SZO and TZO

(9:1) films deposited at 150 °C on glass substrates
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Figure 5.27: UV/visible spectra of (a), thermal and (b), PE-ALD AZO, GZO, SZO and TZO

(19:1) films deposited at 150 °C on glass substrates
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The band gaps of 19:1 thermal and PE-ALD films were determined using the Tauc plot method
(equation 5.3). A graph plotting (ahv)? versus photon energy (hv) was generated. The band gap
energies were determined by the extrapolation of the linear region of the optical absorption
edge. The absorption coefficient (o) was calculated via equation 5.4’® where A is the

absorbance and t is the thickness of the ALD layer.

(ahv)n = A(hv — E,) (5.3)

Where:

a - absorption coefficient
h - Plank’s constant

v - frequency of light

n - nature of the transition
A - absorbance

Eq - band gap energy

The nature of the transition, n may take on the following values; n = % for direct
allowed transitions, n = 3/, for direct forbidden transitions, n = 2 for indirect allowed transitions

and n = 3 for indirect forbidden transitions.
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2.3034

a = (5.4)

The Tauc plot (figure 5.28) exhibits band gap energies of 3.7, 3.8 and 3.86 eV for thermal
AZO, SZO and TZO (19:1) respectively on glass substrate. Table 5.6 presents the results for

the previously mentioned films and also PE-ALD AZO, GZO, SZO and TZO (19:1).

Hou et al. reported band gap energies of 3.27 — 3.58 eV for thermal ALD AZO (0% to 4.42%)"".
Swatowska et al. reported band gap energies in the range of 3.4-3.9 eV for thermal ALD AZO
(1.6% to 7.9%)8. In the case of thermal ALD TZO, Lee et al. found an enhanced band gap of
3.51 eV when compared to undoped ZnO (3.25 eV)8. An increase in band gap energy can be
explained by the Burstein-Moss theory as previously mentioned®. Valencia et al. suggested
that the morphology of thin films may be determined by band gap analysis’. Various TiO2
films (amorphous, amorphous-crystalline, and crystalline) were deposited via sol-gel methods.
The films that were confirmed to be amorphous by XRD had band gap values in the range of
3.5 eV, much higher than the crystallised TiO> films. Welte et al. also observed a higher band
gap for amorphous TiO; films®. XRD analysis proved that films in this chapter are practically

amorphous which coincides with the higher band gap values measured.
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Figure 5.28: Band gap energies calculated via Tauc plot method for thermal ALD 19:1 AZO,

SZO and TZO on glass substrates
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Thin film ALD Process Band gap (eV)

AZO 19:1 thermal 3.7
plasma 4.3

GZO0 19:1 thermal -
plasma 4.2

Sz0 19:1 thermal 3.8
plasma 4.26

TZ0 19:1 thermal 3.86
plasma 4.24

Table 5.6: Band gap energies calculated via Tauc plot method for 19:1 thermal and PE-ALD

AZO, GZO, SZO and TZO on glass substrates
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5.3.3 Electrical Properties

The electrical properties of doped ZnO films were assessed by means of Hall Effect

measurements. These measurements were carried out on a Lake Shore 8404 Hall-effect system

and the results obtained are displayed in tables 5.7 and 5.8. The Hall mobility, carrier

concentration and sheet resistance for each film were measured. The sheet resistance was

measured as opposed to resistivity. This is due to the fact that thickness variations are highly

likely due to the different growth rates of different dopants. Using the sheet resistance also

takes into account the possibility of nucleation delays between the nanolaminate layers.

Film Thermal/Plasma | Hall mobility Carrier Sheet resistance
(cm?/V.s) concentration (cm) (Q/o)
AZO thermal 1.26 3.41 x10%° 8.0 x10°
plasma N/A N/A N/A
GZO thermal N/A N/A N/A
plasma N/A N/A N/A
SZO thermal 1.54 2.19 x10%° 10.3 x10°
plasma 0.43 7.16 x10%7 1237.6 x10°
TZO thermal 2.89 7.65 x10%° 1.7 x10°
plasma 0.19 1.42 x10% 124.5 x10°

Table 5.7: Electrical properties of AZO, GZO, SZO and TZO (9:1) deposited by thermal and

PE-ALD at 150 °C on glass substrate
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Film Thermal/Plasma Hall mobility Carrier Sheet resistance
(cm?/V.s) concentration (cm) (Q/n)

AZO thermal 5.98 1.58 x10%° 400
plasma 0.11 6.35 x10%’ 5062.5 x10°

GZO0 thermal N/A N/A N/A
plasma 0.15 1.20 x10%° 215.0 x10°

SZ0 thermal 2.66 2.74 x10'° 4.8 x10°
plasma 0.20 3.88 x10Y 4826.9 x10°

TZ0 thermal 6.77 1.51 x10%° 339.0
plasma 0.06 6.19 x10%’ 8817.8 x10°

Table 5.8: Electrical properties of AZO, GZ0O, SZO and TZO (19:1) deposited by thermal and

PE-ALD at 150 °C on glass substrates

A common trend observed for all doped films was that thermally-grown doped ZnO had a

significantly higher carrier concentration and Hall mobility and a lower sheet resistance than

the plasma doped films. Thomas et al. have attributed an increase in resistivity and hence sheet

resistance to a lower concentration of oxygen vacancies as a result of their neutralization by

oxygen radicals®’. Ideally, the optimum film would have a high carrier concentration and Hall

mobility with a low sheet resistance.
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The electrical properties for PE-ALD AZO 9:1 could not be obtained via Hall measurements.

This film was extremely resistive and displayed no ohmic behaviour.

