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Abstract

Utilising Atomic Layer Deposition (ALD) to Develop Efficient Hematite-

based Photoanodes for Photocatalytic Water-Splitting

Natalie Bavis

It is a scientific consensus that the consumption of fossil fuels result in
carbon dioxide (COs) emissions that negatively impact the climate, in a
phenomenon referred to as ‘global warming’ or ‘climate change’.! To address this
problem, novel fuels are required that have a lowered carbon footprint, with
hydrogen often hailed as future fuel of combustion vehicles.2 However, a low
carbon, renewable means of hydrogen production is required to fully address this
problem.3 Water-splitting using solar energy offers a route to renewable, clean
hydrogen production.

Hematite, a-Fe20Os 1s an n-type semiconductor that shows promise as a
photoanode in a water-splitting photoelectrochemical cell. Cheap, stable,
abundant and with a suitable bandgap, a-Fe2O3 possesses many of the desirable
criteria for use in this context.# However, it is also plagued with electronic issues
such as poor charge transport, short carrier lifetimes and low conductivity. > This
work attempts to address these problems by using plasma enhanced atomic layer
deposition (PEALD) to produce nanostructured hematite films with improved
properties. Using a ferrocene precursor in a vapour push setup, a process was
designed with a pulse purge sequence of 2-5-5-4s (precursor-purge-coreactant-
purge) and 0.05nm/cycle growth rate.

The performance of the films was then assessed wusing
photoelectrochemical techniques, with film modifications, including Al2O3
underlayers and interlayer doping, explored as a means of improving
performance. Specifically, a 0.5nm underlayer was found to improve
photocurrent dramatically, exhibiting a peak performance of 1.29 mA cm™? at 0.7
Vagaecy, coupled with a ~250mV cathodic shift in onset potential from the non-
modified Fe2Os. Layer or delta doping with Al2O3s offered further improvements
in onset potential, with the addition of discrete, 1.2nm thick Al2O3 interlayers
generating an impressive Vonset of 0.73 Vruge. This was further lowered to 0.61
Vrure with the addition of a CoPi surface layer.

Finally, the effects of heat exposure are addressed, with low energy ion
scattering (LEIS) spectroscopy employed to discern compositional changes in the
films following heating. Key observations here were the heat-induced migration
of aluminium from the underlayers, as well as the suppression of Sn migration
from the FTO substrate. In particular, these suppression effects were
pronounced for the ALD films compared to other methods of deposition. This
provided insight into the mechanisms behind the photoelectrochemical
improvements witnessed, while raising questions on the effects of heat exposure
on hematite/FTO based photoanodes.
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Chapter 1:
Introduction

1.0 Foreword

This project aims to further the green hydrogen agenda by exploring the benefits of
modified hematite photoanodes. Using plasma enhanced atomic layer deposition,
novel structures are produced that exhibit interesting behaviour, while low energy ion

scattering offers deep insight into the mechanisms of action.

1.1 The Future of Renewable Energy

As technology advances and global populations surge, so too does the need for
additional energy sources. In 2019 there was a 2.9% increase in global energy
consumption from the previous year; the largest incremental growth in a decade.!
Since 2010, the human population has grown by almost 1 billion people, with the
forecast by 2030 to be 8.5 billion.2 In continuing with this trend and working under the
assumption that as the population increases so too will global energy requirements,

then fossil fuel consumption will need to surge to meet this growing demand.

It is the scientific consensus that fossil fuel combustion results in carbon dioxide
(CO2) emissions that negatively impact the global climate, in a phenomenon referred
to as ‘global warming ’or ‘climate change’.? Fossil fuels follow a typical combustion
reaction, with majority products of CO2 and H20, along with other trace compounds.
COz then effectively forms a ‘layer ’in the upper atmosphere, allowing the radiation
from the sun to enter, but not efficiently exit the atmosphere of the Earth.* This

‘trapped’, reflected radiation increases the temperature of the planet, while
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simultaneously being absorbed by sea ice, resulting in melting that will increase sea
levels and negatively impact the global climate.? This effect is predicted to compound
as the ice melts, since the ice itself serves to reflect a large portion of the radiation
away from itself.6 Removing excess CO2 from the atmosphere is a difficult task with
current technology and deforestation hinders this removal further.” Furthermore,
ocean acidification is yet one more problem caused by an excess of atmospheric carbon
dioxide.® Using this knowledge it is clear that alternatives to fossil fuels are needed to
reduce and potentially reverse these effects. Low carbon technologies such as wind,
geothermal, tidal, nuclear and solar power are a few of the many methods that can
replace fossil fuels for grid energy production.® Yet, these methods do not fully remove

the need for fossil fuel combustion in mobile vehicles.

In 2017, EU emissions from transportation accounted for 27% of greenhouse gas
emissions, an increase of 2.2% from 2016 levels, and almost 72% of these were due to
road emissions from cars.10 In the UK around 70% of oil consumption from 2018 was
caused by the transport sector and from March 2018 to 2019 there was a 1.4% jump in
licensed vehicles on the road, with around 850,000 more vehicles licensed every year.!!
In looking to these statistics one clear way to improve on emissions would be to find an
alternative energy source to oil. Hydrogen powered vehicles have long been hailed as
the solution to renewably powered transportation. Unlike typical electrical vehicles,
hydrogen fueled engines are not limited by battery technology. Clean burning,
reasonably stable for storage and with the potential for use in filling stations,
hydrogen power combines the best aspects of fossil fuels with a renewable and carbon
free edge.? However, many methods of extracting hydrogen gas are just as ‘dirty ’of
an energy source as conventional fossil fuels, with around 95% of hydrogen acquired

from natural gas or coal.1314 The environmental costs of such extraction are enormous,
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with high temperature and pressure requirements, along with higher carbon
emissions than simply combusting the methane.!®6 The solution to this is using
renewable energy technologies to acquire hydrogen from water, removing the need for

fossil fuels from every stage of the process.?

1.2 Water Splitting

Water is an abundant planetary resource that can be split into two useful, non-

polluting elements: hydrogen and oxygen. The overall reaction is:

1
H:D':::' - EDZ (g) + HZ (g) (1)

However, each product is made in an individual step, called either the oxygen
evolution reaction (OER) [Eq. 2] or hydrogen evolution reaction (HER) [Eq.3]. As the
H* ions produced in the OER are required for the HER, and the hole formation step of
the OER is very slow, the former reaction is usually considered the rate limiting

one.18-20

2H,0() = Oy () + 4Hp) + 4™ (2)

2H( )+ 2e” > Hyy,y (3

Due to the natural stability of H20, hydrolysis is not a thermodynamically
favourable process and requires the input of energy. Typically, water is split via
electrolysis, using electrical energy to drive the reaction foreword.2! If this electrical
energy is generated from fossil fuel combustion, this process will be carbon intensive.22

However, this splitting can be achieved using renewable solar energy, with light
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acting as the primary energy source to drive the decomposition of water in a
photoelectrochemical (PEC) cell. Photocatalysis methods mimic natural
photosynthesis in plants, with light being the energy source.?? Here, the photons drive
the reaction forward, converting electrical energy (e-) to chemical energy (O2/H2), in a
process called photoelectrolysis.?242> In a PEC cell, a material which facilitates the
reaction is submerged in an electrolyte and exposed to light, expediting the OER,
HER, or more rarely, both. Photoelectrolysis of water is difficult to achieve and is yet
to be considered a commercially viable solution to fossil fuels, yet the highlighted

benefits above are what drive additional research in this area.26

Poor reaction kinetics and thermodynamic requirements plague this process
and there are many energy barriers to overcome to progress this technology.?6 One
way to improve the issues facing PEC reactions is by altering the chemical structure of
the light active component in the cell: the photoanode or photocathode.2’” These
structures form the main components of the PEC cell and are the location and driving
force of the OER and HER, respectively. In advancing our scientific knowledge and
design processes for photoelectrode production, the possibilities involving PEC
technology increase, bringing sustainable hydrogen energy closer to a mainstream

reality.

1.3 Research Overview

The initial goals of this project were to use a thin film technology, atomic layer
deposition (ALD), to create a new and novel way to modify photoanodes for
photoelectrochemistry. Early research indicated that one of the most effective ways to
improve the efficiency of many common photoactive compounds is the use of

nanostructuring; that is, to produce the compound in a way that controls the structure

16



down to the nanometre2829 Since ALD allows the material to be built atomic layer by

atomic layer, this was the ideal technique for such an endeavor.

Transition metal compounds that exhibit semi-conductor behaviour are the
typical candidates for use in PEC setups, as they facilitate the movement of electrons
in a controlled manner. Hematite, Fe2O3, is a semi-conducting metal oxide that is
abundant, stable and non-toxic, yet is plagued by electronic issues.3 Poor charge
transport, hole diffusion length and conductivity increases recombination of carriers,
severely limiting efficiency.3! Previous attempts to create a high performing hematite
photoanode have been met with some limited success, though hematite is lacking
behind many of its semi-conducting competitors.32 Photocurrent performance peaks
around 3.5mA cm2 for hematite, versus for 11.7mA cm™? for ZnO/CdS based structures
— though compared to hematite, these high performing metal oxide films often come
with a greater stability or environmental concerns.33:34 Nanostructured hematite is a
promising avenue for exploration, with previous research indicating that thinner films
offer many advantages over thicker alternatives.3> However, many thin film deposition
methods used to grow hematite have achieved less than optimal results. Slow
processes and expensive reactants are a common blight; ALD processes may have dose
times exceeding 30 seconds or utilise precursors such as Fe(thd)s, limiting commercial
viability 3637 Hence, this research project aimed to address these issues by utilising
plasma enhanced ALD to manufacture hematite films that exhibit improved
photoelectrochemical properties. ALD also allows for further structural alterations,
including the addition of surface layers, interfacial layers between the
semiconductor/substrate (“underlayers”) and dopant layers throughout. The

composition, placement and thickness of these layers can be tuned to offer improved
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electrochemical properties. This project assesses various metal oxide dopants in this

role and explores how altering these layers affects the properties of the photoanode.

1.4 Key Questions

There are three main questions this thesis aims to address, which arose from a
combination of early research and experimental observation. In doing so it is hoped
that multiple new insights will be offered towards the scientific field in question.

These questions can be broken down into the following:

= What role does annealing temperature play with respect to composition
and properties? Do these observations line-up with our current
knowledge of substrate annealing steps?

* How does the use of underlayers affect the photoelectrochemical
properties and what is the mechanism behind this?

= Do layer/gradient doping techniques yield any additional benefit to the

photo-active films and if so, is there a clear rational behind this?

These recurring themes will be woven into chapters of this thesis and

referenced at multiple points.
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Chapter 2:
Photoassisted water-splitting:
a-Fe2O3 Photoanodes

2.1 Introduction

This chapter is intended to inform on the over-arching issues surrounding the
topic at hand, considering the multi-disciplinary nature of the project. The first section
of this chapter will cover existing knowledge on electrochemistry and semi-conductor
photoanodes, ensuring that readers from both an engineering or chemistry
background are familiar the terminology and concepts mentioned throughout this

thesis.

The second section will focus more closely on the literature surrounding
hematite, specifically addressing known problems with hematite photoanodes and
related ALD processes. By the end of this chapter, it is anticipated that the reader will
be fully aware of the issues facing this project from the start. In doing so, the thought

process throughout the PhD and this thesis should become clear.

2.2 Water-splitting for Hydrogen Production

2.2.1 Green hydrogen
As touched upon previously, hydrogen is considered a green fuel source, yet is
often produced in a carbon intensive manner. The method of hydrogen production is

important in determining the carbon footprint of hydrogen fuel, similar to how
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electricity can be green if produced by renewables, or carbon intensive if derived from
fossil fuel combustion.! ‘Blue’ and ‘grey’ hydrogen originate from fossil fuel sources,
though blue hydrogen includes carbon capture to reduce emissions, whereas green
hydrogen is produce via either renewable feedstock or with renewable energy.?
However, this wide description for green hydrogen often leads to confusion when
characterizing hydrogen as ‘green’, since the definition can vary wildly per source.?
Additionally, international standards vary on what define green hydrogen, including
hydrogen that originates from fossil fuels but is extracted fully or partially with
renewable energy, and hydrogen produced from the hydrolysis of water that uses grid
electricity.4 Add to this further discussion on whether photoassisted water-splitting is
‘ereen’ when using toxic photoanodes/cathodes and it is clear there is a high degree of
scrutiny for ‘green’ hydrogen production technologies.® Thus, non-toxic, sustainable,
renewable energy systems that can produce hydrogen are the goal to aim for in this

field of study, though these systems face other issues, as assessed in this chapter.

2.2.2 Water Oxidation — The Challenges

Water splitting is an endothermic process, with an energy requirement of AG=

237.2 kJ mol-1 under standard conditions.® At 298K, according to the Nernst equation:

0.0592 WV

E=E°— 10g1,Q

n

Where n is the number of electrons transferred in the reaction, Q is the ratio of
products over reactants and AG= nFE, for water splitting this corresponds to E° of
1.23V per electron transferred.” The overall reaction for water splitting can be defined

as-
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H,0 ()= 20, +Hye,y (1) EO=1.23 Veue

With the oxygen evolution reaction (OER) the rate limiting step and the

hydrogen evolution reaction (HER) energetically favourable®:

2H,0( = Oy, + 4H{ ) +4e” (2) E°=1.23 Vgug

EH'{L:}} +2e = Hyy (3) E0=0.00 Vrur

Hence, to satisfy the thermodynamic requirements an applied voltage of at least
1.23VRraE 1s needed.?10 As with any nonideal process, thermodynamic losses occur and
a large overpotential is needed. The overpotential is defined as the difference between
the thermodynamically-determined reduction potential, and the potential where the
event 1s experimentally observed.ll12 For electrolytic cells, these overpotentials
indicate more energy is required to drive the reaction forward, and are a result of the

high number of ions and electrons involved.13:14

The water-splitting process is also highly pH dependent, with the reaction in
alkaline solution differing from that in neutral or acidic media. Alkaline electrolytes
are often used due to their high ion content and increased conductivity, with NaOH
and KOH common electrolytes in water-splitting cells.!>17 At pH=14 OH" ions dictate

the OER [Eq.4].18

4DHI:_|JQ‘I —* ZHEG(” + Dzl:'EJ + 4e” (4)
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The half-cell potential for Eq.1 is 0.404V and, though this reaction is kinetically
favourable, the multistep nature of the process adds additional energy hurdles at
*

every step.!® The consensus is that this occurs in a four-step process, where

represents an active surface site:

H,0++—HO +H +e (5
HO* - 0"+H"+e” (6
H,0+ 0" - HOO +H +e ()
HOO® - +40, +H* +e~ (8)
Losses may occur at multiple points throughout the process.2® For most common
photoanodes that are made from semiconductors, the photons must possess the correct

energy to promote an electron from the valence band (V) to the conduction band (Cg),

leaving a hole (*) in its wake.2! This is known as carrier generation [Figure 1].22

)
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Figure 1° The basic water-splitting process via a semi-conducting material is outlined above. A photon (hv) initiates
the process by electron excitation, promoting an electron from the valence to the conduction band and leaving a
hole in 1ts wake. This electron can either react to reduce hydrogen ions or recombine with the hole to stop any
further reactions.

The electron should then be able to travel through both the substrate and the
circuit to the cathode, where it will reduce hydrogen ions (H%.23 The hole must also be
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labile to facilitate the oxidation of water. Every aspect of the circuit must allow the

progression of the reaction and movement of reactive species and ions.24

2.2.3 Recombination and Trap States

Recombination is a giant hurdle for this kind of process. In semiconductors it is
not uncommon for an electron generated to recombine with a hole, thus preventing
further reaction: carrier recombination.?’> There are multiple ways this can happen,
however only three happen at any significant level in indirect bandgap

semiconductors: band-band, trap-assisted and auger recombination [Figure 2].26
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Figure 2°: The way in which recombination can occur varies, as shown here. Band-band, also known as
bulk-bulk, 1s a common form, with trap-assisted and auger recombination undergoing a more complex process.

2.2.3.1 Types of Recombination

Band-band recombination results from an electron spontaneously jumping down
from the conduction band in a radiative manner, releasing a photon as it goes.2” This
is typically a function of e/h* density, with higher levels of band-band recombination
occurring as the number of electrons and holes increases.2® Auger is similar in that the
recombination event results in an electron dropping down in energy to combine with a

hole, however the energy instead passes to a third carrier, typically another electron
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in the conduction band.2? This then thermalises down and relaxes back to the edge of
the band. As this is a multi-step process that depends on the ability of the charge
carriers to exchange energy, this form increases as a function of charge carrier
density, 1.e. this 1is more likely to occur in heavily doped semiconductors.3%-31 Trap-
assisted or Shockley-Read-Hall recombination differs in that it is a non-radiative
process that is a very real issue in semiconductor photoanodes possessing an indirect
bandgap.2® Here, defects in the material create an energy level in a forbidden region of
the bandgap in which electrons can get ‘trapped’. Normally a result of foreign atoms in
the lattice or structural defects, the electron can either jump up to the conduction

band or drop back down, in a two-step process. 3233

An amalgamation of factors form the overall recombination rate for a material.
Thus, it is nigh impossible to ‘fix’ this problem in its entirety, though it is possible to
target certain known causes of recombination.34 In looking to semiconductors, some of

these solutions offer marginal improvements in recombination properties.

2.3 Semiconductors: Role in Photocatalysis

2.3.1 Semiconductor Properties

Semiconductors are materials that fall between insulators and metals in terms
of properties and band structure. Similar to insulators, semiconductors have a gap
between their valence and conduction bands, but unlike insulators this gap (called the
bandgap) is small enough to allow energised electrons to jump to the conduction band
(Figure 3).35 The fermi level, the highest energy point an e- can occupy at 0K, lies close
to the middle of this bandgap for pure semiconductors. In conducting metals, these

bands overlap and allow the continuous flow of charge. For semiconductors, the gap
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can fall between 0eV and 5eV, though the wider the gap, the more energy it will take

to allow the excitation of an electron36.37

overlap

conduction
band

valence
band

Increasing ener,

metal semiconductor insulator

Figure 3° Schematic highlighting differences in bandgap across different material types. Recreated from
reference.

However, for photolysis the bandgap must also be sufficient enough to maximise
the absorption of light, with narrow bandgaps also unfavourable.3® The optimum
range for absorbing solar radiation is between 1.1 and 1.7 eV, anything below this will
result in the photon energy mostly dissipating as heat and above this will suffer
decreased absorption.3940 As semiconductors have a continuum of states in their
conduction and valence bands, the absorption coefficient does not decrease with
increased excitation energy.4! This means that higher energy photons can be absorbed,
allowing for semiconductors with bandgaps >1.7eV to still be feasible for this light
absoption3® When entropy losses and overpotentials for water-splitting are taken into
account, the minimum bandgap sits nearer to 2eV.42 As well as this, the position of the
band edges is also important, with the valence band needing to exceed the OER
(1.23Vgrur) and the conduction band having to sit below the HER (0.00Vgug).4344 This

further narrows down the list of viable semiconductors, with many of the remaining
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excluded based on their stability in alkaline media. Fortunately, the application of an

external bias

2.3.2 Band structure

There are other factors relating to band structure and alignment to consider
when exploring semiconductors as photoelectrodes. As mentioned, there is a gap
between the valence and conduction band of semiconductors. However, the structure of
this gap may vary across different semiconductors, with the maximum and minimum
energy states aligned in momentum for some or misaligned in others. When the
electrons in these states are aligned in momentum, this is referred to as a direct

bandgap, with the opposite known as an indirect bandgap (Figure 4).45-47

E 4 E4
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k k

. -

Direct bandgap Indirect bandgap

Figure 4" Energy structure of direct and indirect bandgap semiconductors. Adapted from reference.*s

Photons possess very small amounts of energy and as highlighted earlier, a
photon with enough energy can excite an electron to the conduction band, leaving a
hole in its wake. For direct bandgap semiconductors this process occurs easily as the
electrons are already aligned in momentum.*® Whereas in indirect bandgap

semiconductors this process requires a change in energy and momentum, thus this
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transition requires interactions with lattice vibrations (phonons) and occurs much
slower as a result.4>50 Hence for the carrier generation process direct bandgaps are
favourable. However, the same principles apply for the reverse of this process, with
radiative recombination occurring easily in direct bandgaps compared to indirect. For
indirect bandgaps, recombination is typically non-radiative, occurring at point defects
and grain boundaries.5152 Light absorption for indirect bandgaps i1s also a
consideration, with light able to pass further into the semiconductor before being
absorbed. This is beneficial for thicker films but may mean light passes through
thinner films, and hence is a consideration for photoelectrode design for light

harvesting purposes.?3.54

2.3.3 Band-bending

When there is contact between a semi-conductor and a dissimilar material such
as an electrolyte, a potential difference forms at the interface, effectively creating a
heterojunction between the electrode/electrolyte.5> This results from semiconductors
having lower conductivity than the electrolytes, creating a drop in potential in the
boundary layer of the electrode, with little change in the electrolyte. Charge carrier
transfer occurs until an equilibrium is reached and the potential difference has
dissipated.?¢:57 This is achieved by bending of the conduction and valence bends to
reduce the potential, with the synergistic movement of charge carriers. If the potential
difference is positive electrons will be moved to the surface (an accumulation layer), or
if the difference is negative electrons will move from the surface (a depletion
layer).5859 This is reflected with the band bending, which moves upwards towards the

surface at positive potential and bends downwards towards the bulk when negative.
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The potential at which the equilibrium is established is known as the flat-band

potential.60

A consequence of these effects is that the fermi level at the semiconductor
surface differs from that of the bulk in typical PEC setups and the high density of
charge carriers at the surface creates new electronic surface states.6! This can lead to
fermi level pinning that ultimately hampers performance.®? Fortunately, the
application of external bias in PEC cells helps to preserve the band bending in the
semiconductor. The applied electric field also maintains the charge separation layer,
which allows for the separation of photogenerated charges in photoelectrodes. This
separation facilitates the sweeping of electrons from the surface into the bulk,

reducing recombination rates.63-65

2.3.4 Doped Semiconductors

The properties of semiconductors can also be tuned by doping with additional
elements. Depending on the element added, a semiconductor can either be doped with
additional electrons or additional holes. When electron donating elements are added,
this is known as n-type doping (n = negative), with electron acceptors being p-type
(positive).66.67 For n-type semiconductors, the fermi level lies closer to the conduction
band, whereas for p-type the fermi level i1s shifted towards the valence band.¢8
Undoped semiconductors are referred to as intrinsic semiconductors, with p/n-doped
known as extrinsic. Intrinsic semiconductors tend to have lower electrical conductivity
than their extrinsic counterparts, as doping increases the number of charge carriers.6?
N-type semiconductors are often favoured in photovoltaic applications due to this

increased electron presence and tend to exhibit band bending towards the surface as a
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result of this accumulation. Hence, n-type semiconductors are often used as
photoanodes (where oxidation occurs), whereas p-type semiconductors function well as

photocathodes.”

2.3.5 Common Metal Oxide Photoanodes

As indicated, there are a couple of qualities a semiconductor should possess in

order to considered ideal for water splitting, these are: 11

= Possesses a suitable band-gap — Ideally spans the redox potentials for water and
band-gap must also exceed 1.23V to make the process thermodynamically
favourable, yet not be so large that the energy requirements for electron
excitation will be too great.34

=  Good charge transport properties.

= High stability in pH 14 alkaline solution — Degradation over time would mean
that the electrodes would need replacing frequently. This isn’t economically
desirable.

= Low toxicity, where possible.

There are a number of potential semiconductors that meet most, if not all of

these criteria. This can be seen in Figure 5.
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Figure 5 This graphic shows the relative band-edge positions and bandgaps for the most researched semi-
conductors in this field, as compared to the HER and OER potentials.

For a material to successfully drive the redox reaction forward, the Cg edge
must be more negative than the HER and more positive than the OER for H* to be
sufficiently reduced. However, it is uncommon for a material to favourably drive this
multi-step reaction independently. It is common to focus on improving a material to
benefit either the OER, or the HER, with the idea that a good photoanode can pair
with a good photocathode to create an overall efficient system, known as a tandem

cell.?2

The most commonly researched semiconductors for photoassisted water-
splitting were highlighted in Figure 5. The properties of these semiconductors for this

purpose can be summarized as the following:

Gallium based: GaAs/GaP

Gallium arsenide (GaAs) has an incredibly favourable bandgap of 1.4eV for this
process, but its stability in solution is incredibly poor, with the electrodes degrading

within an hour of use.”™ Coating GaAs appears to be the main strategy for addressing
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this, with a TiO2/Ni layer exhibiting an impressive maximum photocurrent of 15mA
cm2.74 On the other hand, gallium phosphide (GaP) exhibits good long-term stability,
but has poor charge transport properties.” The main drawback of using gallium based

photoelectrodes is cost, with toxicity issues also a factor for GaAs compounds.”

Cadmium based: CdSe/CdS

Cadmium Selenide and cadmium sulfide (CdSe/CdS) have favourable bandgaps
for water-splitting and are most commonly used in the form of quantum dots, known
as quantum dot solar cells (QDSCs).”” In this capacity, photocurrents of 12.6mA cm2
have been recorded, highlighting the potential for these cells.’”® However, as with

GaAs, toxicity is a large drawback to cadmium-based semiconductors.”

Zinc oxide: ZnO

Zinc oxide has the advantage of being a low cost, low toxicity semiconductor, but
has a larger than ideal bandgap of 3.2eV. On its own, ZnO suffers from high
recombination rates and poor photoelectrochemical performance, however when
coupled with other semiconductors this can be improved.89%81 Photocurrents over 10mA
cm? have been reported in this instance, though these high performing samples

incorporated cadmium-based semiconductors.82

Tin Oxide (Sn0-)

Due to its wider bandgap of 3.8eV, tin oxide finds more frequent use as a dopant
to other metals than as a bulk component for solar applications.8 SnO3is widely used

as a transparent conductive glass coating when doped with elements such as fluorine

and indium (FTO/ITO).84
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Tungsten oxide: WO3

Tungsten oxide has a bandgap of ~2.6eVand improved charge transfer
properties compared to other semiconductors such as ZnO and TiOz, though still
suffers from high recombination rates and poor surface chemistry.8> Photocurrents for
WOs3 are slightly diminished from the previous examples, with peak performance
~6mA cm?2.8687 An additional drawback to tungsten-based semiconductors is the high

cost compared to other cheap semiconductors.88

Titanium dioxide: TiO2

Titanium dioxide also possesses a larger bandgap of 3.2eV, but is cheap, non-
toxic and stable in solution. Unfortunately, TiO2 has lower electron mobility than ZnO,
which 1s a comparable semiconductor in most aspects.89 However, TiO2 finds common
use as a dopant or additive layer to many other semiconductors, highlighting its value

for this purpose.?

Silicon carbide: SiC

Silicon carbide is a stable compound, with a typical bandgap of 3.02eV for the
most common polytype and band edges that satisfy both the OER and HER.?! As n-
type SiC suffers from photocorrosion, it is mostly commonly p-doped and used as a
photocathode.?2 In this role, a photocurrent of -5.3mA c¢m™? was achieved when paired

with a palladium cocatalyst.93

2.3.6 Hematite
The remaining semiconductor to assess is hematite. Hematite is one of the

many forms of the compound iron oxide, with the chemical formula a-Fe203. Due its
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stable nature, it is a common iron ore found within the earth.%* Though it exhibits
extremely mild magnetism, it is not considered a magnetic compound, differing from
magnetite and other forms of iron oxide.?> There are multiple known polymorphs of
Fe20s. Hematite is one form, with the specific notation a-Fe2Os. Other polymorphs
include y-Fe203 (maghemite) and f-FesOs, though only the a andy forms occur

naturally.%

Hematite belongs to the rhombohedral lattice system, as part of the hexagonal
crystal family, along with other compounds such as corundum (a-Al2Os). Here, the
Fe3* ions are octahedrally coordinated and sandwiched between layers of oxygen in a

hexagonal close-packed structure.97.98

It is a naturally conductive n-type metal oxide, with a band-gap in the order of
1.9-2.2eV and Cg/Vp edges that sit favourably in the range of the OER. These
properties result in a maximum theoretical output of 12.6mA/cm? at 1.23V vs the
reversible hydrogen electrode (RHE) and a theoretical solar to hydrogen (STH)

conversion efficiency of 15.3% 59

Though its electrical properties are desirable for a photoanode, its theoretical
capabilities currently far exceed its actual performance in a PEC cell. Due to inherent
electronic flaws hematite is limited in its water splitting capabilities. These flaws
include: having high surface levels of recombination, possessing poor charge carrier

kinetics, low electrical conductivity and low carrier lifetimes and electron mobility.%?
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Figure 6 This figure depicts common ways of overcoming the limitations of hematite-based photoanodes.
The red and blue boxes show the adaptations that can be added to the structures, with the green box highlighting
the method of action, based on prior research. Recreated from Zhang et al, Doping-Promoted Solar Water
Oxidation on Hematite Photoanodes, 2016.100

Many methods have been explored to reduce these issues (Figure 6). This
project utilises multiple of these adaptations in an effort to create an improved
hematite photoanode, though some relevant forms will be explored a little further

here.

2.4 Photoanode Modifications

2.4.1 Elemental Doping

Elemental doping involves introducing foreign atoms into the hematite lattice
and is achieved in a variety of ways. Quite commonly, hematite is produced using a
one-pot synthesis known as the hydrothermal method. Hydrolysis of iron chloride
occurs under acidic conditions, with FesOs precipitating with heat exposure.l0l Asg
established previously, semiconductors can be n- or p-doped depending on the element

added, with both metals and non-metals used for this purpose. A variety of elements
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have been tested as dopants in hematite, with each acting in various ways on the

hematite semiconductor.

DFT and computational methods have characterised the interactions of
elements such as Co, Ni, Cu, and Zn with Fe203, surmising that first row transition
elements lower the LUMO of hematite in such a way that it behaves like a p-type
conductor.192 This is due to the high spin nature of the metals, which add electrons to
half-filled 3d dopant-centered orbitals. When focusing on nickel, the tg; orbitals are in
a high energy state as they are 5/6 filled. This results in a low energy empty LUMO
state which lowers the HOMO-LUMO gap energy.19 This theory is corroborated with
other works, which show the band gap reducing effect of doping these cations into
metal frameworks.194-107 Nickel doping in particular has proved effective for hematite,
with 1mproved charge separation and band bending resulting in a 10-fold
enhancement in photocurrent.198 However the method of action for zinc is different, as
the Zn2* d orbitals are filled with only two electrons provided to the O 2p band. A hole
1s therefore produced, as a Zn2* replaces the 3 electron Fe3* species. This phenomenon
has been explored in other studies, which suggest that zinc ions will replace ions of
similar size in a lattice, causing local defects but increasing carrier mobility.109110 Thig
presents as a photocurrent increase of ~0.3mA c¢cm2 for Zn-Fe2Os compared to pristine

hematite, as well as a cathodically shifted onset potential.111

Other elements such as titanium have been explored heavily as a hematite
dopant. For Ti**, the excess electrons are donated to nearby Fe centres, increasing
conductivity via n-doping. The smaller Ti*" ions replace Fe3* in the crystal lattice,

improving donor density and charge transport.!12-114¢ For thin film hematite samples
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this has resulted in a peak photocurrent close to 4mAcm™2, compared to ~1mA cm™ at
1.5VRuE.!1® Zirconium, tungsten, rhodium and ruthenium have all showed to improve
the optical properties of hematite, whereas iridium and molybdenum doping had the
opposite effect.87.116-119 P-block elements Al, Ga, In, and Tl with a 3+ oxidation state
have little effect on the bandgap properties of hematite, but offer a degree of
improvement 1in photo response, commonly due to increased charge -carrier

concentration and conduction.!20-126

Tin, one of the most utilised dopants in hematite, has been shown to improve
the efficiency of hematite in multiple different arrangements. The band edges of SnOs
are similar to hematite, with a valence band and conduction band of ~ -8eV and ~ -4eV
respectively, compared to -7eV and -4.8eV for Fe2Os3. Having a similarly aligned band
gap 1s beneficial for preventing charge transfer between ions, with particular benefits
for overlayers.127 Overall tin doping is shown to improve the transfer of surface holes
to the electrolyte and partially lower onset potentials, creating a general enhancement
in efficiency.’?® One partial explanation here is that tin oxide possesses a high
conduction band energy, so it has been theorised that it may provide the best electrical
contact to n-type conductors like hematite. This is only held to be true however if

strong interfacial dipoles and/or Fermi level pinning are not present.129

Overall, the HOMO-LUMO gap and the bandgap in hematite can be affected by
the addition of dopant elements, which occurs due to a breaking in the symmetry
around the iron centre. The altering of the band gap adjusts the wavelength of light
that 1s absorbed for the hematite species, which can be identified with techniques such

as UV-Vis spectroscopy.’3® On the whole, doping as a strategy offers benefits by
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increasing charge carrier densities which improve conductivity, though each doping

element interacts with hematite in a different way.