The low sheet resistance of 400 Q/o for thermal AZO (19:1) may also be attributed to the fact
that the film had small surface features. Smaller surface grains mean less trapping and a lower
sheet resistance. A more densely packed film may explain why this film had a relatively high
Hall mobility of 5.98 cm?/V.s. Previously, AZO films grown using a dopant ratio of 19:1 have
been reported to have the best electrical characteristics®2®, Dhakal et al. reported a 575 nm
thick AZO film grown at 325 °C with a sheet resistance of 100 /0 and a carrier concentration
of 1.86 x10%° cm. Following annealing of the films at 400 °C for 30 minutes, a sheet resistance
of 25 Q/o (corresponding to a resistivity of 1.4 x10% cm=)®2, Qian et al. reported 60 nm thick
AZO films deposited at 120 °C with a resistivity of 9.4 x 10 Q cm®3. A resistivity of 1.7 x10°

3 Q cm and a carrier concentration 4.7 x10%° cm3 was reported by Lee et al ..

The Hall mobility for thermal SZO was found to be 2.66 cm?/V.s for the 19:1 film while the
value obtained for the 9:1 film was 1.54 cm?/V.s. This result is reflected for the carrier
concentration values of thermal SZO where the value obtained for the 19:1 film is higher than
the 9:1 film. The opposite results are seen for plasma SZO where both the Hall mobility and
the carrier concentration show higher values in the 9:1 film as opposed to the 19:1 doped film.
In terms of sheet resistance, the thermal SZO 19:1 film had a lower value than the 9:1 film,
475.5 x10" versus 102.5 x10? Q/o. For plasma SZO, the 19:1 film had a higher sheet resistance
than the 9:1 film, 482.7 x10 versus 123.8 x10* Q/o. These results suggests that the film ratio
of 19:1 is best for the thermal process and a ratio of 9:1 is best for the plasma process in order
to achieve the best electrical properties for the particular films. At higher dopant levels, inactive
dopant atoms can act as scattering centres which in turn negatively impact the electrical
properties of a material. The contrary seems to be the case for plasma grown films. The higher

levels of introduced dopants may be incorporated more effectively. Plasma etching effects
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(supported by the lower thickness of plasma grown films) caused by the high ion energy of the
plasma may be compensated by the higher level of dopants leaving no excess dopants present

for scattering to occur — effectively the atoms lost by etching are replaced®’.

The electrical data for thermal ALD-grown TZO 19:1 proved to be the most optimal with the
largest Hall mobility at 6.77 cm?/V.s and also the best sheet resistance value at 339 Q/o.
Thermal TZO (19:1) also had a high carrier concentration at 1.51 x10% ¢cm™. It has previously
been reported that in ALD, Ti is incorporated into the film as Ti*". Therefore, when Ti**
substitutes Zn?*, two free electrons are available to contribute to the conductivity of the filmé,
The optimal dopant ratio for thermal TZO has been reported as 19:18 & which was reflected in
this study. Films prepared at the higher doping level of 9:1 displayed similar electrical results
(Hall mobility 2.89 cm?/V.s, carrier concentration 7.65 x10'° cm™ and sheet resistance 1200
Q/o). Although the mobilities and carrier concentrations for the thermal 9:1 TZO were lower
than those of the 19:1 films, while the sheet resistance values were higher, the results are

encouraging when compared to the other 9:1 doped films and the 19:1 films of GZO and SZO.

The electrical properties of GZO films could not be determined except for the plasma GZO
(19:1) film where a Hall mobility of 0.15 cm?/V.s, a carrier concentration of 1.20 x10° cm3
and a sheet resistance of 215.0 x10° Q/o were obtained. Although the value for carrier
concentration is quite respectable, the film was very resistive as reflected by the high sheet
resistance. It has previously been reported that after a certain level of Ga-doping, Ga atoms
tend to occupy interstitial sites as neutral defects and can even substitute oxygen sites. This
leads to a decrease in carrier concentration as the Ga act as neutral point defects and no longer
contribute the free electrons®” 8. Roberts et al. reported a nuclear magnetic resonance (NMR)
study in which Ga-O bonding formed with an increase in Ga-doping. This lead to the formation
of non-conducting Ga>O3 phase which acted as a charge trapping centre and further reducing

carrier concentration and mobility®®. Even though in this thesis the electrical properties of a
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GZO film with a higher Ga % could not be compared, this is a very interesting observation that

should be explored as future work.

Overall, the thermal TZO (19:1) film had the best Hall mobility at 6.77 cm?/V.s and also the
best sheet resistance at 339 Q/o. The thermal AZO (19:1) film had the best carrier
concentration at 1.58 x10%° cm™ with the thermal TZO film having a comparable value at 1.51

x10%° cm™,

For films marked N/A in the tables, the resistance was too high to measure. The upper limit of

the Hall system is 200 GQ.
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5.4 Conclusions

When compared to as-grown ZnO, neither the thermal ALD nor plasma ALD doped films could
compare in terms of the Hall mobilities achieved. The Hall mobilities of the thermal and plasma
as-grown ZnO at 150 °C were 10.5 and 1.5 cm?\V.s, higher than that of any of the
corresponding doped films. However, in terms of carrier concentrations, for both the thermal
and plasma doped films, the values were higher than those obtained for as-grown ZnO (8.8
x108 and 2.4 x10'® cm™ for thermal and PE-ALD ZnO respectively). Of the doped films, the
thermal TZO (19:1) film displayed the highest Hall mobility at 6.77 cm?/V.s which may be
explained in terms of the presence of more active dopants that can also act as scattering centres.
The blue-shift observed based on the Burstein-Moss theory indicates an increase in the carrier
concentration®. Similarly, a reduction was seen in terms of sheet resistance values as the doped
films had lower values than that of as-grown ZnO. These results show that the incorporation
of dopants improved the electrical properties of ZnO but with no obvious correlation between
Hall mobility and sheet resistance. Ellmer et al. have stated that ionized impurity scattering is

responsible for decreased electron mobility but with an increased carrier concentration®.

It has previously been reported that the intensity of the (002) XRD peak from doped ZnO films
is inversely proportional to sheet resistance® . In contrast, the work presented here suggests
that this is not necessarily always the case since the thermally deposited AZO (19:1) films
grown here possessed one of the lowest sheet resistance values at 400 /o but the (002) plane
was absent from the XRD spectrum for the film. Interestingly, thermal TZO (19:1) had a lower
sheet resistance of 339 Q/o but was completely amorphous and no (002) peak was present in

the XRD spectrum.

Varying degrees of crystallinity were observed across the doped-ZnO films. This may be as a

result of how materials nucleates on the substrate directly or on or near the introduced dopant.
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In addition the dopant may cause inhibited nucleation of ZnO due to the dopant blocking sites

and hindering DEZn absorption®-2,

Similar to as-grown thermal ALD ZnO, thermal ALD AZO, SZO and TZO show columnar
grains on the surface of the films on both glass and Si (100) substrates. On glass substrates,
PE-ALD AZO, GZO, SZO and TZO all reflect what is observed with as-grown PE-ALD ZnO.
PE-ALD AZO also shows similar surface features on Si (100) substrate. However, GZO, SZO

and TZO differs showing columnar surface features.

TEM imaging revealed deviations from the expected growth rates resulting in films with a
reduced thickness. As previously mentioned, the dopant may inhibit nucleation of ZnO due to

the dopant blocking sites and hindering DEZn absorption.
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Chapter 6: A Study of the Growth of Ternary

Compounds Based on ZnO by Plasma-Assisted ALD

Abstract

This chapter describes the growth and characterisation of ZnO: Ga;0s: Al203, ZnO: SnO3:
Al203 and ZnO: TiO2:Al,03 using PE-ALD at 150 °C as described in section 2.2.4. XRD
analysis revealed that growth was substrate dependent with Si (100) substrate films displaying
crystallinity and glass substrate films being significantly less crystalline. A shift in the (100)
XRD peak towards a higher angle occurred due to the incorporation of the dopants into the
ZnO matrix. In terms of both carrier concentration and sheet resistance, the best performing
ternary was found to be the ZnO: Ga0s: Al,O3 (9:1 Ga, 19:1 Al) material with a carrier

concentration of 1.36 x10° cm and a Hall mobility of 0.17 cm?/V.s.

6.1 Introduction

One of the main applications of ALD involves the use of doped, binary metal oxides®. However,
there is increasing interest in the fabrication of ternary and quaternary materials in terms of

applications such as catalysis® 3, energy storage* ® and photovoltaics®®,

Coll et al. have published a review on the topic of functional multicomponent oxides focusing
on pervoskites (ABQs), spinels (AB204), delafossites (ABO2) and scheelites (ABO4)°. This
review exploits the fact that the exact same metal cation can be either stable or metastable in
different structures. In contrast this present chapter focuses exclusively on ZnO-based ternary
oxides which are composed of Zn?* ions combined with two other metal ions in an oxide matrix-
so-called ternary oxides. The use of ternary oxides provides more opportunities to tune the
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composition and both the atomic and electronic structures. ALD is a particularly suitable deposition
method for the fabrication of ternary or even quaternary oxides as it possible to tailor the growth
recipe to a precise sequence. Mackus et al. have published an extensive review on the growth of
doped, ternary and quaternary materials by ALD?. Previous ZnO-based ternaries studied include
ZnO: Al,O3: Zr02'%, ZnO: MgO: Al,0s** and ZnO: TiOz: ZrO;*2 The co-reactant used in the
growth of these films was H20. In this thesis, Oz plasma was the chosen co-reactant. A more
reactive co-reactant can lead to the elimination of nucleation effects such as etching by
persistent ligands or memory issues associated with the persistence of H20 in the chamber. Use
of Oz plasma may also functionalize the surface of the film with more reactive sites. If
nucleation effects can be minimized, the deposition of complex materials may become more

viable as switching between different binary oxides is aided?.

6.2 Experimental

6.2.1 Preparation of ZnO ternary films
As listed in section 2.2.4 of this thesis, the following ternary samples of ZnO: Ga;Os: Al20s,
ZnO: SnO2: Al203 and ZnO: TiO2: Al.O3 were prepared using PE-ALD at 150 °C via the

supercycle method:

Case Dopant 1 ratio Dopant 2 ratio
1 9:1 19:1
2 19:1 9:1
3 19:1 19:1

Table 6.1: Dopant ratios used for the growth of ternary films

330



6.2.2 Characterisation techniques

The crystallinity of the ZnO ternary films was analysed by X-ray diffraction (XRD) using a
PANalytical X’Pert Pro Diffractometer, with Cu Ko (A = 0.154 nm) radiation from 10 to 70°
at a step size of 0.02° under 45 kV and 30 mA. The XRD results were compared to the Joint
Committee on the Powder Diffraction Standard Card (JPCDS: 36-1451). AC and DC field Hall

Measurements were performed using a Lake Shore 8400 Series system.

6.3 Results and discussion

6.3.1 X-ray Diffraction
Figures 6.1-6.3 show XRD patterns for ZnO: Ga>0z: Al>03,Zn0: SnO2: Al20Ozand ZnO: TiOz:

Al>03 deposited by PE-ALD at 150 °C on both Si (100) and glass substrates.

Peaks observed at 31.8° was assigned to the (100) plane of ZnO. This was observed in ZnO:
Ga203: Al0Osz and ZnO: SnO2: AlxOs for all three dopant ratios studied, see table 6.1 above.
The intensity of this peak was highest in the 19:1 dopant, 19:1 dopant ratio film. Indeed for the

ZnO: TiO2: Al>O3 sample the (100) plane was only observed in the 19:1, 19:1 ratio film.