2.4.2 Underlayers

Previous research has established there is an unfavourable nature to the
hematite/FTO interface, due to a severe mismatch in the material lattices.13l When
adding hematite to FTO glass, a so-called ‘dead layer’ is known to form, in which the
crystallinity of the hematite is poor and an increased number of trap states exist.132
Electron movement through this interface is required as part of the PEC cell circuit.
Hence, targeted alterations to this region result in improved photocurrent responses
and reduced recombination rates.!?> A homogenous interface can prevent back
diffusion of electrons from the FTO to the hematite, thus increasing photocurrent. 134
However, due to the possibility of introducing contamination between the interfacial
layer and the hematite, research in this area 1s reduced when compared to

modifications such as overlayers.

Previous studies have looked in to different underlayers for hematite, including
Sn02,135 TiO2 and Nb20s5,136 Gas03,137 Si02,138 FeOOH, 101 WO3132 and ZrO2!39. Adding
an underlayer without introducing contamination 1is difficult for films produced
hydrothermally, but possible when thin film deposition techniques such as ALD are
used.!0 Due to poor growth rates ALD is not commonly employed to produce the
hematite layer, but the consensus remains that an underlayer often improves electron
transport properties.?® The agreed mechanism of action seems to vary, as some metal
oxide layers offer a degree of doping via increased carrier concentrations.131 However,

this seems to be more prominent for ultrathin (>20nm) films, as morphological effects
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are more pronounced and doping lowered for thicker samples.!3” Another explanation
is that the thinner ‘dead layer’ results in stronger band bending effects, which lead to
1mproved charge separation in the space charge layer.13* Unexpectedly, an additional
underlayer effect is lowered surface recombination rates for these samples. Here it is
theorised that the faster electron movement through the sample also reduces the

chance of a recombination event at the surface.132

When comparing interfacial layers overall, thinner layers seemed to be more
effective than thicker ones. Using heat to drive Sn doping from FTO glass is
commonplace and hence thinner layers allow this movement of Sn to occur.13® Though,
some thinner layers allow conduction band alignment with that of hematite,
facilitating the electron movement.!4! Hence, compounds with large Cp discrepancies
that require increased degrees of electron tunnelling, such as TiOgz, benefit from a thin

underlayer.136,142

Overall, the research is indicative of a beneficial underlayer effect, with thin
interfacial layers a good starting point to proceed from. One of the benefits of using
ALD 1s the ability to vary the compositional layers of a material, with low levels of
contamination. In this subject area it is known that these compositional variations can
yield interesting and advantageous properties for the materials altered. Consequently,

the opportunity was taken to study the effects firsthand.

2.4.3 Layer Doping
Gradient doping is a way of adding layers of dopant to a material in a controlled
fashion.#3 Typically this is done by adding an underlayer and using heat to diffuse,

but as the main material here (Fe203) was produced using ALD, it is possible to add
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layers of dopant in situ.l44 This has been achieved for other ALD experiments, so this
1s an exciting possibility to address a known hematite flaw.14> Gradient doping in
particular has been studied for other photoanodes such as BiVO4, using methods such
as spray pyrolysis to build layered concentrations of dopant into the structures.4¢ In
doing so, it is possible to create built in electric fields that facilitate the movement of
charge carriers through the substrates.!4”7 Additionally, as the initial research
established a possible self-limiting growth pattern for hematite ALD sequences, this
could be an innovative way to address this problem and continuously reset the surface

- encouraging growth throughout the ALD process.%8

On the whole, dopants are widely employed to improve photoanode properties,
and there is a plethora of well-researched candidates to choose from. For example, tin,
one of the most utilised dopants in hematite, has been shown to improve the efficiency
of hematite photoanodes, with both surface and gradient doping being used
effectively.14® An ideal doping candidate should possess high electronic conductivity,
good visible transparency (in thin film form), and energy band alignment with the
bulk substrate.129 Other transition metal oxides typically pair well with hematite and

the candidates chosen will be covered in later sections.

2.5 ALD of a-Fez20s3

2.5.1 Nanostructuring: A Solution?

An effective method found to address several -electronic issues 1is
nanostructuring. Many structures of hematite have been explored for use as a
photoanode, including nanorods, nanowires, nanotubes, nanosheets, nanoparticles,

nanospheres and nanocorals/flowers.149-155 Typically, the reaction conditions and
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annealing temperature play a large part in the resulting structure created. It is
already known that crystallite size and lattice properties determine a large degree of
the photoactivity for a compound, with structure governing the mobility of the
electrons — in forming electron hole pairs or travelling through to the conducting
interfaces.138.156 In changing the annealing temperature and the reaction conditions a
degree of control can be exerted over the structure, with multiple benefits ensuing as a
result. For instance, smaller sized nanoparticles were found to be able to hold on to
charge carriers for longer amounts of time than their larger counterparts, thus
diminishing recombination.!®” Moreover, variations in particle shape altered the
absorption region for some compounds, with hollow nanoring species exhibiting
increased absorption bands from 300-1000nm.158 Similarly, nanotubes and nanoporous
films have been shown to possess charge transport properties up to 50x higher than
even nanoparticles.%9.160 These novel research methods illustrate the need for further
research into this area, in the quest to overcome the electronic failings of materials

such as hematite.

2.5.2 Atomic Layer Deposition (ALD) of Hematite

ALD 1is a proven method of nanoscale film production offering incredible
advantages over its counterparts. Particularly, the ability to grow high aspect ratio
thin films, layer by layer, allows for an extreme degree of design control not possible
with conventional wet bench methods.1¢l! However, ALD of hematite is uncommon
compared to other metal oxides due to its low growth rate, constricted temperature

windows and low reactivity precursors.?® In this project, plasma enhanced ALD
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(PEALD) is utilised to bolster the growth rate and create a favourable ALD process.
Previous literature exploring similar ALD processes formed the foundation of the
work, with a notoriously poor growing precursor, ferrocene (Fe(Cp)2), the target of this
research. Ferrocene is cheap and stable, thus an ideal industrial candidate.162 This is a

requirement should this form of hydrogen production be scaled up for commercial use.

ALD of hematite is not a new concept, yet there are few detailed studies on the
topic. Along with Fe(Cp)z, other precursor examples include Fe(thd)s and Fez(OtBu)s —
none with results that would make the procedure commercially viable.98163-166
Coreactants often include H20, O2 and Os, each with varying definitions of ‘success’.
Oftentimes processes require growth temperatures >300°C, which in itself restricts the
number of possible substrates for depostion.167.168 When Fe(Cp)2 studies are viewed in

1solation, a few trends are observable.

Firstly, it was noted that an average chamber temperature of around 250C
generated lower levels of carbon impurity, had the optimal growth rate and produced a
more crystalline product, when compared to both higher and lower values.169-171
Coreactants were of importance in respect to film structure/composition, with
alterations to type and exposure time resulting in changes to the composition of the
iron oxides made. Some examples are the need for high doses of Os to shift film
composition in favour of hematite, HoO usage resulting in a mixture of Fe3O4/Fe203
and O2 gas coreactants requiring high temperatures to yield a final hematite
product.172-175 Furthermore, to overcome the low vapour pressure ferrocene possesses,
typical exposure/ precursor dose times often exceeded 20s, ranging as high as 200s;

this is impractical for film growth over 100nm.!7¢ However, Li et al. employed a heated
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vapour push bubbler in their setup, shortening the pulse sequence to 10s-20s-10s-20s
for precursor dose and purges.1’7 Literature in this area was light, though using these
observations as a starting point, a plasma enhanced ALD process for making hematite

was created.

2.6 Historic Electrochemical Hematite Performance

Comparing the peak onset and maximum photocurrents obtained for different
photoanodes is often difficult due to variations in the structure, conditions and
measurement techniques used to assess performance. Any number of parameters can
be varied between research groups, which makes for non-equivalent numerical
comparisons. Some attempts to standardise conditions have been made, such as using
the Reversible Hydrogen Electrode (RHE) as the quoted reference electrode in
literature, which removes variations between commonly used reference electrodes.178
However, it 1s still difficult to make side by side comparisons of photoanodes as
composition, structure and substrate can also vary widely. As a result, this subsection
will highlight high performing hematite films that are relevant to this project, while

also indicating key differences that make direct comparisons between studies difficult.

Firstly, impressive photocurrents have been achieved across a wide array of
hematite morphologies. One study used a cold spray deposition technique to produce
Fe203 nanoparticles on ITO glass.1”™ These nanoparticles exhibited a photocurrent of
1.3 mA cm2 in 1M KOH (at 0.7Vagagct), which increased to 4.25 mA cm2 in 1M NaOH
when coated with ZnO and TiOz surface layers. Notably, 0.7 Vagagc1 1s approximately
1.9Vgur depending on conditions — far greater than the 1.23 Vrar benchmark sought

after in these reactions. Mesoporous films have been created using an SiO: scaffold
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that in 1M NaOH exhibits a photocurrent of ~1 mA cm?2 at 1.7 Vrug.!80 This increased
to ~3 mA cm2 when Ti doping was incorporated. Furthermore, the inclusion of IrOs
nanoparticles on Fe20s nanorods provided photocurrents of 3.2 mA cm™? at 1.23 Vgag,
while CoPi surface layers on electrodeposited FesOs had an impressive maximum of
2.75 mA cm? at 0.5 Vagagc1.!81182 Notably, unaltered hydrothermally produced
hematite on FTO often exhibits low photoactivity, with photocurrents in the range of
0.075 mA cm? at 0.7 VAg/AgCl not uncommon.'?8 This highlights the benefit of

structural and compositional modifications.

In looking to onset potential, the values achieved for other semiconductor
materials are much lower than the lowest found for hematite. As an example, one
study highlighted that CoFe Prussian blue analogues coupled with antimony-doped
TiO2 produced an onset potential of 0.05 Vgrmr.!%3. Comparatively, the best onset
potentials for minimally altered hematite photoanodes were found to hover around
~0.62 VguEg.!184185 Meanwhile hydrothermally produced, undoped hematite has a photo-
onset far exceeding the 1.23 Vrur goal — this was previously highlighted as the
minimum applied voltage required to drive the OER.?? On the lowest end of the scale,
an etching/regrowth method achieved an onset of ~0.45 Vgrug.!8¢ In this study the
Fe2O3 was partially destroyed in acidic media, with simultaneous addition of NiFeOx
in the regrowth phase to further improve the structure. Another study accomplished
an onset potential of 0.58 Vgur for Fe2Os produced by heating iron foil in a Hz2-O2
flame.187 This highlights that even with large modifications to the hematite
photoanodes, success has been limited when compared to other non-hematite based

electrodes.
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In looking to electrochemical performance, shifting the onset potential
cathodically is impressive if achieved with minimal design interventions. Ideally,
making improvements to both photocurrent and onset potential is the ultimate aim for
this project, with the above benchmarks considered the peak performance currently

achieved for hematite in this field of study.

2.7 Conclusions

To sum up, this section has covered the fundamentals of the electrochemistry
used in this project and established the base literature which guided the research
decisions later in this PhD. The key concepts behind photoassisted water splitting
have been covered, along with the basics of semiconductor science which will be
referenced in this work. The properties of common semiconductor photoelectrodes
were summarized to highlight the benefits of hematite based photoanodes, along with

typical methods of improving the poor electronic properties of hematite.

Further literature exploration will occur in the subsequent experimental
chapters while investigating the data acquired. The next chapter will cover the
experimental techniques used in this project prior to any further experimental

discussion.
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Chapter 3
Experimental Techniques

3.0 Introduction

Throughout this research project it has been necessary to use a multitude of
techniques to achieve the outcomes desired for each study. This chapter will discuss
the techniques used in this project, such as Atomic Layer Deposition (ALD) and
electrochemistry, which have been used extensively throughout the PhD and formed

the foundation of the work.

This chapter will also cover other experimental techniques utilised in various
capacities in the research and touch upon the role they played in forming the final

conclusions reached.

3.1 Atomic Layer Deposition

Atomic Layer Deposition, or ALD, is a deposition method used to create thin
films on surfaces. It gets its name from the way in which it builds thin films, which is
atomic layer by atomic layer. Due to the precision involved in the process, it allows for

the building of highly-ordered films, even on topographically challenging substrates.

Belonging to the overarching group of chemical vapour deposition (CVD), it is
part of the vacuum deposition family, along physical vapour deposition (PVD)
techniques such as laser ablation, sputtering and evaporation deposition. Differing
from one another, CVD techniques are somewhat monophasic in nature, using

chemical vapours to form the thin films created.! In contrast, PVD methods require
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the source material (a solid or a liquid) to undergo a phase change in order to produce
the final product, usually utilising a high-powered energy source such as a laser to

achieve this.2

Though it is possible to generalise ALD as a CVD technique, there are some key
divergences between ALD and what is commonly referred to as CVD. While both
processes aim to produce thin films, ALD is a more restrained and controlled version
of CVD, resulting in highly conformal, almost diaphanous films.? This is due to key
experimental differences between the two techniques, which will be examined in more

detail in subsequent sections.
3.1.1 History of ALD

As of 2022, atomic layer deposition has existed in some form or another for close
to 50 years. Interestingly, its main use to this day is similar to that for which it was
created: the optimisation of electronics. Initially developed as an answer to the
amorphicity issues faced by thin film electronics manufacture in the 1970s, ALD, or
Atomic Layer Epitaxy (ALE) as it was originally patented, was designed to produce a

thin, well-structured, crystal film.4

The mastermind behind the research, Tuomo Suntola, had theorised that in
order to produce a well-ordered compound, the reactants needed to form stronger
bonds with one another, as opposed to with themselves. With this hypothesis, the idea
that there was a necessity of sequential introduction of the reactants evolved, forming
the basis of modern ALD. Tuomo Suntola did not stop there however, he continued to
calculate the specific requirements for the production of zinc sulphide (ZnS), producing

a low-pressure system that heated the zinc and sulphur sources separately in a
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vacuum environment to obtain reactive vapours.> This was to be the first example of
an ALD reactor, which successfully produced ZnS films, albeit in an inefficient

manner.

Over time this technique was researched thoroughly to gain greater
understanding of the surface science at work. Modern day ALD is a honed version of
the original, with decades of work dedicated to exploring the fundamentals of the
subject, producing vast pieces of dedicated machinery and establishing consistent

growth methods to produce many films.¢

3.1.2 Principles of ALD

As was previously stated, the basis for the invention of ALD was that reactants
will form more ordered films if they are introduced in sequence rather than all at once.
Though there are many factors at play during ALD experiments, there are just a few
things that could be considered to be core principals or core requirements of ALD.
These are assumptions or practices that ALD experiments rely on in order to

consistently produce structured thin films. In summary these are: ™9

= A cyclic, sequential methodology behind ALD experiments
= Reactive and isolated precursors
=  Usually a low pressure/vacuum environment
= Suitable growth substrate
= Self-limiting and self-ordering behaviour
These elements integrate to form the practice of ALD as a whole, with each one

playing a key role in making ALD the precise technique that it is.

3.1.3 Experimental layout
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Experimental setups for ALD can vary to some degree, but the quintessential
procedure remains the same. The machine, known as a reactor, has a main chamber
area where the substrates for growth will be placed. External to this, the reactants,
known as precursors, are kept separate from one another and the main deposition
area.l® This is typically reinforced by the use of valves, guaranteeing that the
precursors aren’t contaminated during the reaction and that the only reaction is the
one in the main chamber following the introduction of the second precursor.
Additionally, inert gases often flowed through any lines within the reactor, to further
minimise contamination. Here is where the main difference between CVD and ALD
arises, as the non-overlapping nature of ALD sequences produces a very different

result to CVD methods.3

It was mentioned previously that there is a cyclic, sequential manner to all ALD
experiments, and this is the next step to ensuring the uniformity of the product. A
typical ALD sequence is a multistep process that involves what is known as pulses (of
the reactive species) and purges (of any unwanted byproducts, including residual
precursor and reaction products).!! The sequence runs as an ABCB ABCB cyclic

process of pulse-purge-pulse-purge to build the film layer by layer (Figure 7).
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Figure 7: Schematic highlighting sequential sequences in an ALD process. Recreated from reference.’?
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Precursor A is introduced to the chamber and chemisorbs to the chosen
substrate. This chemisorption helps in ensuring that the process is self-limiting.
Compared to physisorption, chemisorption involves the chemical bonding of the
precursor to the molecules on the substrate surface.l3 Physisorption on the other hand
involves Van der Waals forces and hence lacks specificity and self-limiting capabilities.
Following the dose, the excess precursor is then removed, or ‘purged’, from the system
using an inert flow gas.!* Upon normalisation of the base conditions the next reactive
species, precursor B, is injected and the chamber purged once more - this whole
process 1s considered to be one cycle. The purging process between pulses removes the
possibility of reactions occurring in the chamber, as the only reactive species left is
that which is bound to the substrate. Resultantly, the film is built on the surface
atomic layer by atomic layer. For any given process a growth rate can then be
determined per cycle and in using this it is possible to produce films of an intended
nanometre (nm) thickness.!5
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3.1.4 Self-governing precursor behaviour

One of the main assumptions for ALD processes is that there will be a
saturation point for the substrate at which, no matter the amount of precursor used,
no further growth will be exhibited. As the substrate is basically a material with a
limited number of active sites, there will be a point when every active site is occupied
and no further molecules can adhere; hence, the process is self-limiting.11.16 This point
can be found relatively easily with a growth study that varies the precursor dose times
and monitors the thickness of the resulting film. When plotted against one another,
self-limiting growth is apparent if the growth flattens after a certain amount of
precursor exposure (Figure 8). This is the point at which all active sites are occupied

and further exposure results in no change.

Growth per cycle
Growth per cycle

> >

Reactant dosing time Purge time

Figure 8 Schematic showing a) the relationship between grown and dose time and v) the relationship between
growth and purge time. Recreated from reference.’?
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Similarly, the purge time should be sufficient as to remove any remaining,
unbound precursor or by-products that may undergo CVD type reactions in the second
pulse step, but excessive purging will yield limited negative consequences. Providing
that the precursor is effectively adsorbed on to the surface, a longer purge time will
not impact the expected ALD growth for an ideal growth process.l” For some non-ideal
processes, excessive purge times can lead to desorption, reducing the possible growth

of the film.

Additionally, there is the base assumption that any given reactant will adsorb
and react in an expected, thermodynamically favourable fashion. That is, it will adsorb
to the surface and, providing there is adequate activation energy, the co-reactant will
preferentially substitute with the previously bound chemical group.1318 Within this
process the atoms will react and orient in a way such as to find the most favourable
oxidation state, coordination state, crystal structure (etc.) for the given compound. As
a consequence of the aforementioned phenomena, the resulting film is assembled by

self-ordering, self-limiting behaviours.
3.1.5 ALD process variables

On top of the sequence timing itself, there are numerous parameters that vary
between different ALD processes. This includes variables such as chamber
temperature, bubbler (the storage vessel for the precursors) temperature and gas flow,
to name a few. Each variable is individualised to maximise growth for a specified
reaction, taking into account factors such as precursor volatility and reaction

dynamics to determine the most appropriate values.141920 These values can be tuned,
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as with the dose times, to create a smooth ALD process with a predictable substrate

growth rate.
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Figure 9: Diagram showing the relationship between growth rate and growth temperature. Recreated from

reference.’#

Growth temperature is especially important, with the effects of temperature

extremes highlighted in Figure 9. Growth rate as a function of temperature is explored

as part of the ALD process here, with an advantageous process window identified.

3.2 Plasma-Enhanced ALD

3.2.1 Precursor selection

As has been established, in your typical ALD process, precursors are added

sequentially and reacted with another compound to produce the surface film. Oxygen-

based coreactants such as water or Oz gas can be reacted with metal precursors to
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produce metal oxides. Similarly, nitrogen-based compounds like ammonia make it
viable for ALD nitrides, and so on.2122 This is logical as changing one of the reactive
species will alter the final product. However, these reactions are not always very
favourable, and a pure product with a reasonable growth rate can be tricky depending
on the precursor. Volatile precursors, such as trimethylaluminium (TMA), will shed
their methyl groups willingly resulting in a strong and predictable growth rate of
~1A/cycle with water.2324 Other precursors are more problematic however depending
on the chemical composition and their respective reactivity. In the case of more stable
precursors, or in the interest of improving growth, it can be beneficial to use a co-
reactant of a more unstable nature. For instance, water, a common oxygen source for
ALD metal oxides, can be replaced with ozone gas (03).25 This offers an alternative
way of improving the reactivity in the chamber, as ozone gas is much less stable and is
a more powerful oxidiser than water.26 In making such a swap it is possible to improve
the growth rate and sequence time for certain precursors.?’” However, as with any
chemical reaction, a change to any component can also result in crystallinity and

compositional variations, so it is important to ensure a balance.28

3.2.2 Plasma utilisation

Plasma Enhanced Atomic Layer Deposition, PEALD, is as its name suggests:
ALD that is enhanced by using plasma technology. As has been discussed, using more
reactive gases in the ALD process can improve growth for low reactivity precursors. In
a similar fashion to ozone, plasma generated radicals offer a route to using more
chemically inactive compounds in ALD processes.?? Plasmas are generated by exciting
gas molecules, ionising the gas and generating radicals.3® This can be done in a

number of ways including: DC-discharge, RF discharge and Microwave excitation.3!
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Plasma generators typically work by utilising an inert carrier gas and electrical
currents to ionize a target gas, in this case oxygen, into a mix of radicals, anions and
cations. These radicals possess more energy and are much more reactive than
molecular oxygen, which can often improve the reaction dynamics to allow for better

growth?32.33
3.2.3 Limitations of Plasma Technology

Recombination was covered in chapter 1 as an issue within PEC cells, yet the
similarities in the plasma generation process make recombination a threat here also.
As there is a mix of species created it is plausible that these can recombine, as
thermodynamics dictate would be favourable. This can occur in a free-flowing space,
with (e.g.) oxygen radicals recombining to form molecular oxygen, and also at the
surface.3* High aspect ratio substrates are particularly susceptible to recombination
issues due to their topography, as the chance of hitting an undesired reactive species
increases with diffusion depth.35 For this reason, PEALD may not be suitable for all
processes, with rougher surfaces potentially facing more recombination issues.36
Hence it is necessary to weigh the pros and cons for any given process to establish

whether using plasma technology would be beneficial.

3.2.4 System setup

Experiments in this PhD were carried out using an Oxford Instruments OpAL
ALD reactor equipped with a Meaglow hollow cathode plasma source (Meaglow
stainless steel series 50) powered by a RF generator (Seren R301 RF source with an

MC2 match box and AT6 Automatch controller). The hollow cathode in the Meaglow
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system was not cooled during operation to prevent precursor condensation. The
plasma source was fed with argon (BOC research grade) and oxygen (BOC zero grade),
with flow rates of each gas controlled by MFCs. The argon was also used as a carrier
gas for the MO precursor and as a purge gas during ALD growth. The OpAL machine
1s a warm-wall reactor, in which the upper and lower chamber temperatures can be
intendedly controlled, as can the sample platen. The reactor is pumped by an Adixen
A103P dry pump, with the lines are heated to prevent condensation of precursors. The

full setup can be seen in Figure 10.
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Figure 10° Schematic of the full reactor setup, including plasma source, gas lines and precursor pots.

The precursor used to produce hematite films during this project was ferrocene
(Sigma Aldrich (F408-100G) 98%). This was delivered using vapour push mechanism,
with dosing controlled by high-speed Swagelok ALD valves. Other precursors used in
this project were TMA (SAFC-Hitech) and Titanium(IV) isopropoxide (>97%, Sigma

Aldrich), delivered via vapour draw and vapour push mechanisms respectively.
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3.2.5 Custom equipment

For this project a custom bubbler to house the chosen precursor was designed,
in order to overcome persistent issued caused by the precursor. This was designed
with wider tubing to help prevent blockages, a lowered gas inlet to aid with the vapour
push method and a glass body to make it easier to check powder levels and view any
problems (Figure 11). Additionally, heating lines were added to the gas inlet pipes to

reduce the possibility of cold areas and sublimation.

Vapour — Gas
I
outlet (to the ‘push’ inlet
reactor chamber)
Vacuum ———

safe glass body — Ferrocene

/
Figure 11° Custom built precursor 'bubbler’ for ferrocene. 1/4" steel pipes make up the gas inlet and outlet,
with glass body and rubber seal on steel cap.

3.2.6 Basic Process parameters

The key parameters to highlight for this process, that remained constant for the

duration of the project are :

e Precursor temperature set to 80°C,
e Line temperatures were staggered, with the immediate line above the

precursor at 90°C and the line above that at 100°C,
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e Precursor vapour push gas flow was set to 50 sccm Ar (BOC research
grade)
e Overall gas flow through lines was maintained at 150 sccm outside of

dose stages.

3.3 Electrochemistry

There are many variations and experiments possible within the electrochemical
field, though only a selection are used in this PhD. Chapter 1 introduced the concept of
PEC cells and their role in sustainable hydrogen energy. This section will look more
closely at the specific data acquisition methods used for testing PEC cells and their

components, as relevant to this research.

3.3.1 Electrochemistry in a nutshell

Electrochemistry is an area of science concerned with the relationship between
electron movement and chemical processes. In electrochemical reactions, the electrons
partaking in the process do so as an electric current in a circuit, contrary to the
electron exchange that occurs directly between atoms and ions in typical chemical
reactions.3’” Conventionally, the reaction proceeds via a redox process, in which one
species is reduced as the other oxidised. When this occurs spontaneously, as can occur
in certain electrochemical cells (known as Galvanic/voltaic cells), the chemical energy
1s converted into electrical energy.?® Conversely, current can be applied to a cell to
convert the electrical energy to chemical; this will drive the redox reaction forward,
producing the desired species. This setup is known as an electrolytic cell.
Photoelectrochemical (PEC) cells have two distinct classes based on these two types;

fundamentally, a PEC device that utilises light to produce electricity is known as a
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photovoltaic cell, whereas light driven chemical reactions are completed by

photoelectrolytic cells.3?
3.3.2 Experimental setup

For this research a custom designed transparent glass cell was used, containing
a solution of 1M NaOH (Fischer, reagent grade, pH 13.6) prepared with distilled water
as the electrolyte, with the working, reference and counter electrodes connected to
three, separate, sealed inlet joints. In this instance the reference electrode consisted of
a lab made Ag/AgCl reference electrode with a platinum wire used as counter. A 300W
Xe lamp (Newport model 66902) was utilised as a light source (ca. 100mW cm™). For
the subsequent techniques, a PalmSens3 or Bio-Logic SP-200 potentiostat was

employed as a tool for data acquisition.

3.3.3 Electrochemical Techniques

The main electrochemical techniques used to obtain data in this research were:

» Linear Sweep Voltammetry (LSV) — Used to determine the peak current and

‘switch on’ point or onset for PEC devices, amongst other things. Involves
sweeping the potential from a low voltage to a higher one in a linear fashion on
the counter and reference electrodes, whilst measuring for the working one.40 A
typical sweep range here is -0.4V — 0.7V, to encompass the full OER range.4!
Illumination was carried out on the front and back side of the samples, to assess

for differences (Figure 12).
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Front side illumination

Back side illumination

Figure 12° Experimental difference between front and back side illumination.

* Chopped LSV — Similar to the above LSV but with the light source manually

‘chopped’ repeatedly between dark and light. The resulting pattern of

overshoots is hypothesized to be characteristic of the recombination behaviour

of the photoanode in question.42

= Chronoamperometry — Electrochemical experiment wherein the potential is

held at a given value (0.4V) and the current measured as a function of time. In

this project that varied from 5 minutes, to over an hour. This provides

information as to electron transfer events and photoanode stability in NaOH

solution.43

3.4 Other Techniques

3.4.1 LEIS

Low Energy Ion Scattering (LEIS) is a surface sensitive analysis technique used

to garner information as to the chemical and structural composition of a compound. It

achieves this by directing particles at a substrate and measuring the resulting data,

7



such as energies, velocities and positions, to accurately analyse the surface (Figure

13).44

intensity

og'oo

Energy

Figure 13’ Surface interactions between ion beam and surface ions, with collisions at various angles. These
angles and the velocities and energy of the ions allow for the formation of a LEIS spectra, which shows as peaks at
different energy, with varying shapes and intensities. Adapted from reference.*?

In this research LEIS has been deployed to find the specific elemental surface
compositions of the samples both pre and post-anneal, as well as to determine the

arrangement of atoms at greater depths.

An IonTOF Qtac100 LEIS machine was used for sample measurements in this
project. A He/Ar beam was employed for analysis, as specified in the specific
experiments. Samples were mounted onto the LEIS platform and manually
transferred to the main chamber, using the gated vacuum system and push/pull
levers. Samples were measured without heating. A high energy Ar beam was used to

remove subsequent layers of substrate to record sub-surface measurements.

Some of the key properties of the IonTOF Qtacl100 LEIS machine are

highlighted in Table 1.
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Table 1: Some key properties of the lonTOF LEIS machine are highlighted here. Adapted from lonTOF
user manual, https//www.iontof.com.

Property Key data
LEIS ion source | 3He*, 4He*, 20Ne*, 40Ar* Up to 8keV. 1pA — 100nA
Charge Low energy electron Self-adjusting charge compensation
compensation source source enables analysis of insulators
Base pressure <5.0x101%0rr
Sputter gun 0.2 — 2keV Ar* gun (up Allows dual beam depth profiling
to 600nA @ 2keV)

A 3 keV He* analysis beam was employed for surface spectra measurements,
with the intensity of the scattered He* normalised to the ion beam current. A 1 keV
Art sputter beam was employed for dynamic depth profiling. Dynamic depth profiles
were taken following exposure to a sputter dose between ~5 x 105 ions cm! -and _7 x

104 1ons cm'1.

3.4.2 UV-VIS

Ultraviolet-Visible absorption spectroscopy, or UV-Vis as it is commonly named,
measures the absorption of a compound over the ultraviolet and visible spectrum. This
can at wavelengths ranging from 190-700nm of the electromagnetic spectrum.4 As

mentioned earlier electrons can absorb light to undergo a transition from a lower
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energy state to a higher one, and the gap that these electrons Jump’ from corresponds
to a wavelength of light. The smaller the gap, the lower the energy requirement of the
electrons, hence a longer wavelength of light absorbed; longer wavelengths correspond
to a lower photon energy.4¢ Briefly, this is because wavelength= speed / frequency and
energy = frequency x Planck’s constant, ergo higher frequencies equal smaller
wavelengths and are equal to higher energy.4”  Absorption and reflectance
spectroscopy utilising UV or visible light wavelengths is an inexpensive and simple
method for determining some key material properties. Not only does this method
inform on the % of light absorbed by a sample, which is a good indicator as to its
potential use in photoelectronic devices, but spectral analysis can determine band-gap

properties and transition dynamics.48

Measurements were recorded using a Shimadzu UV-2600 spectrophotometer,
equipping reflectance or absorbance holders as needed. Reflectance measurements
were recorded against an aluminium mirror (specular) and barium sulphate packed
powder (diffuse). Absorbance measurements were referenced to a sample of clean FTO

glass.