A shift in the (100) XRD peak towards a higher angle was observed when comparing the
ternary films to as-grown PE-ALD ZnO. For ZnO: SnO.: Al203, the (100) peaks were found
at approximately 32.7°, 33.2° and 33.1° for the ratios 9:1 Sn 19:1 Al, 19:1 Sn 9:1 Al and 19:1
Sn 19:1 Al respectively. For ZnO: Gaz0s: Al203, the (100) peaks were found at approximately
32.8°, 32.9° and 33.1° for the ratios 9:1 Ga 19:1 Al, 19:1 Ga 9:1 Al and 19:1 Ga 19:1 Al
respectively. The (100) peak in the 19:1, 19:1 ratio ZnO: TiO2: Al.O3 material was shifted to

32.5°.
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The deposition was clearly substrate dependent with films grown on Si (100) substrates films
displaying clear evidence of crystallinity in the form of sharp, well-defined XRD features while
films deposited on glass gave rise to significantly broader and weaker XRD features,
suggesting reduced crystallinity in comparison. In all the ternary oxides deposited, with the
exception of the ZnO: TiO2: Al,O3 materials, a broad peak ranging from 31-36° was seen for

the films deposited on glass substrates.
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Figure 6.1: XRD patterns of ZnO: Ga.03: Al.Oz materials deposited using various dopant

ratios at 150 °C on (a) glass substrates and (b) Si (100) substrates
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Figure 6.2: XRD patterns of ZnO: SnO2: Al.O3 materials deposited using various dopant

ratios at 150 °C on (a) glass substrates and (b) Si (100) substrates
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Figure 6.3: XRD patterns of ZnO: TiO2: Al.O3 materials deposited using various dopant

ratios at 150 °C on (a) glass substrates and (b) Si (100) substrates
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6.3.2 Hall Effect Measurements

The Hall mobilities, carrier concentrations and sheet resistance values for the ZnO: Ga,Os:

Al203,Zn0O: SnO2: Al203and ZnO: TiO2: Al2Osternary materials deposited by PE-ALD at 150

°C on glass substrates are given in table 6.2.

Film Dopant ratio Hall mobility Carrier Sheet resistance
(cm?/V.s) concentration (cm) (Q/o)

Zn0:Ga203:Al203 | 9:1 Ga, 19:1 Al 0.17 1.36 x10%° 169.0 x10°

19:1 Ga, 9:1 Al 0.08 5.59 x10'® 709.0 x10°

19:1 Ga, 19:1 Al 0.11 4.18 x108 882.4 x10°

Zn0:Sn02:Al203 9:1Sn, 19:1 Al 0.18 1.06 x10*8 1797.1 x10°

19:1 Sn, 9:1 Al 0.14 2.29 x 107 1115.2 x 10°

19:1 Sn, 19:1 Al 0.09 7.51 x 10 50343.2 x 10°

ZnO:TiO2:Al203 9:17Ti, 19:1 Al 0.10 4.89 x10'/ 6214.3 x10°

19:1Ti, 9:1 Al 0.09 7.70 x10% 4148.6 x10°

19:1Ti, 19:1 Al 0.10 1.09 x10*8 2844.0 x10°

Table 6.2: Electrical properties of ZnO: Ga20z: Al203,Zn0O: SnO2: Al20zand ZnO: TiOz:

Al;O3 deposited by PE-ALD at 150 °C on glass substrates
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For the ZnO: Ga20s: Al.O3 materials, the best Hall mobility, 0.17 cm?/V.s was obtained for the
9:1 Ga, 19:1 Al material. This same material also had the highest carrier concentration and the

lowest sheet resistance.

For the ZnO: SnO,: Al,O3 materials, the highest Hall mobility of 0.18 cm?/V.s was achieved
by the film with a ratio of 9:1 Sn, 19:1 Al. Again, this film also had the highest carrier
concentration. The 19:1 Sn, 19:1 Al film had the highest sheet resistance being some 28 times

that of the 9:1 Sn, 19:1 Al material and 45 times that of the 19:1 Sn, 9:1 Al material.

For the ZnO: TiO2: Al,Oz materials, very little difference in terms of Hall mobility was seen
between the different dopant ratios. The highest carrier concentration obtained was for the 19:1
Ti, 19:1 Al material while the lowest sheet resistance was obtained for the 9:1 Ti, 19:1 Al
material, but as may be seen from table 6.2 above, the sheet resistance values for all films are

of similar order of magnitude, being some kQ/o.

Overall, for all films studied, there is really very little variation in the measured Hall mobilities.
The ZnO: SnO,: Al,03(9:1 Sn, 19:1 Al) material has the highest Hall mobility at 0.18 cm?/V.s
while across all ratios studied it is the ZnO: Ga.0z: Al.O3 materials that have the highest carrier
concentrations, the highest value being measured for the 9:1 Ga, 19:1 Al material at 1.36 x10*°
cm3. The ternary with the best (lowest) sheet resistance was found to be the ZnO: Ga203: Al,03
material for the ratio 9:1 Ga, 19:1 Al, at 169.0 x10° Q/o. Overall, the ZnO: Ga20s: Al,O3, (9:1
Ga, 19:1 Al material is the best performing ternary in terms of both carrier concentration and
sheet resistance while its Hall mobility at 0.17 cm?/V.s is very close to the highest value

recorded across the series, at 0.18 cm%/\V.s

As noted earlier, the measured values for Hall mobility for all ternary samples are quite
comparable. These values may be compared to the values recorded for the binary-doped

materials reported in Chapter 5.
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The Hall mobility values range between 0.06 and 0.43 cm?/V.s for the plasma-grown binaries
and between 0.08 and 0.18 cm?/V.s for the ternaries. Interestingly although there are some
variations, these are not particularly pronounced suggesting that there is no particular

advantage in terms of depositing ternaries as compared to binaries in terms of mobility.