3.4.3 Film Growth Measurements

Film growth was ascertained using a combination of weight gain measurements

and thin film ellipsometry.

Weight gain was carried out by recording the mass of the wafer pre-ALD and
post-ALD using a microbalance sensitive to 0.00001g (Mettler Toledo Ltd, XS205DU analytical
balance). The surface area coverage was then calculated and growth ascertained using

the following formula:
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Film thickness (nm) = 1,000,000 x Mass Gained (g)

Density (g/cm3) x Area (cm?2)

Spectroscopic reflectance was used to corroborate film thicknesses, with the aid
of a Filmetrics F20 (380-1050nm) tabletop thin film analyser. This technique compares
the wavelength of reflected light to the intensity, in order to ascertain qualities such
as film thickness and refractive index.49 As the light analysed is perpendicular to the
substrate, polarization effects can be 1ignored, with spectroscopic reflection

instruments being much cheaper and simpler to use overall.50

Samples were referenced to their respective substrate (e.g. Si wafer) to
minimise background interference, and the FILMeasure software used to assess

plotting techniques and error margins.

3.4.4 XPS

XPS 1s a useful tool to be able to use when looking to identify the structures
present in a thin film. It i1s a surface sensitive technique that can indicate not only
what atoms are present, but also what they are bonded to. Using the photoelectric
effect, X-rays are directed at a sample, energizing electrons and resulting in their
emission.?152 The kinetic energy of the electrons is then detected and plotted, and can
be compared to other known values for structural determination.’3 The sampling
depth of XPS is much deeper (5-10nm) than some other techniques used here, such as
LEIS. Results obtained via XPS show a snapshot of the upper 5-10nm of the sample

surface, whereas LEIS is sensitive to the outermost atomic layer.4* In this project, the
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potential to identify the oxidation state of the iron atoms present, and hence exclude
other iron oxide species as a result, is invaluable for film characterisation.5354 Unlike
XRD this technique does not require the films to be in a crystalline form for analysis to
occur. XPS was used in a limited capacity to confirm the presence of surface species on
samples prepared on FTO glass due to the limitations of FTO with other techniques

(XRD, Raman).

X-Ray Photon Spectroscopy was carried out by Dr Shamsal Haq of the Surface
Science department, University of Liverpool using a Kratos Axis Supra XPS machine,

with Cu k-a radiation.

3.4.5 SEM

SEM was used here to look at the surface structure of the hematite films. It
operates by scanning the surface of the film, under vacuum, using an electron beam to
bombard an area of the film surface.5> As the electrons hit various atoms and scatter
they get detected in the machine and the signal interpreted to produce an image of the
surface under scrutiny. The machine used in these experiments was a Hitachi S3400
Variable Pressure Scanning Electron Microscope, with a 5.0kV electron acceleration

voltage employed for the majority of measurements.

3.4.6 XRD

X-ray diffraction uses X-rays to determine atomic and molecular information of
a crystal structure, often aiding in identification of chemical compounds. The X-rays
are focused on to the crystalline sample and as the X-ray beam hits the atoms and
electrons in the compound it will diffract at a given angle.56:57 This is carried out over
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various angles for the sample and a diffraction pattern for the crystal can be built.?8
This diffraction pattern provides insight into the atomic arrangement of the crystal.
For X-rays that interact with the sample surface, the angle of incidence, 0, will be the
same as the scattering angle, 0, as defined by Bragg’s law. When these waves are in
phase, the wave interference is constructive and present as a high intensity peak on
the spectrum.59.60 In this project was used to help determine the chemical composition
of the films, with a Smartlab Rigaku XRD (using a Cu wavelength) machine as the

main XRD source.

3.4.7 Raman

Raman spectroscope differs from other spectroscopic techniques by its use of
lasers to elucidate structural features of a material, including crystallinity, phase,
polymorphy and chemical structure.b! It is a light scattering technique, with each
spectrum featuring peaks that result from specific molecular bond vibrations.62 It is
widely used due to its non-destructive nature. Raman spectroscopy was used to
further elucidate structural information on the hematite samples and was carried
using a Renishaw inVia confocal Raman microscope with a 532nm laser at 5% power.
Experiments were carried out by J. Horne, as part of the Hardwick Group, SIRE,

University of Liverpool.

3.4.8 Heat Treatments

The benefits of exposing samples produced on FTO substrates to heat were
highlighted in Chapter 2, with the effects of heat exposure an ongoing question
throughout this work. Ion migration and structural changes are common observations

following exposure to heat, both of which will be assessed here.?0 Heat treatments
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were done in a Carbolite CTF12/65/550/301 single zone wire wound tube furnace in
air. Treatments included a 2-hour anneal at 550°C heat (Heat Treatment 1) and a
shorter 20-minute heat step at 750°C (Heat Treatment 2). Samples were removed

following treatment and allowed to cool slowly to room temperature in air.
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Chapter 4: Plasma Enhanced

Atomic Layer Deposition Of a-
Fe203

4.1 Introduction

One of the key objectives for this PhD was to use atomic layer deposition
(ALD) to produce hematite for use as a photoanode. This chapter looks at the
methodology behind designing an ALD process, the outcome of this experimental

work and the properties of the films that were produced.

4.2 Hematite: a problematic ALD candidate

As introduced in the literature section of Chapter 2, producing hematite
by ALD is not a new concept, but can be a complicated one. A few of the common

issues are:

e Low growth rates < 1A,1

e Poor growth properties, such as low crystallinity or non-uniform growth,?2

e Slow, inefficient ALD sequences, with dose times in excess of 30 seconds,3
e Use of expensive or volatile precursors; reducing commercial viability,*

o Excessive growth temperatures (>300°C), that limit the use of photoactive

substrates.?

In preparing for the ALD study the existing literature was relied upon to
exclude some of the unsuccessful approaches and to guide the research direction,

which will be seen in the upcoming sections.
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4.2.1 Precursor Selection

Many existing Fe2Os processes use precursors that are specifically
produced to promote vapour pressure and achieve improved ALD growth.6 If
vapour pressure is low, surface saturation will not occur quickly or at all,
hampering the growth of films. For many processes this means using transition
metal alkyl complexes, with high volatility and weak metal-carbon bonds.”8 The
1deal precursor should be thermally stable, as surface decomposition reduces
self-limiting behaviour and increases impurities.® Conversely, it should not be so
stable/non-volatile that it is unreactive to the co-reactant under ALD
conditions.!0 It is a secondary benefit if the precursor is also: cheap, non-toxic,

non-explosive, stable and easily stored.8

As science usually dictates, high reactivity usually coincides with a
plethora of negative qualities, and thus it is a difficult balance to strike.
Therefore, the best outcome is to use scientific techniques to boost the reactivity
of ‘poor’ precursors to form a good ALD process. This PhD uses plasma
technology to do just that. As covered in the ‘Experimental Techniques’ chapter,
plasma enhanced ALD (PEALD) makes it possible to use less reactive
precursors, as the radicals produced are very reactive. With PEALD it was
possible to choose a cheap, stable precursor, ferrocene (Fe(Cp)s), that exhibits low
growth rates and requires temperature windows >350°C, to create a process with
a reliable growth rate and reduced pulse-purge sequence than previously

observed.1!
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4.2.2 Physical Precursor Adaptions

The initial issue with using Fe(Cp)2 as a precursor was its inherently low
vapour pressure (Pyap) at ambient temperature. With a vapour pressure of Pyap, =
<0.98Pa at 298K,!2 ferrocene transport is virtually non-existent. In comparison
trimethylaluminium, TMA, which requires no additional setup when added to an

ALD reactor, has a vapour pressure of 1.2kPa at 293K.13

To overcome this problem, a vapour push bubbler was used to increase
transport. This pushes a pre-specified amount of inert gas through the precursor
pot and into the chamber, with the idea that the gas will carry precursor vapour
into the ALD reactor chamber. With powder precursors, like ferrocene, this can
be difficult as the powder itself can transport, ergo setting up the process
requires some finesse. To increase the vapour pressure a heat jacket was added
to heat the precursor powder to 80°C (353K). At this temperature, vapour
increases to ~0.094kPa — almost a 100-fold improvement compared to room

temperature.l4

One factor that had to be taken into consideration was the sublimation of
ferrocene. Under vacuum, with added heat, ferrocene is known to sublime
readily.’® As the original vessel was small, made of steel and with narrow inlet
and outlet pipes, it was possible for this to occur in colder spots. To overcome this
a custom bubbler was designed and fitted, with wider tubing to help prevent
blockages, a lowered gas inlet to aid with the vapour push method and a glass
body to make it easier to check powder levels and view any problems (Figure 14).

Additionally, heating lines were added to the gas inlet pipes to reduce the
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possibility of cold areas and sublimation. This new setup removed early issues

with the growth process and allowed the study to move forward unhindered.

Vapour Gas
I
outlet (to the ‘push’ inlet

reactor chamber)

Vacuum _

safe glass body U

Figure 14° Custom built precursor 'bubbler’ for ferrocene. 1/4" steel pipes make up the gas inlet and
outlet, with glass body and rubber seal on steel cap.

4.3 PEALD Fe203 Growth Study

Ferrocene

This section focuses on the specific parameters that required optimising to

produce a smooth, effective, and reliable growth process.

4.3.1 Precursor Pulse Time

Logically, the first parameter that it is beneficial to establish in an ALD
process are the sequence timings. Fortunately, a good starting point for the
coreactant pulse-purge timings had been established based on multiple other
processes ran on that specific reactor. As a result of this, a reasonable estimate
for the Oz plasma sequence could be used straight away — a 5 second pulse and 4

seconds purge sequence that was found to be sufficient for most processes.

Therefore, the earliest focus initially was to find the optimal pulse times

for the ferrocene precursor. As this was the first parameter to be determined the
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general growth conditions were improvised for this set of experiments. An initial
growth temperature of 200°C was chosen as it was on the low temperature end of
similar growth processes.>16:17 Additional variables such as plasma power and
plasma Oz concentration were chosen based on generally good values for other
processes used on the reactor, with the aim to test these at a later stage. The
experiments were all done for 300 ALD cycles on (100) Si wafer as a constant.
The first experiments used a 5s ferrocene pulse, which is typically rather long for
an ALD pulse, to first confirm that growth occurred. Experiments were then
carried out at decreasing intervals to determine if a trend was present, using an
average calculated from the results. Further repeat experiments were then
performed around a couple of values to check for anomalies in the growth

pattern.

As covered in the Experimental Techniques chapter, there should be self-
limiting behaviour to ALD processes. Figure 15 illustrates the self-limiting

principle in this growth process, along with the results of the pulse time study.
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Figure 15° The relationship between the ferrocene precursor pulse time, the resulting thickness and
self-Iimiting principle can all be seen within this graph. All experiments were carried out for 300 ALD cycles
on Si wafers, using the weight gain method for thickness determination, and later checked with
ellipsometry. The average of each of these experiments was plotted for this figure. Exponential growth
followed by a plateau is the distinct pattern for self-limiting behaviour and acts as confirmation for the
occurrence of a true ALD process.

The exponential growth stage, where the pulse time is not adequate to
create a saturated surface, can be seen with pulse times below 1.5s (red section).
Upon reaching this saturated level the growth evens out and at this point growth
is said to be self-limiting (blue portion). This is demonstrated with the lack of
additional growth with increasing pulse times; the extra precursor does not

chemisorb to the surface and is instead purged away following the initial pulse.

Purge times were initially set at 8 seconds for these experiments, with an
excessively high time better than too short of one. This was later cut down to 5s
in a later experiment, as growth remained stable and did not increase (which

would indicate insufficient purging). The final timings for this sequence were:

2-5-5-4 seconds
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{Fe(Cp)2 — Ar purge — O2 plasma — Ar purge}

4.3.2 The role of temperature on Fe2Os growth

As alluded to in the literature section, previous work in growing ALD
hematite has seen mixed success over a range of temperatures. Using some of
this work, an estimated range to test growth over was created, with 150-350°C
balancing the limitations of the ALD reactor with the previous best temperatures
found in other work. Having already discovered the optimal pulse sequence, this
could be kept constant. Additionally, the number of cycles was held at 500 for
each experiment, increasing from 300 in the previous study to help with accuracy
in the thickness measurements. 500 cycles became the standard testing value for

every subsequent experiment. The results were as follows:

Platform nurxl:lf:i of S1 S2 S3 Average
temperature Thickness Thickness Thickness thickness
. Fe(cp):
/°C /nm /nm /nm /nm
cycles
150 500 21.9 21.8 21.9 21.9
200 500 24.5 24.6 24.5 24.6
250 500 25.2 25.2 25.1 25.2
300 500 256.1 25.2 25.1 25.1
350 500 25.2 25.1 25.2 25.2

Table 2: Data values for the temperature study. Three samples were made (S1, S2 and S3) and
measured for each temperature and an average thickness calculated. All experiments were carried out on Si
walers, using the weight gain method for thickness determination, and later checked with ellipsometry.

The tabulated data indicates that a clear trend is present for the results,

this is shown clearly in a chart (Figure 16).
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Figure 16: The trend between chamber temperature and resulting film thickness is easy to spot
when plotted. There is a clear ideal growth temperature range (250-350°C provide the highest level of
growth), from which a set temperature for future experiments can be chosen.

In analysing the data, a possible range of ideal growth temperatures were
found. The lowest value here was 250°C, with additional temperature offering
little improvement. Lower than this resulted in suboptimum growth, with 150°C
exhibiting a notable drop off. A lower growth temperature opens the door for a
larger range of growth substrates for this process, as some common PEC
substrates are temperature sensitive, therefore the lower value was chosen as

default.

4.3.3 Varying plasmonic O2 Concentration
Having set growth temperature at 250°C, which was a little higher than
the initial choice of 200°C for {4.3.1}, going back and checking the plasma

properties seemed necessary. A couple of experiments increasing the plasma
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time, to ensure it was sufficient, and increasing the Oz plasma concentration

were completed, and the results shown in Table 3.

Total O2 Average
number of Fe(cp)2 Oo/Ar flow Plasma Time Fe203 Thickness
/sccm
cycles /s /nm
500 20 5 25.2
500 40 5 25.3
500 20 10 24.4

Table 3: This data shows the relationship between plasma properties and resulting film thickness.
Doubling the Oz concentration yielded no real change for the films in question, nor did doubling the plasma
duration. Plasma power was set at 200W.

It was found that increasing the concentration of the Oz flowing through
the lines of the plasma generator yielded no benefit for film growth, nor did
doubling the plasma time. While it would have been possible to do a complete
study as was done for the ferrocene, lowering the plasma time by a second or two
was not deemed important enough to justify the heavy time commitment. As the
film was growing consistently and a longer Oz time did not show improvement in
growth (5s was sufficient), further tweaks to plasma dose time did not offer

substantial benefit and 5 seconds was chosen for all further sequences.

4.3.4 The effect of plasma power on Fe203 growth

An unexpected variable to check in this project was the power of the
plasma generator. Shortly after completing the aforementioned experiments, it
became known that the higher watt values on the plasma generator were
associated with a chance of small specks of contaminants reaching the films. It
was hypothesised that the high power of the plasma generator was sputtering

material from the plasma walls onto the films during ALD processes. Plasma
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generators often carry this risk, though the literature suggests that hollow
cathode generators produce species of >20eV energy, reducing the chance of
etching on the cathode walls.1® Though this phenomenon hadn’t been witnessed
for the samples in question, a further study was needed to ensure the films
would grow sufficiently on a lower power plasma setting to reduce this possibility

in the future. All previous experiments up until this point had been carried out

with the default 200W plasma power value that was used for the reactor. The

results are as shown in Table 4 and Figure 17.

Plasma nuTx?lEle' of 51 52 S3 Average
Thickness | Thickness | Thickness thickness
Power /W Fe(cp)2
/nm /nm /nm /nm
cycles
25 500 23.9 24.0 24.1 24.0
50 500 25.2 25.2 25.1 25.2
100 500 24.9 25.2 25.3 25.1
200 500 26.1 25.8 25.6 25.8

Table 4: The relationship between film thickness and plasma generator power. As can be seen there
appears to be a limited relationship between the two variables.
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Figure 17 The relationship between the power setting of the plasma generator versus the resulting
film thickness. Though it is clear there 1s a relationship between the two, it should be noted that the
difference in values is not astoundingly high, therefore an elemental of judgement must be used when
choosing the future power value.

There is a correlation between the power setting of the oxygen plasma and
the resulting hematite film thickness. However, even with the large changes in
wattage from 25W — 200W, the resulting film thickness change is confined to
~2nm at each extreme. Between 25W and 50W there is a slight increase, perhaps
indicating that saturation had not yet occurred. Though there is an argument for
using a 200W plasma setting based solely on growth, there is also a cost to
benefit argument at play. For this reason, a 50W plasma power was chosen going
forward. This had essentially the same growth as for 100W, with a thickness of
~25.2nm, and an improved growth than for 256W. Though there was a marked
decrease of ~0.7nm from 200W to 50W, the reduced chance of impurities was
weighted as more important, with film quality valued higher versus quantity in

this case.
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4.4 Linear ALD growth; expectation and results

In a standard ALD process, it possible to calculate a growth rate (GR)
based on observed growth patterns. In determining the growth rate, experiments
can be designed to create films of a specific thickness, down to the nanometre.

This is done using the following simple calculations:

Observed growth

(nm)

Growth Tate qun per cycie) = Number of cycles

= Growth rate ... yer cycie

Expected growth y X Number of cycles

{nm)

Hence, creating a targeted film thickness is achievable if the rate at which
the compound is growing is known. Using the data collected over numerous
experiments, an average growth rate of ~0.05nm/cycle was found for the

ferrocene/O2 plasma process.

For the electrochemistry side of the research it was required that films of
a given thickness were produced, with a target film thickness of 118nm — the
maximum light penetration depth of hematite.!® To achieve this a total number
of approximately 2400 cycles were needed, assuming a linear growth pattern and
a GR of 0.05nm/cycle. The results obtained were not consistent with these

assumptions (Figure 18).
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Figure 18 The results for actual growth achieved deviate from the expected (black dotted line)
significantly. Changes in growth per substrate are also notable, with Si wafer showing increasingly
hampered growth.

For any given ALD process, linear growth is the ideal to be aimed for. This
standard implies that nucleation and growth are consistent in subsequent layers
of compound and there are no drastic chemical changes occurring during longer
processes.20 Hence, the behaviour of growth does not change, and the growth rate
1s consistent throughout the process. Deviations from this can occur, with
various types and causes of non-linear growth. In this instance, the plateauing of
film thickness with increasing cycles is consistent with what is known as
‘substrate-inhibited growth’.2! This term refers to the change in properties with

increasing substrate thickness. Here, layers of already deposited substrate act as
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an unfavourable surface for the precursor to chemisorb, to the extent that it
inhibits continuous linear growth.22 In this instance, this would mean that the
hematite layer formed is less favourable for growth than the initial silicon/FTO
surface. While this is not exceptionally common, this does occur with certain
transition metal precursors. Particularly, this phenomenon has been noted with
Fe precursors previously, in which Fe and C impurities stimulate the
decomposition of the Fe(Cp)z itself, which is problematic for a compound rich in
both iron and carbon.!623 This was hypothesised to be the likely cause of the

limiting behaviour at higher deposition cycles.

An additional observation during this work was the notable growth
preferences for certain substrates, with the iron oxide nucleation on glass-based
enhanced compared to silicon. This can be seen with the thickness obtained
following 2400 cycles, which was ~100nm for FTO or closer to 70nm on Si.
Similar phenomena have been reported previously for iron oxide species grown
on FTO and Si, with a few proposed reasons for the variation.62¢ Taking into
account the substrate differences, most notably the high aspect ratio of the FTO
surface and terminal groups, the underlying growth mechanics would vary
comparatively.?5 For instance, it has previously been noted that ferrocene show
preference for high aspect ratio substrates, resulting in the desired conformal
Fe20O3 growth.26 It has been hypothesised that this was due to a preference for
increased pore diameter, with the larger number of surface groups and reactive
sites being favourable for the adherence of bulky ferrocene molecules.2” Notably,
this observation may raise concerns in a plasma driven process, due to the

existence of recombination-limited growth (RLG). RLG can be a limiting factor
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for plasma processes, particularly with high-aspect ratio substrates, as the
radicals need to exist for longer to travel into trenches and other formations,
ensuring a conformal coating.2829 However, it is debatable whether FTO glass
can be considered a substrate with a high enough aspect ratio to cause RLG. Yet
1t 1s sufficiently different to Si wafers, enough so to boost hematite growth in this
work. Aside from the observations relating to substrate preference, the ALD

process seemed to run smoothly and produce predictable growth patterns for use

in this project.
4.5 Characterisation

4.5.1 X-Ray Diffraction (XRD)

4.5.1.1 Si1 Wafer Substrate

XRD experiments were carried out on both a high resolution 9kW Cu
Smartlab Rigaku XRD and a Benchtop Cu Smartlab Rigaku XRD, with both
short, quick experiments and longer, more focused runs. [Figure 19A, 19B].

1500

A 5000 - B E— F?zoa on Si Si(400)
—— Si wafer
Si(400)
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Figure 194 and 19B: XRD spectra for the samples in question. Both samples were heated to 750°C.
A - Approximately 64nm Fe:03 on Si wafter, taken on a Smartlab Rigaku XRD using a Cu wavelength at
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298K. Present is the forbidden Si(200) peak and the large Si(400). B — Bare Si(100) wafer vs 30nm Fez0s on
Si(100) using a Smartlab Rigaku XRD. Multiple Si(100) peaks observable but no Fe peaks apparent (red).
No peaks were detectable outside of those for Si(100) wafer on both
instruments. The most common features found during these experiments were
the Si(400), the forbidden Si(200) double diffraction peak at 33°, and occasionally
some other minor Si peaks. 3931 Annealing temperature had no effect on the
diffraction pattern; the as-deposited samples showed the same Si peaks as those

heated to 550°C and 750°C. Hence, it could be concluded that, at least for the Si

substrate, the samples were amorphous.

Due to the extremely thin nature of the films wunder scrutiny,
characterisation was a difficult task for the most part. The lack of peaks for
these samples raised the question of whether the films are amorphous in nature,
and require heat to crystallise, or whether this was a substrate specific issue (Si

versus FTO).

The research on this subject indicated a few possibilities for these
observations. One scenario is that of a Volmer-Weber, or ‘island’ type substrate
growth, in which defects in the initial deposition layers create a mode for islands
to form. With furthering deposition cycles these can grow and coalesce, creating
amorphous or polycrystalline films.32 This method of growth has been observed
frequently for semi-conductors, particularly those with poorer growth rates at an

intermediate temperature.33

4.5.1.2 FTO substrate
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Following the results highlighted with XRD of the Si substrate, XRD of
the FTO films was carried out. The films grew more readily on glass-based
substrates, so it was hopeful that a 100nm film would show well defined peaks.
However, the initial runs indicated that the baseline for FTO glass was
incredibly noisy, and for a ~100nm film layer it was hard to discern clear

hematite peaks [Figure 20].
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Figure 20° XRD spectra of Fez03 film on FTO glass shows an incredibly noisy baseline with broad
FTO peaks. Baseline extrapolation tool (red line) indicates the possibility of hematite peaks within the
noise, but this 1s arguable.

XRD for this sample is already problematic, as the main FTO peaks are
broad and arise at the similar angles to some of the hematite peaks.3*
Additionally, as the glass deforms slightly at 750°, XRD here was unsuitable for
these samples. However, in using a data baseline extrapolation tool on Origin

software, potential peaks could be identified that may otherwise be hidden in the
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noisy baseline. Whilst this technique potentially alludes to the presence of some
crystallinity within the samples, overall XRD was not useful for characterising

the samples.

4.5.2 Raman Spectroscopy

One tool that could potentially shed further insight on the structure of the
samples was Raman spectroscopy. Through collaboration with the Hardwick
group at UOL, the opportunity presented itself to have a sample of the hematite
heated and compared to an electrodeposited sample of hematite (>1 micron
thick) using a Renishaw inVia confocal Raman microscope. This allowed a non-
destructive way to view a sample pre and post heating. The heating was limited
to 600°C at 30 minutes in air. Through Raman spectroscopy the clear difference
between the as deposited and the post-anneal ALD samples could be seen

[Figure 21A, 21B].
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Figure 21A and 21B° Raman spectra for ~60nm Fez20s3 on F'TO glass, taken using a 5632nm laser at
5% power on a Renishaw inVia confocal Raman microscope. A — Wide spectra view of annealed sample at
600°C for 30 minutes. B — Stacked view of an as deposited ALD sample (black), 600°C annealed ALD sample
(vellow) and 600°C annealed electrodeposited hematite sample (blue) for comparison. Data collected by .
Horne, as part of the Hardwick Group, SIRE, University of Liverpool.
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Upon closer inspection, the various modes for hematite can be identified
[Figure 21A]. This includes well known hematite modes such as the four oxygen
vibrations at approximately 225, 245, 298 and 300cm™, as well as the three iron-
based vibrations at 412, 496 and 610cm™.35:36 The forbidden 1L.O mode at 660cm”
1 is also present, yet weak. Additionally, the intense 2LLO at 1319cm™ can be
seen.3” Furthermore, this technique fully confirms the identity of the iron oxide
species as a-Fe20s, as y-FesO3 (maghemite) presents a large, broad Az Raman
shift across 600-750cm™ that hematite lacks and which is not present in these
spectra.3® The two-magnon scattering peak at 1320cm is further confirmation of

a-Fe203 as the sole iron oxide species here.3?

Most notable for these samples is the difference following heating, with
peaks that were previously broad and lost to the noise sharper and noticeable
following the 600°C heat exposure. Contrary to the XRD, the noticeable
difference in the Raman spectra pre- and post-heating indicates that the sample
likely undergoes some structural changes with temperature, yet is amorphous
when deposited. Thermally induced changes are not an uncommon occurrence for
iron oxide specimens; oxidation and structural changes readily occur at elevated
temperatures (usually to the more thermally stable hematite).4041 It is quite
possible that in the deposited films Fe2Os are amorphous in nature, but heat
exposure induces structural change towards a more crystalline structure. This

can be partially confirmed with appearance (Figure 22).
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Figure 22: Picture of sample pre-anneal (left) and post-anneal (right). Colour changes from paler
orange/yellow to deep orange can be observed following heat exposure of 550°C in air for 2 hours under
normal atmospheric conditions.

Amorphous films exhibit slightly altered colours to their more crystalline
counterparts, due to the different light scattering properties.42 In particular,
amorphous solids incoherently scatter light resulting in pale colour across the
visible region. This may explain the paler colouration of the films pre-annealing
and the deeper colour exhibited following temperature treatment.4344 An
alternate explanation for this is that for temperature treatments over 400°C a-
Fe203 (orange) is the preferential form of iron oxide, readily oxidising other iron
species such as FeOOH, FeO, FesO4 and y-Fe:Os. y-Fe2Os and FeOOH in
particular are yellow in colour and commonly form while making hematite at
lower temperatures. 45 This observation, along with the Raman data indicates

that some degree of change occurs following heating, but does not indicate

mechanism alone.

4.5.3 X-Ray Photoelectron Spectroscopy (XPS)
XPS was used to further confirm that the Fe species present was that of

Fe(II), as expected in hematite for unheated films [Figure 23A, 23B].
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Figure 23A and 23B: XPS spectra for ~100nm unheated Fez0;s film on FTO glass. Spectra obtained
using a Kratos Axis Supra XPS machine. A — Fe spectra shows FeZpsz peak at ~710eV, with secondary
157 ;fg {;z at ~723.8ev. B — Binding energy for Ols peak 1s ~529.6eV, with small shoulder peak present beyond

The Fe binding energies present are typical for that of hematite. Slightly
higher Fe2ps2 and Fe2pis values of 710.2eV and 723.8eV (respectively) are
characteristic of FesO3 and indicative of Fe(III) as the main species.*6 There is a
distinct lack of a 715eV satellite peak, which would allude to the presence of an
Fe(II) species.4” Furthermore, the satellite peak at ~719.0 eV is not present for
magnetite species (Fes04), but is a definitive feature of FesOs films 48 Similarly,
the Ois band occurs at 529.6eV here, in accordance with that of bare a-

hematite.®® The small shoulder peak present beyond the main O1s is a common

feature of surface -OH species often present in metal oxide films.5°

Overall, the XPS experiments show that the composition of the unheated
iron oxide films is Fe20Os. This further analysis indicates that the colour changes
observed are likely due to structural changes compared to changes in iron oxide

species.
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4.5.4 Scanning Electron Microscopy (SEM)
SEM was used here to observe if there were observable changes in the

hematite appearance following heat exposure (Figure 24).

500nm 5.0k mm x50.0k SE(U) 1.00um

Figure 24: SEM of ALD Fe:0s for A) As-deposited film at 100,000x and B) Heat treated film at
50,000x magnification on a Hitachi S3400., taken using a 5.0kV electron acceleration voltage.

Overall, structural changes are observable for the two films. The as-
deposited films have large (500nm) clusters of hematite spheres, with a
cauliflower-like structure observable. Following heat treatment these structures
partially agglomerate, resulting in a lower degree of definition, with clearer
boundaries between the clusters. This supports the observations made for
Raman spectroscopy, where changes in the spectra could be seen following heat
exposure. As XPS indicates that the as-deposited films are in fact hematite, then

these observable changes must be due to an improvement in crystallinity.

4.6 Conclusion

To summarise, an ALD process that utilised a ferrocene precursor and
oxygen plasma was created to produce thin hematite films for

photoelectrochemistry. The process was revised and adapted in multiple steps to
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produce a reasonable 2-5-5-4s pulse purge sequence and 0.05nm/cycle growth
rate. Some growth issues were encountered in relation to silicon substrates,
though this should not affect the useability of the films, which require an FTO
substrate for electrochemistry. Multiple techniques were employed to analyse
the films, that were found to be amorphous upon deposition, but underwent
changes with temperature. With the use of XPS and Raman the films were

1dentified as the desired hematite, a-Fe2Os.

The upcoming chapters will now look at how the films performed for their
intended purpose, as well as incorporating LEIS to further dive into the

structure.
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Chapter 5:
The Role of Underlayers

5.1 Introduction

The benefits of using ALD as a method of film production were highlighted
in previous chapters. Specifically, the potential to build features into films with
precise control over composition. This chapter will explore the results of adding
an aluminium oxide underlayer to the films. An underlayer is a sheet of material
placed on the electrode surface prior to adding the bulk material.! Aluminium
oxide has previously shown promise as an overlayer, though i1s susceptible to
degradation from the alkaline electrolyte.?2 There is some investigation of AloOs
paired with other films (such as Si-Fe2Os microwires) as a hematite underlayer,
though no thorough exploration of this AloOs/Fe2Os pairing was found.3 Hence
there is room for exploration in this area, with a full study possible on the
properties and effects of Al2Os in this role. This work explores how Al2O3
underlayers 1impact the photoelectrochemical performance of a-Fe20Os
photoanodes. This study also explores how, in varying the film thickness, it is
possible to tune the properties of the hematite thin films, with implications for
both photocurrent and onset potential. Finally, the role of temperature exposure
on these films is investigated, temperature treatments altering the performance
of the films.

This chapter includes photo electrochemical results for the ALD produced

hematite with and without underlayers. There is a dedicated analysis section for
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low energy ion scattering (LEIS), a brilliant technique for detailed structural

analysis.

5.2 Electrochemical Performance of Films

5.2.1 PEC Cell Experimental

The core electrochemical setup for this work remained consistent
throughout, as detailed in the ‘Experimental Techniques’ chapter. As a brief
overview, a 1M NaOH (pH 13.6) electrolyte was used, with an Ag/AgCl reference
and platinum counter electrodes. A 150 W Xe lamp (Newport 66902 Arc lamp)
was used as a light source, with samples placed to achieve ca.100 mW.cm?2, with
dark currents taken in the absence of light. A PalmSens3 potentiostat was used
for the readings, with 1lecm? of the sample submerged in the electrolyte. In most
instances, a linear sweep technique was employed from -0.4 V to 0.7 Vagagc1 with
a 10 mV/s scan rate, starting just negative of the theoretical flat band potential
for Fe2Os and just beyond the dark current potential for water oxidation.*5
Repeat measurements were carried out for each experiment to ensure the results
and setup were consistent with previous sessions, with the final measurement
shown here. Dark currents were taken and monitored for changes, however

these remained close to zero with little variation across samples (Figure 25B).