Comparing both the binaries and ternaries to the nominally undoped ZnO materials grown at
the same temperature ((2.4 x10'® cm™3, Chapter 4) it may be seen that the carrier concentration
values were generally higher for the binaries and ternaries than those obtained from the
nominally undoped materials, as might be expected if the doping is indeed influencing the

electrical properties as per design.

The carrier concentration values for the ternaries varied from 10'6-10% cm. The lowest sheet
resistance for the ternaries was for the ZnO: Ga,03: Al203 (9:1 Ga, 19:1 Al) material at 169
x10% Q/o. The only plasma-grown binary that gave rise to a comparable value GZO (19:1) at
215 x10% Q/o. Interestingly, the best performing films for both binaries and ternaries in terms
of sheet resistance both contained Ga. The values obtained for these films were also lower than
the sheet resistance measured for plasma-grown nominally-undoped ZnO at 150 °C (240 x10°

Q/o.
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6.4 Conclusions

ZnO: Gaz0s: Al203,Zn0: SnO2: Al,0zand ZnO: TiO2: Al2Os ternaries were deposited via PE-
ALD at 150 °C. XRD analysis identified that growth was substrate dependent with Si (100)
substrate films displaying crystallinity and glass substrate films being significantly less
crystalline. A shift in the (100) XRD peak towards a higher angle was observed when
comparing the ternary films to as-grown PE-ALD ZnO implying that lattice constants decrease.

This was due to the incorporation of the dopants into the ZnO matrix.

The best performing ternary in terms of both carrier concentration and sheet resistance was
found to be the ZnO: Ga,0s: Al.O3 (9:1 Ga, 19:1 Al) material. At 0.17 cm?/V.s, this sample
also displayed a Hall mobility which was comparable to the highest value recorded across the

series 0.18 cm?/V.s.

Overall, the best performing films in terms of mobility, sheet resistance and carrier
concentration were those films containing Ga, which suggests that of the additional ions
included, Ga** ions perform better than Sn** ions or Ti*" ions as dopants. We may speculate as
to why this should be the case when in theory Ga®" ions can contribute one extra electron to
the conduction band of the ZnO while both Sn* or Ti** ions can contribute two electrons. In
terms of the size of the ions, in increasing order, the ionic radii are as follows 0.53, 0.62, 0.68,
0.69 and 0.74 A for AI¥*, Ga**, Ti**, Sn** and Zn?* respectively®®. Both Ti**, Sn** are very
comparable in size with Ga®*" being smaller. From the XRD results, it can be seen that the
ternary containing Ti*" is the least crystalline while ternaries containing Ga®* and Sn** show

similar degrees of crystallinity.
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Chapter 7. Conclusion and Suggestions for Future

Work

The initial work presented in this thesis studied the growth of TiO2/ZnO nanolaminates. The
concept of combinatorial ALD or C-ALD was introduced in order to facilitate the deposition
of layered ZnO and TiOz nanolaminates on both Si (100) wafers and glass substrates. Films
grown included; ZnO (40 nm), TiO> (40 nm), ZnO layer (40 nm) followed by TiO: layer (40
nm) and vice versa, a multilayered laminate (4 nm ZnO + 4 nm Ti0O;) x5 and a deliberately
mixed ZnO/TiOz 1:1 film grown by alternating very short (0.05 s) pulses of each precursor

until the desired thickness of 40 nm was reached.

A nucleation delay was observed for ZnO deposited directly on the substrate and on the
subsequent TiO; layer, albeit the latter to a lesser extent. The reason for the difference in
nucleation delay may be explained by the dissimilar surface groups, SiO> with surface hydroxyl
groups for Si (100) substrate and hydroxyl groups bonded to Ti in the case of the TiO; layer.
ZnO appeared to possess a templating influence on the TiO layer grown subsequently on both
substrate types. XRD analysis revealed a strong preference for the (002) orientation which
indicated the polycrystalline manner of the ZnO film. XRD results also suggested that layer
growth was substrate-dependent as shown by crystalline TiO> only being present on glass
substrates. The nanolaminate structures showed stability such that the layer structure remained
intact after undergoing annealing at 400 °C for 1 hour. In contrast, the mixed ZnO: TiO2 (1:1)
film showed evidence of ZnO segregation and crystallisation. In regards to photocatalytic

activity, no evidence was found for any enhancement of photoactivity in the mixed or
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nanolaminate films. After 1 hour UV exposure, the TiO- yielded a CA value of <5°, suggesting
superhydrophilicity. The most photoactive films were found to be those consisting of ZnO

deposited onto glass substrates.

Next, a comparative study of the deposition of ZnO onto Si (100) wafers and glass substrates
by both thermal and remote plasma atomic layer deposition (ALD) was investigated. In order
to minimise the influence of reactor design on the nature of the deposited materials, the same

reactor, in this case a Picosun™ R200 ALD reactor, was used for both sets of experiments.