5.2.2 ALD Hematite Analysis and Discussion

5.2.2.1 Linear Sweep Voltammetry (LSV)
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Early on it was important to establish a baseline for ALD hematite from
which to compare any modified samples, this included samples modified by heat
treatment. Additionally, discovering any novel properties of the sample was a
priority. The experiment was done for both sides of the sample (front and back)
to assess for a difference with illumination (Figure 26). The onset potential here
was determined by extrapolating from the point of exponential photocurrent
increase to the x-axis. An example of this is included in Figure 25A (dashed
orange line). Different methods exist for determining onset potential; this
method was chosen to account for the activity of all samples, with both steady
and exponential gradient increases. The line was fitted to cover the majority of

data points to ensure consistency among samples.
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Figure 25: A) Photocurrent for ALD a-Fe203 with an estimated thickness of ~100nm. (F) Denotes
illumination on the front side of the sample, (B) is illumination for the back (FTO) side of the sample. Dark

current is shown with the dashed Iine. B) Zoomed in LSV of the dark current in nanoAmps.

The onset current for plain, as-deposited hematite on the front (hematite
facing) side was ca. 0.34 Vagagci, with a peak photocurrent at 0.7 V of 0.28
mA.cm! (Figure 25A). When illuminated from the back (FTO) side of the sample,

there is a slight cathodic shift in onset (ca. 0.30 Vagagc) and a much-improved
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photocurrent of 0.53mA.cm?2. LSV in dark conditions showed a dark current
onset similar to that of light, but peaking at 0.17 mA cm at 0.7 Vagagc1 (Figure
25B). Placement of the samples was consistent for both illumination sides, with
light intensity remaining constant (Ca 100mW cm2) as a result. This difference
in orientation indicates that for this ALD sample there are altered effects
between the semi-conductor/electrolyte and semi-conductor/electrode boundaries.
For thin films grown on a transparent electrode such as these, a portion of the

light can penetrate through the sample when illuminated from the rear side

0|0

Front side illumination Back side illumination

(Figure 26).

Figure 26 Experimental difference between front and back side illumination.
However, it is unlikely that similar levels of light reach the semiconductor
liquid junction under back side illumination. As the reaction occurs at the
semiconductor/electrolyte boundary, the front side (with highest illumination)
should be the preferred orientation. Yet, there is a clear electrochemical
improvement when illuminated from the electrode side. Lin et al. examined this
pattern for BiVO4 on FTO and found that this phenomenon occurs only for

porous films, with standard films having no improvement with back
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illumination.6 As porous films have cracks and holes between grains, it was
hypothesised that the solution can enter and the reaction occur much closer to
the electrode. As electron transport through the bulk structure is a known issue
for hematite, this proximity to the electrode surface facilitates charge transfer
compared to surface illumination.”® In this case, the electrons are being
produced closer to the electrode and can be swept into the circuit without
needing to transfer through the bulk of the hematite.

This explanation is plausible for ALD hematite, as hematite can be
difficult to grow via ALD. The existence of these holes in ALD iron oxide
substrates has also previously been highlighted as an issue.® Scanning Electron
Microscopy (SEM) of the samples confirm that the samples are highly textured,

which adds credibility to this theory (Figure 27).

[N TV,
p e T -l

Figure 27: SEM of ALD Fe20s at A) 25,000x, B) 50,000x and C) 100,000x magnification on a Hitachi
83400. A taken using a 5.0kV electron acceleration voltage, B and C taken with 3.0kV acceleration voltage.

Images show the presence of crevices in the hematite, with a spherical cluster like structure.

Under high magnification, the uneven surface is highlighted, with peaks
and troughs visible across the sample. This corroborates the theory that the
samples have areas where reaction can occur close to the electrode, improving

the samples under rear illumination.
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When looking to photoelectrochemical performance, the samples perform
adequately, but not impressively compared to other hematite samples.
Photocurrent densities in excess of 4 mA.cm2 have been reported for Ti-modified
hematite, with an onset potential of 0.8 Vgrug for the same sample.l® The
following equation allows for the potential (Vagagc) to be compared against the
reversible hydrogen electrode (Vrug):

E®ug) = Eagiager + 0.059 pH + Efagagci

At pH 14, where E%gagc1 = 0.1976, an onset of 0.34 Vagagci for this sample
would equate to 1.36 Vrur, above the desired 1.23 Vrur for water-splitting. This
1s consistent with standard undoped, un-modified hematite, which has a poor
onset potential exceeding the 1.23 Vgrur goal.!! Though, the photocurrent for this
sample of 0.53mA.cm? is somewhat improved from similar thin films, where
photocurrents are commonly below 0.5mA.cm™2.12 Nevertheless, there is lots of

room for improvement with this sample, which is explored section 5.3.

5.2.2.2 Short-term Stability

Chronoamperometry was used to test the short-term stability of the

samples in solution (Figure 28).
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Figure 28° Chronoamperometry of a-Fe:Os over a one-hour period held at 0.4V. Standard
electrochemical setup was used, with the sample submerged in 1M NaOH and illuminated from the front

side.

Over a one-hour period, no decrease in photocurrent was detected,
indicating that the samples possess at least short-term stability in alkaline
media. This 1s as expected, as hematite i1s incredibly stable under these
conditions. Similar experiments on other thin-film hematite samples have shown
over 1000 hours of constant photocurrent,'® though no extended experiments

were carried out in this project.
5.2.3 Effects of Heat Exposure

Hematite samples are often heat treated, as they show improved
electrochemical properties following such treatment. The mechanism behind this
improvement is often complicated or multi-faceted; heat treatments result in a

range of improved qualities that positively impact performance. This can range
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from improved crystallinity, heat-driven doping from the electrode, changes in
structure, the addition of oxygen vacancies, blending of grain boundaries — the
list is long and reflects the specific samples at hand.1415

As this project set out to explore the benefits of ALD grown a-Fe20s, the
standard heating parameters for the hydrothermal growth method were
mimicked for this project. These heat treatments have been shown to be effective
in boosting the performance of electrodeposited films, CVD and ALD films alike
on FTO electrodes.’617 In doing so, it was possible to explore the benefits
highlighted for other synthesis methods with these samples. As part of the
synthesis, hydrothermal hematite samples require a 2-hour heat treatment at
550°C to ensure full oxidation of the iron species to Fe20s3.18 This is often followed
by a short, high-temperature heat treatment step to elucidate further
improvement. The improvement following the high-temperature exposure has
been attributed to Sn-doping of the hematite caused by diffusions of tin from the
FTO electrode.l® These steps offer similar benefits for ALD Fe20Os in terms of
oxidation.?0 In order to investigate how the two-step heat treatment affects the
ALD grown hematite, samples were tested before any treatment, after a 550°C
anneal in air for 2 hours (‘Heat Treatment 1’) and after a further heat treatment
at 750°C for 20minutes (‘Heat Treatment 2’).

The results for unmodified ALD FezOs are shown below (Figure 29, Table

5).
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Figure 29: Comparison between ALD Fe20s as deposited, with additional heat treatment steps.

A two-pronged effect can be observed for these samples. Firstly, a cathodic
shift in onset occurred with each heat treatment step, as well as an improved
maximum photocurrent. Secondly, the favouring of back illumination ceased for

Heat Treatment 2, with front side and back illumination showing the same

response.
Photocurrent at 0.7V
Sample Onset /Vagagol /mAcm2

0.34 (F) 0.28 (F)

ALD Fes03
0.30 (B) 0.53 (B)
ALD Fe:03: 0.24 (F) 0.34 (F)
Heat Treatment 1 0.26 (B) 0.65 (B)
ALD Fez0s: 0.13 (F) 0.40(F)
Heat Treatment 2 0.13 (B) 0.40 (B)

Table 5. Summary of results for heat treatment on standard ALD hematite samples
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Explanations for these trends are comparable to that expected for
hydrothermal hematite on FTO glass. Heating at 550°C elucidates changes in
the iron oxide species, oxidising any remaining FeiOy species to the more
photoactive a-Fe2O3s, whilst also removing any remaining organic components.21-
23 The second heat step at 750°C is thought to move species from the FTO glass
to the film, increasing charge carrier numbers, thus improving charge transport,
in this case improving onset potential.2*

The cessation of a favoured illumination side at 750°C is likely due to
heat-induced changes in structure, creating a degree of agglomeration and
reducing the number of troughs from previous levels. Heat Treatment 1, at
550°C, 1s not yet hot enough to cause serious deformation of the samples, as
compared to the 750°C of Heat Treatment 2. As a result of this, a favouring of
back side illumination can be seen up until the very high temperature anneal,
when there is no difference between back or front illumination. Similar effects
have been seen with other thin hematite films following high heat exposure, with
temperature treatments decreasing porosity.2526 Hematite particle size also
increases following high temperature treatments, further reducing the potential
for reactions within the textured structure.27-30

These changes can be observed with SEM spectroscopy (Figure 30). As
mentioned, the films have a degree of porosity wherein reactions can take place
closer to the electrode surface. In annealing, agglomeration of the smaller

particles occurs, in detriment to photocurrent and illumination effects.3!
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Figure 30: SEM of ALD Fe:0s A) as-deposited and B) following Heat Treatment 2 — at 100,000x

magnification on a Hitachi S3400 SEM.

The individual hematite particles are no longer obvious, with larger
masses visible. Some deeper crevices can be seen, though these are from the FTO
glass, with the ALD FesOs forming a blanket surface layer across the
topography.27.2832  Notably, particle size plays an important role in
photoelectrolysis reactions, making these morphological changes important in
the context of photoactivity. Specifically, larger particles offer greater charge
separation, which is favourable for the OER. This separation facilitates the
sweeping of electrons from the surface into the bulk, reducing recombination
rates.33-35 Conversely, it is also true that smaller particles allow for a greater
degree of charge transport, which results in higher overall PEC
photocurrents.3¢:37 However, as hematite is defined by its poor charge transport
abilities, smaller particles are considered more favourable in many cases, though
recombination is also a factor to consider.38:39 This duality highlights the balance
that must be reached during the design of photoactive hematite films. This two-
pronged effect can be observed in the films activity, with the smaller particles

(prior to high temperature heating) yielding higher photocurrents overall and
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the larger masses following Heat Treatment 2 achieving improved onset
potentials. The diminished recombination and increased charge separation for
the larger particles reduces the potential required to generate a photoresponse in
the film. Incidentally, it is also likely that the as-deposited films would suffer
from increased trap states due to imperfections in the crystal structure.® These
would differ from the heated films due to thermally-induced changes in the iron
oxide film.4! This explains the variation in photoresponse from the as-deposited

samples to Heat Treatment 1 and 2.

UV-Vis Spectroscopy further highlights the alteration in samples, with an
increased absorbance for the treated samples as compared to the unmodified

hematite (Figure 31).
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Figure 31° UV-Vis transmission spectra for ~120nm hematite samples taken using a Shimadzu UV-

2600 spectrophotometer. Baseline was taken against cleaned FTO glass.
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All samples show the typical hematite double shoulder shape, with the O%
p to Fe?* d transition hump at around 400nm and the Fe?* d-d at 540nm.42 No
obvious red or blue shifts are observed for the samples. This stepped pattern
with annealing temperature has been observed for hematite previously and is
likely caused by changes to particle size. Rayleigh scattering occurs for particles
that are smaller than the wavelength of the radiation; SEM indicates that
individual particle size is below 500nm for these samples, with larger
agglomerations visible.#3 Any changes to size here will affect the amount of
scattering, with increased scattering lowering the amount of light reaching the
detector, i.e.. showing an apparent increase in absorbance. Scattering increases
for porous materials, due to the contrasts in refractive index of the pores to that
of the film, while large particles also scatter more light than smaller ones.44
While the data indicates that the as-deposited films are porous, the increase in
particle size for the heat treated films accounts for the increased absorbance seen
here. Additionally, the slightly broader peak seen following Heat Treatment 2
could indicate a larger range of particles sizes for these samples, increasing the

wavelengths absorbed.4>

5.3 Aluminium Oxide Underlayers

5.3.1 Aluminium Oxide

Aluminium oxide is an insulating metal oxide, with a bandgap of ~7 eV.46
As an overlayer, AlsOs has shown promise for reducing onset potentials and
improving photocurrent through surface passivation effects.#” Research to assess

its role as an underlayer has been lighter, though highlighted some benefits,
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including lowered onsets for silicon/hematite microwires and  improved
photocurrents for iron titanate nanotubes.34® The method of action behind these
Improvements varies across the research, though typically, AloOs is believed to
improve charge transfer at the electrode interface via tunnelling and increased

charge carriers.49.50
5.3.2 Experimental Method

Aluminium underlayers were added via PEALD prior to adding the
hematite layers.” This was done within the ALD reactor in one continuous
process, avoiding unnecessary contamination. A 25 ms pulse of trimethyl
aluminium (TMA) precursor was followed by a 5 s oxygen plasma, with 5s argon
purge in between each step, resulting in a 2.5ms-5s-5s-5s sequence. With a
growth rate of ~1 A per cycle, this sequence was repeated a set number of times
to achieve the desired AlOs thickness. All other growing parameters (such as

temperature) were held constant to facilitate hematite growth.

* Labelling Forenote

In the interest of reducing text clutter in legends, underlayers will be denoted with a (U) in figures.

An example of this is:
ALD Fe203 + 0.3 nm Al:03(U)

This indicates that the ALD hematite sample includes a 0.3 nm thick underlayer of aluminium

oxide.
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5.3.3 Electrochemical Results

The results of modifying the thickness of the AlsOs underlayer with a
consistent thickness of hematite were interesting. Without heat treatment, the
samples with a thin underlayer mostly showed some improvement in both onset

potential and photocurrent (Figure 32).
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Figure 32° Comparison of ALD Fe20s3sample (black), with additional underlayers ranging from 0.1 -

2Znm in thickness, for unheated, as-deposited samples. All data is for backside illumination.

There was a generalised onset improvement with thin underlayers of
Al2Os, which trailed off with thicker underlayers. The anomaly here was for the
0.3 nm underlayer, which presented with a slightly poorer onset than plain
Fe20s. However, in all instances below 0.5 nm, the thin Al20s underlayer

improved photocurrent response at 0.7 V.
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Exceeding 0.5 nm elicited the opposite effect, with dampened
photocurrents compared to pristine ALD a-Fe2Os. Onset potential was also
slightly anodically shifted, with a lowered photocurrent response overall. The
trend for favouring backside illumination continued for all samples, indicating
that the porosity of the films was not affected by the aluminium oxide

underlayers.
5.3.4 Role of heat

As for pristine Fe20Os, heat played a significant role in improving the

electrochemical properties of the films.

5.3.4.1 Heat treatment 1

Heat Treatment 1 improved all samples with an aluminium oxide
underlayer (Figure 33). In contrast to the as-deposited samples, there was a step-
wise improvement in onset potentials with increasing underlayer thickness up to
0.5nm. Similar to the previous samples, there was a favouring of the backside
1llumination. The thicker underlayers of 1nm and 2nm had comparable onsets

and photocurrents, indicating that increasing thickness offers a capped benefit.
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Figure 33 Comparison of ALD Fe20ssample (black), with additional underlayers ranging from 0.1 -
2nm in thickness, for samples undergoing Heat Treatment 1 (550°C for 2 hours in air). All data are for

backside 1llumination.

A 550°C anneal step i1s not expected to be high enough for possible
temperature-induced Sn doping. Yet this step has yielded an average cathodic
shift in the onset of ~0.1 V across the samples with underlayers. Notably, there
1s little improvement in onset for pristine hematite, though photocurrent has
increased by 0.12 mA.cm2. This indicates that though the 550°C temperature
anneal benefits all samples to some degree, there is a distinct advantage for the
hematite with an Al2Os underlayer. Comparatively, following a 550°C
temperature treatment, ALD Fe2Os exhibits an onset potential of 0.26 Vagagci
versus ~0.5 Vagiagcl for hydrothermal-Fe2Os, with photocurrents of 0.65 mA.cm2,

to 0.075 mA.cm™ respectively.?! Charge transfer properties for undoped hematite
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annealed at 550°C are notoriously poor, highlighting the improved carrier

dynamics for the nanostructured ALD Fe2Os.