The GPC values for both ALD processes were investigated and the thermal process was found
to have a higher GPC than that of the plasma process with the exception of growth at a substrate
temperature of 100 °C. The maximum GPC for the thermal process was found to be 2.1 A/cycle
at a substrate temperature of 150 °C deposited on glass substrate whereas on the Si (100)
substrate the GPC under the same conditions was found to be 1.76 A/cycle. In contrast, the
maximum GPC observed for the plasma process was 1.4 A/cycle at 200 °C which was achieved
on the Si (100) substrate. The differences between the thermal and plasma-assisted processes
prompted a discussion of the mechanisms of nucleation and growth for both processes that
concluded that overall, involved in both processes are essentially thermally activated to some
extent. For the PE-ALD process, although the activation energy for the reaction is largely
delivered by the plasma rather than from the substrate, the overall process is not solely
determined by gas-phase activation since the substrate temperature still influenced the GPC to
a degree. This is consistent with the self-limiting nature of an ALD process. When comparing
the GPC values for both the thermal and plasma films grown at 100 °C, a higher GPC for the
plasma film was obtained. The low GPC value for the thermal process can be explained by the

lower reactivity of the DEZn precursor at lower temperatures. Further to this, at 150 °C and
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200 °C, GPC values for the plasma grown films on Si (100) substrates are lower than those for

the thermally grown films.

In terms of morphology, differences were observed between the thermal and plasma grown
films. The thermal ALD films showed cylindrical, tear drop-like surface features whereas the
PE-ALD films showed more spherical surface features on both Si (100) and glass substrates.
As the substrate temperature increased, features became more defined for both thermal and PE-
ALD. In terms of crystallinity, the XRD spectrum for PE-ALD films was dominated by the
presence of the (002) reflection, showing a preference for c-axis orientation. In contrast, the
thermal ALD process displayed no particular preference between the (100) and (002) directions
for films deposited at 100 °C on both Si (100) and glass substrates. The (100) direction became

more prevalent as the substrate temperature increased to 150 and 200 °C.

Optically, all films possessed an average transmittance over the entirety of the visible
wavelength range 400 to 750 nm of >60% with a sharp cut off in the UV region due to the band

gap of the material.

The electrical properties of the films was investigated via Hall Effect measurements. Hall
mobilities were found to increase with increasing substrate temperature, while the sheet
resistance decreased accordingly. Interestingly in terms of carrier concentrations, an increase
was observed for thermal ALD process films with increasing substrate temperature while for
the PE-ALD grown samples the reverse trend was observed. Similarly for these latter samples
the sheet resistance values are very high for all samples prepared, meaning that the PE-ALD

samples produced were essentially resistive. In contrast, the samples grown by thermal ALD
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have much lower sheet resistance values by several orders of magnitude, as might be expected

due to the higher carrier concentrations and mobilities.

Next, ZnO was intentionally doped with Al, Ga, Sn and Ti with the aim of improving the
electrical properties of the thin films. Dopant ratios of 9:1 and 19:1 were employed.
Electrically, the 19:1 films outperformed their 9:1 counterparts with the exception of PE-ALD

TZO.

For thermally deposited AZO, SZO and TZO on both glass and Si (100) substrates, SEM
imaging revealed columnar grains on the surface of the films. As-grown thermal ALD ZnO
also showed similar surface features. No columnar grains were present on the surface of
thermal GZO in which more random smaller surface particles were observed. AZO, GZ0O, SZO
and TZO deposited by PE-ALD on glass all display similar surface features to those observed
on as-grown PE-ALD ZnO, small densely packed surface features. Comparing these results to
the PE-ALD films deposited on Si (100) substrate, AZO shows similar surface features but

GZO, SZO and TZO differ displaying columnar surface features.

Neither the thermal nor plasma doped films could compete in terms of the Hall mobilities
measured when compared to as-grown ZnO. On the contrary, as might be expected, both the
thermal and plasma doped films had higher carrier concentration values than those obtained
for the as-grown ZnO. The blue-shift observed via UV-Visible Spectroscopy can indicate an
increase in the carrier concentration (Burstein-Moss theory)?*. A similar improvement was
observed for sheet resistance values as the doped films had lower values than that of as-grown
Zn0. These results suggest that the incorporation of dopants improved the electrical properties

of ZnO however with no direct correlation between Hall mobility and sheet resistance.
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From TEM imaging it was observed that the expected growth rates deviated from the actual
growth rates. This may be explained by dopant atoms inhibiting nucleation of ZnO due to the
dopant blocking sites and hindering DEZn absorption'? 3. This highlights the idea that there
are differences in the nucleation of ZnO on different dopant atoms and vice versa. This may

also be used to explain the varying degrees of crystallinity observed across all doped ZnO films.

Next, the growth of the ternary oxides ZnO: Ga>0z: Al,03, ZnO: SnO,: Al20Ozand ZnO: TiOa:
Al;O3 by PE-ALD was studied. By nature ternary films are more complex and it was
demonstrated that by fabricating these materials by ALD allows for precise control over film

design.

The incorporation of dopant atoms was confirmed by the observation of a shift in the (100)
XRD peak towards higher angles. Growth of ternaries proved to be substrate dependent as Si

(100) substrate films displayed crystallinity while glass substrate films were weakly crystalline.

For all ternaries, the best ratio in terms of electrical measurements was found to be 9:1
Ga/Sn/Ti, 19:1 Al. At this ratio, the best Hall mobility was for the ZnO: SnO2: Al,Os at 0.18
cm?/V.s, the best carrier concentration was by ZnO: Ga,Os: Al,Os at 1.36 x10'° cm™ and the

lowest sheet resistance was by ZnO: Ga,0s: Al,Ozat 169.0 x10° Q/o.

The ZnO: Ga;03: Al203(9:1 Ga, 19:1 Al) ternary was the best performing overall across carrier

concentration and sheet resistance. The Hall mobility was comparable to that of the best

performing ternary; ZnO: SnO,: Al;O3(0.18 cm?/V.s.) at 0.17 cm?/V.s.
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Comparing the binaries and ternaries to as-grown ZnO, for both the thermal and plasma
process, the carrier concentration values were higher than that obtained for plasma as-grown

ZnO also deposited at 150 °C (2.4 x10'® cm®).

The plasma-grown doped ZnO film with the lowest sheet resistance was GZO (19:1) at 215
x10% Q/o. This value is comparable to that obtained for the ZnO: Ga20s: Al.Os ternary (9:1
Ga, 19:1 Al) which was found to have a sheet resistance of 169 x10% Q/o. As previously
mentioned, the best performing films in terms of sheet resistance both included Ga atoms.
These sheet resistance values above were lower than the sheet resistance obtained for plasma-

grown ZnO at 150 °C which was 240 x10° Q/o.

In order to build upon the work presented in this thesis the following studies may be considered

for future work:

e A wider range of dopant ratios should be investigated in order to assess the potential
benefits on electrical and optical properties and also to determine the optimal doping

ratio for different dopants in ZnO matrix thin films.

e Other precursors could be explored in order to improve the electrical and optical

properties of the films.

e Depositing the doped films at different temperatures would be beneficial to have a
wider range of data. A higher temperature such as 200 °C may have a positive effect

on film properties.
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It would be beneficial to dope ZnO at various dopant concentrations. XPS analysis
could be employed in order to investigate if all dopant atoms were incorporated as
dopants that substituted in place of Zn atoms e.g. Alz" in the case of AZO. Al-doping
should not lead to any additional oxygen atoms. If an increase in oxygen content is
detected by XPS, it would suggest the formation of an Al>Os phase which would
negatively impact the electrical properties of the film as Al is not acting as an electron

donor.

Further analysis is required on the ternary films in order to fully make an interpretation
of the results. SEM would prove beneficial to see the surface morphology of the films.
TEM would be extremely beneficial to see the cross-section of the films. From this, the
confirmation of laminate structure may be possible. It may also be possible to see how
the dopants have been incorporated. XPS would allow for the true atomic percentages

of the ternary films to be measured.
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Appendix 11

The recipes for the preparations of TiO2/ZnO composites are given in tables I-V below.

Step Instruction Valve number | Value (unit)
0 flow 0 40 sccm
1 flow 1 180 sccm
2 wait 1s

3 wait 20s

4 wait 1s

5 pulse 3 0.2s

6 wait 10s

7 pulse 5 0.1s

8 wait 10s

9 goto 5 200

10 wait 10s

11 flow 0 0 sccm
12 flow 1 0 sccm

Table I: Recipe for the deposition of thermal ALD ZnO (40 nm) by Cambridge Nanotech Fiji

200

Referring to table I, in steps 0 and 1 precursor carrier flow rate and plasma source purge flow
rate are set and measured in standard cubic centimetres per minute (sccm) at atmospheric

pressure and temperature. In steps 2, 3 and 4, 1 s and 20 s wait times occur to allow for
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stabilisation of flow rates. Step 5 involves a DEZn precursor pulse for 0.2 s. Step 6 is a wait
time of 10 s to allow for purge of DEZn and any reaction by-products. Step 7 is a water pulse
for 0.1 s. Step 8 is a wait time of 10 s to allow for purge of water and reaction by-products. In
step 9, “go to” returns the recipe to step 5 and the reaction repeats itself for 200 cycles. Step 10
is a wait time of 10 s. In steps 11 and 12, the precursor flow rate and plasma source flow rate

are set to the stand-by rate of 0 sccm.

Step Instruction Valve number | Value (unit)
0 flow 0 40 sccm
1 flow 1 180 sccm
2 wait 1s

3 wait 20s

4 wait 1s

5 pulse 0 04s

6 wait 10s

7 pulse 5 0.1s

8 wait 10s

9 goto 5 670

10 wait 10s

11 flow 0 0 sccm
12 flow 1 0 sccm

Table I1: Recipe for the deposition of thermal ALD TiO> (40 nm) by Cambridge Nanotech Fiji

200
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Referring to table II, in steps 0 and 1 the precursor carrier flow rate and plasma source purge
flow rate are set and measured in standard cubic centimetres per minute (sccm) at atmospheric
pressure and temperature. In steps 2, 3 and 4, 1 s and 20 s wait times occur to allow for
stabilisation of flow rates. Step 5 involves a TDMAT precursor pulse for 0.4 s. Step 6 is a wait
time of 10 s to allow for purge of TDMAT and any reaction by-products. Step 7 is a water
pulse for 0.1 s. Step 8 is a wait time of 10 s to allow for purge of water and reaction by-products.
In step 9, “go to” returns the recipe to step 5 and the reaction repeats itself for 670 cycles. Step
10 is a wait time of 10 s. In steps 11 and 12, the precursor flow rate and plasma source flow

rate are set to the stand-by rate of 0 sccm.
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Step Instruction Valve number | Value (unit)
0 flow 0 40 sccm
1 flow 1 180 sccm
2 wait 1s

3 wait 20s

4 wait 1s

5 pulse 3 0.2s

6 wait 10s

7 pulse 5 0.1s

8 wait 10s

9 goto 5 200

10 wait 10s

11 pulse 0 04s

12 wait 10s

13 pulse 5 0.1s

14 wait 10s

15 go to 11 670

16 wait 1s

17 wait 10s

18 flow 0 0 sccm
19 flow 1 0 sccm

Table I11: Recipe for the deposition of thermal ALD ZnO (40 nm) on TiO2 (40 nm) by

Cambridge Nanotech Fiji 200
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Referring to table I11, in steps 0 and 1, the precursor carrier flow rate and plasma source purge
flow rate are set and measured in standard cubic centimetres per minute (sccm) at atmospheric
pressure and temperature. In steps 2, 3 and 4, 1 s and 20 s wait times occur to allow for
stabilisation of flow rates. Step 5 involves a DEZn precursor pulse for 0.2 s. Step 6 is a wait
time of 10 s to allow for purge of DEZn and any reaction by-products. Step 7 is a water pulse
for 0.1 s. Step 8 is a wait time of 10 s to allow for purge of water and reaction by-products. In
step 9, “go to” returns the recipe to step 5 and the reaction repeats itself for 200 cycles. Step 10
is a wait time of 10 s. Step 11 involves a TDMAT precursor pulse for 0.4 s. Step 12 is a wait
time of 10 s to allow for purge of TDMAT and any reaction by-products. Step 13 is a water
pulse for 0.1 s. Step 14 is a wait time of 10 s to allow for purge of water and reaction by-
products. In step 15, “go to” returns the recipe to step 11 and the reaction repeats itself for 670
cycles. Steps 16 and 17 are wait times of 1 and 10 s. In steps 18 and 19, the precursor flow rate

and plasma source flow rate are set to the stand-by rate of 0 sccm.
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Step Instruction Valve number | Value (unit)
0 flow 0 40 sccm
1 flow 1 180 sccm
2 wait 1s

3 wait 20s

4 wait 1s

5 pulse 0 04s

6 wait 10s

7 pulse 5 0.1s

8 wait 10s

9 goto 5 670

10 wait 10s

11 pulse 3 0.2s

12 wait 10s

13 pulse 5 0.1s

14 wait 10s

15 go to 11 200

16 wait 1s

17 wait 10s

18 flow 0 0 sccm
19 flow 1 0 sccm

Table IV: Recipe for the deposition of thermal ALD TiO2 (40 nm) on ZnO (40 nm) by

Cambridge Nanotech Fiji 200
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Referring to table 1V, in steps 0 and 1 the precursor carrier flow rate and plasma source purge
flow rate are set and measured in standard cubic centimetres per minute (sccm) at atmospheric
pressure and temperature. In steps 2, 3 and 4, 1 s and 20 s wait times occur to allow for
stabilisation of flow rates. Step 5 involves a TDMAT precursor pulse for 0.4 s. Step 6 is a wait
time of 10 s to allow for purge of TDMAT and any reaction by-products. Step 7 is a water
pulse for 0.1 s. Step 8 is a wait time of 10 s to allow for purge of water and reaction by-products.
In step 9, “go to” returns the recipe to step 5 and the reaction repeats itself for 670 cycles. Step
10 is a wait time of 10 s. Step 11 involves a DEZn precursor pulse for 0.2 s. Step 12 is a wait
time of 10 s to allow for purge of DEZn and any reaction by-products. Step 13 is a water pulse
for 0.1 s. Step 14 is a wait time of 10 s to allow for purge of water and reaction by-products. In
step 15, “go to” returns the recipe to step 11 and the reaction repeats itself for 200 cycles. Steps
16 and 17 are wait times of 1 and 10 s. In steps 18 and 19, the precursor flow rate and plasma

source flow rate are set to the stand-by rate of 0 sccm.
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Step Instruction Valve number | Value (unit)
0 flow 0 40 sccm
1 flow 1 180 sccm
2 wait 1s

3 wait 20s

4 wait 1s

5 pulse 2 0.2s

6 wait 10s

7 pulse 5 0.06 s

8 wait 10s

9 goto 5 20

10 wait 10s

11 pulse 0 04s

12 wait 10s

13 pulse 5 0.06 s
14 wait 10s

15 go to 11 80

16 go to 5 5

17 wait 1s

18 wait 10s

19 flow 0 0 sccm
20 flow 1 0 sccm

Table V: Recipe for the deposition of thermal ALD ZnO and TiO2 multilayers laminate

(4 nm ZnO + 4 nm TiO) x5 by Cambridge Nanotech Fiji 200
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Referring to table V, in steps 0 and 1, the precursor carrier flow rate and plasma source purge
flow rate are set and measured in standard cubic centimetres per minute (sccm) at atmospheric
pressure and temperature. In steps 2, 3 and 4, 1 s and 20 s wait times occur to allow for
stabilisation of flow rates. Step 5 involves a DEZn precursor pulse for 0.2 s. Step 6 is a wait
time of 10 s to allow for purge of DEZn and any reaction by-products. Step 7 is a water pulse
for 0.06 s. Step 8 is a wait time of 10 s to allow for purge of water and reaction by-products. In
step 9, “go to” returns the recipe to step 5 and the reaction repeats itself for 20 cycles. Step 10
is a wait time of 10 s. Step 11 involves a TDMAT precursor pulse for 0.4 s. Step 12 is a wait
time of 10 s to allow for purge of TDMAT and any reaction by-products. Step 13 is a water
pulse for 0.06 s. Step 14 is a wait time of 10 s to allow for purge of water and reaction by-
products. In step 15, “go to” returns the recipe to step 11 and the reaction repeats itself for 80
cycles. In step 16, “go to” returns the recipe to step 5 and the reaction repeats itself for 5 cycles.
Steps 17 and 18 are wait times of 1 and 10 s. In steps 19 and 20, the precursor flow rate and

plasma source flow rate are set to the stand-by rate of 0 sccm.
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Figure I: XRD patterns (a) glass substrate and (b) Si (100) substrate
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Figure I1: Tauc plot for PE-ALD 19:1 AZO, GZO, SZO and TZO on glass substrates
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Figure I11: XPS spectra of the Al 2p region for (a), thermal and (b), PE-ALD AZO at a depth

of 0-36 nm
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Figure IV: XPS spectra of Ga 2p region for (a), thermal and (b), PE-ALD GZO at a depth of

0-36 nm on Si (100) substrate
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Figure V: XPS spectra of the Sn 3d region for (a), thermal and (b), PE-ALD SZO at a depth

of 0-36 nm on Si (100) substrate
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Figure VI: XPS spectra of Ti 2p region for (a), thermal and (b), PE-ALD TZO at a depth of

0-36 nm
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