5.3.4.2 Heat Treatment 2

The final heat treatment step at 750°C had antagonistic effects on the
electrochemical performance of the samples. Each sample presented cathodically
shifted onset potentials, indicating that the samples were active at a lower
applied bias (Figure 34). Conversely, each sample also had reduced maximum
photocurrent at 0.7 Vagagct when compared to Heat Treatment 1, with
photocurrents returning to similar levels as the as-deposited samples. The
exception here was the 0.5 nm underlayer sample, which experienced no drop off;
the photocurrent at 0.7 Vagagc1r was 1.29 mA.cm2, compared to 1.09 mA.cm2

(Heat Treatment 1) and 1.25 mA.cm2 (as-deposited).
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Figure 34: ALD Fe:0s sample (black), with additional underlayers ranging from 0.1 -2nm in
thickness, for samples undergoing Heat Treatment 2 (55(°C for 2 hours, followed by 750°C for 20 minutes in

air). All data sets are for backside illumination.

The photocurrent dampening effects of increased temperature likely
coincide with the observation that there is no longer a preferred illumination
side. As mentioned, the films have a degree of porosity wherein reactions can
take place closer to the electrode surface. Annealing at the higher temperatures
enable agglomeration of the smaller particles, in detriment to photocurrent and

illumination effects.3! This is confirmed via SEM (Figure 35).
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Figure 35: SEM of ALD Fe:0s with Heat Treatment 2 at A) 50,000x and B) 100,000x magnification

on a Hitachi S3400.

The individual hematite particles are no longer obvious, with larger
masses visible. Crevices can be seen, with the ALD Fe20s forming a blanket

surface layer across the topography.27.28,32

5.3.4.3 Overall Trends

The trends in onset and photocurrent across the different heat

treatment parameters are outlined in Figure 36 and Figure 37.
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Figure 36 Onset potential plotted as a function of Al:Os underlayer thickness across the three heat

treatment parameters.
For onset potential there are two themes observed: the improvement in
onset potential with subsequent heat treatments, and a looser trend in
underlayer thickness. In general, thinner underlayers exhibited improved onset
compared to the pristine sample, with underlayers >1nm exhibiting an
improvement on the pristine sample following heat treatments. The heat
treatment step appears to be the key for activating these films. This is seen to a
lesser degree for photocurrent, where the trend with temperature is less clear

(Figure 37).
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Figure 37: Maximum photocurrent exhibited (all at 0.7 V) plotted as a function of Al:Os underlayer

thickness across the three heat treatment parameters.

In this instance, thin underlayers offer a general improvement in
photocurrent from the pristine sample, but have a clear drop off exceeding >0.5
nm Al2Os. While Heat Treatment 1 (at 550°C) results in a slight improvement for
the thicker layers, Heat Treatment 2 reverses this. For the samples <0.5 nm
Al2Os3 there is a less consistent trend with heating, with Heat Treatment 1
appearing to offer a slight benefit over the pristine samples, which is removed

once more following Heat Treatment 2.

Overall, the photoelectrochemical results for this study indicate

that there is an advantage to the hematite photoanodes having thin Al2Os
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underlayers, and the heat treatments further benefit this addition. The
improvement in onset potential is especially intriguing, as onset potential is

typically difficult to target for improvement.52

5.3.4.3  Chopped Photocurrents

Chopped photocurrents can be used to indicate levels of recombination
within samples. For a typical semiconductor, there is a sharp increase in
photocurrent following illumination that correlates to holes transferring to the
electrode surface and electrons passing into the circuit.?3 This is the
photoresponse expected for a photoactive n-type semiconductor. The subsequent
decay in the absence of light is attributed to this build-up of holes, which causes
an influx of electrons back to the surface following switch off, as shown with a
negative current overshoot.5* Hence, positive overshoots represent hole
accumulation at the electrode—electrolyte interface, with negative overshoots
indicating electron recombination. Logically, it is expected that the negative and
positive overshoots would be equal in intensity, which is not often observed
experimentally. In these samples an increased positive spike can be seen with a
reduced negative spike. One explanation for this observation is that hole
accumulation at the surface modifies the potential distribution across the space
charge layer, a phenomenon known as band edge unpinning.?®> With this
occurrence the band edges can move with applied potential and the build-up of
holes occurs much faster than the recombination in the dark.?® At higher
potentials this reduces the width of the space charge region and eliminates

negative overshoots. 7 It can be theorised that band edge unpinning is present
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in these samples to some degree, as there is a lack of symmetry in the transient

features.

0.30 -]
025 W
0.20—- ﬁ
0.15- H
0.10
o.os- “
o.oo- h \J U ﬂ U

-0.05 —

. : .
0.4 0.2 0.0 0.2 0.4 0.6
Potential /V

Photocurrent /mA

Figure 38° Chopped photocurrents for Pristine ALD Fe:203 with Heat Treatment 2. Experimental

parameters maintained for standard LSV, with the addition of light chopping.
For chopped currents taken with the usual 10mV/s sweep rate on the

PalmSens3, there is low voltage to time resolution and any small current spikes

are averaged out (Figure 38).
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Figure 39: A) Chopped photocurrent for Fe:0s with 0.5nm Al:0s underlayer following Heat
Treatment 2. B) Chopped photocurrent for hydrothermally produced a-Fe:0s on modified FTO glass.
Positive and negative overshoots indicate high hole accumulation and recombination rates. ALD sample

thickness is estimated to be ~100nm, whereas hydrothermal sample 1s >1 micron thick.
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When taken using a lower sweep rate (2 mV/s) on the BioLogic SP200
potentiostat, a much clearer can be seen (Figure 39: A) Chopped photocurrent for
Fe203 with 0.5nm Al203 underlayer following Heat Treatment 2. B) Chopped
photocurrent for hydrothermally produced a-Fe203 on modified FTO glass. Positive
and negative overshoots indicate high hole accumulation and recombination
rates). This observation signifies that the samples have reduced recombination
rates, with little to no charge accumulation. This is furthered as the applied
potential increases, with overshoots almost non-existent. This is expected for
thin, nanostructured compounds, as band bending is limited by particle size.?* As
the applied potential increases, the accumulation ceases, indicating a theoretical
limit has been reached and further accumulation is not occurring.’® When
compared to >1 um hematite produced using the hydrothermal method, there is
a clear difference (Figure 39B). The ALD samples exhibit reduced positive and
negative overshoots compared to hydrothermal hematite, with almost no
observable overshoots beyond 0.4 Vagagci. This reduced recombination provides a
solid explanation for the samples exhibiting lower onsets and improved
photocurrents compared to hydrothermally produced FesOs under similar
electrochemical conditions. Sample thickness is the defining quality between
these two films. Hematite has poor charge transport properties and thicker films
require the charge carriers to travel further through the bulk — this increases the

chance of recombination occurring and reduces observable band edge effects.??
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5.4 LEIS and Further Analysis

Low Energy Ion Scattering (LEIS) has been used in this project to monitor
the surface composition and layers within the samples. This extremely surface
sensitive technique enables any changes from sample heating to be monitored,
offering insight into electrochemical properties. In order to observe all of the
expected elements, a 3 keV He* analysis beam was used, with an oxygen plasma
employed for removing surface hydrocarbon contaminants. A 1 keV Ar* sputter
beam was used for the dynamic depth profiling measurements and the intensity
of scattered He* was normalised to the ion beam current. This allowed the
Iintensities of features observed in each spectrum to be compared. For this study,
an ALD Fe203 sample with a 0.4 nm Al2Os underlayer, a 5nm thick ALD Fe2O3
sample and an electrodeposited FesO3 sample (estimated thickness 150-200nm),

all on FTO, were investigated.
5.4.1 LEIS of ALD Fe203 with 0.4 nm Al2Os underlayer

For the ALD Fe2Os with an Al2Os underlayer, there are a few interesting

observations when looking at the overall surface spectra of the samples.
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Figure 40: A) LEIS surface spectra for Fe:0s sample with a 0.4nm Al:Os underlayer. B) D)
Highlights the change in Sn levels across all three heating conditions. LEIS experiment carried out by Dr

Adrian Gardner, Stephenson Institute for Renewable Energy, University of Liverpool.

First, sodium (Na) is always present on the surface of samples, with high
amounts detectable following heat treatment. Fluorine (F) is also visible
following heat, but to a lesser degree - though this lowered amount may be
partially due to the difficulties ‘seeing’ small F ions with LEIS. There are
incremental amounts of aluminium (Al) at the surface with increasing heat.

Finally, following the 750°C heat treatment step, tin (Sn) could be seen in small

amounts at the surface.

Layered depth profiles for the same sample are shown below (Figure 41A-
C). Dynamic depth profiling allows deeper aspects of the film to be analysed,

with the use of sputtering to remove layers of material.
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Figure 41; LEIS spectra over multiple layers for Fe20s samples with 0.4nm Al:Os underlayer for A)
as-deposited B) with Heat Treatment 1 and C) with Heat Treatment 2. Expanded windows zoom in on the
Sn area of the LEIS spectra. LEIS experiment carried out by Dr Adrian Gardner, Stephenson Institute for

Renewable Energy, University of Liverpool.

For the unheated sample, the depth profile is rather simple; Fe and O can
be seen in large amounts, with a small Na peak and no Sn visible (Figure 41A).
Following Heat Treatment 1, more labile ions are observed, with Na in greater
amounts and K and F present in the top layers of the film (Figure 41B).

Following Heat Treatment 2 there are fewer changes; a small Al peak can also be
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found here, with a constant amount in the upper layers. Interestingly, the
presence of aluminium at the surface and just below it indicates that this has
migrated from the thin underlayers following heat exposure. This will also be the
case for F and Na, which will have migrated from the FTO and glass substrate
respectively. An Al surface presence suggests that the underlayer could
contribute more to the hematite than just improving interfacial charge transfer.
Previous studies have highlighted that hydrothermal hematite with Al2Os
underlayers had lower recombination in the bulk, as well reduced recombination
at the surface and interface.0 LEIS studies here observed that, following heat
treatment, Al does not remain solely as an underlayer, which would explain
these previous observations that surface recombination is lowered. Al doping has
been shown to result in lowered flatband potentials for hematite, with lower
flatband potentials having a synergistic effect on onset.61.62 This explains the
lowered onset trends for the samples with underlayers, as the Al moves from just
an underlayer, to dopant throughout the sample and at the surface.

Additionally, the sample following Heat Treatment 2 has a small Sn peak
visible, with an intensity of > 0.2nC1, and a sharp peak indicating that Sn is
found at the surface for this sample.63 As Sn is a large ion, it is much easier to
detect using LEIS than smaller ions such as Na and F.* As FTO deforms with
high heat, it is possible that the Sn here is seen through a fissure in the sample,
though Sn migration is also a consideration. Heat treatments exceeding 700°C
are often carried out to induce Sn doping from the FTO substrate, which at least

partially aligns with the observations here.5>
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The improvement seen following high heat exposure is often prescribed to
temperature-induced Sn migration for FTO/ITO based photoanodes.6 The
photoelectrochemical results observed here indicate that there is a general
improvement in onset potential following heat treatment, though the LEIS
results show no Sn present for Heat Treatment 1, and only minimal amounts for
Heat Treatment 2. While Heat Treatment 1 is not hot enough to induce Sn
migration, there is still an improvement in onset and photocurrent for the
samples. By comparing with other hematite thin films on FTO, a stronger
understanding of the underlying mechanism can be derived. Dynamic depth
profiling of electrodeposited hematite was carried out to determine whether the
Sn migration seen for the ALD samples aligns with other hematite production

methods.
5.4.2 LEIS of Electrodeposited Fe20s3

Depth profiles of the electrodeposited FesOs on FTO (with Heat Treatment
2, estimated thickness ~150-200 nm), show a sharp Sn peak, compared to the

ALD samples (Figure 42).
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Figure 42: LEIS profile for electrodeposited Fez03 on FTO following Heat Treatment 2, produced by
Dr SocMan Ho-Kimura (Institute of Applied Physics and Materials Engineering, University of Macau).
LEIS experiment carried out by Dr Adrian Gardner, Stephenson Institute for Renewable Energy, University

of Liverpool

The intensity of the Sn peak here is ~14 nC! compared to an intensity of
~0.15 nC1 for the ALD sample. This is observed for a layer much thicker than
the samples in this project, indicating that Sn migration occurs readily for some
films. This observation may indicate that Sn movement is suppressed in the

ALD-Fe203 samples; though this would need further study to confirm.
5.4.3 LEIS of 5nm ALD Fe20s3

Finally, a 5nm ALD-Fe203 sample was also tested to compare the surface
composition of extremely thin hematite films (Figure 43). This was carried out as

a reference sample for comparing the intensity of the surface peaks.
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Figure 43 A) Dynamic depth profile for 5nm sample of ALD Fe=0s. B) LEIS surface spectra for 5nm

sample of ALD Fe20s under different heat treatments, with bare FTO.

With a thin hematite layer, sputtering of the Fe2O3s increases the Sn peak
and reduces Fe intensity, as seen with the dynamic depth profile (Figure 43A),
while heating also achieves this for the surface spectra (Figure 43B). Surface
spectra of bare FTO was also taken, with a Sn intensity of 17 nC?l. This
compares to ~14 nC? for the electrodeposited FesO3 and ~0.15 nC! for the ALD
FesOs. Whilst this direct comparison in intensities does not reflect an exact
number of Sn ions present, it provides an indication of the general amount of Sn.
For the ALD sample with the 0.4 nm underlayer, this number is significantly

lower by comparison, somewhat reinforcing the suppression theory.

5.4.4 LEIS Analysis of Samples

This movement of Sn through the sample is what is commonly theorised
the high heating step achieves, with Sn doping improving rates of hole transfer
for hematite photoanodes.®® For the ALD hematite layers here, there is an
indication that Sn movement is at least partially suppressed. This suggests that
the improvement in onset potential is somewhat independent of Sn doping for

the ALD Fe2Os3 samples. As indicated earlier, samples undergoing Heat
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Treatment 2 have lowered overall photocurrents from the other samples (as-
deposited, Heat Treatment 1). If Sn suppression is in fact occurring, this may
partially explain this observation. High temperature heat treatments increase
the resistivity if the FTO substrate, but Sn migration counters this, with the
overall process having a net positive result.67.68 However, without the same level
of Sn doping this benefit may not be as intense, resulting in reduced
photocurrents for the 750°C samples.

The LEIS results offer further insight into the temperature induced
Improvements in onset potential, with an increase in charge carriers such as Na
and F seen on the sample surfaces and within the upper layers. This could
indicate an increase in charge carriers following heating, improving charge
transport in the films.%® In looking to literature, no studies for Na-doping of
FesOs were found, though this has been explored for other photoanodes. For
Ti02, Na* presence in the metal oxide lattice generated more oxygen vacancies,
improving performance.” This Na induced increase in oxygen vacancies and
crystal defects were also seen for WOs, as well as for Zn0O." For ZnO, the Na
doped samples showed the greatest improvement versus Ni, Co and K doping.”2
The increased levels of Na within the sample and accumulated at the surface are
one explanation for the improved onset with high heat treatment. As 20 minutes
of high heat exposure is the standard to drive Sn movement, yet no Sn
movement is seen here, this is a plausible scenario.” This lack of movement is
possibly due to the amorphous structure of the hematite produced, preventing

the movement of larger atoms such as Sn.
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For samples with aluminium underlayers, the improvement in onset
potential is likely a combination of factors. FTO/Fe20s lattice mismatch is a
known issue, resulting in poor crystallinity at the interface. Electron transport
across this area is vital and thus various interfacial layers have been assessed to
be beneficial. 45.74-80 For thicker films, research indicates that the crystallinity
improvement is the key method of action, though when used in thin films
underlayers also provide a level of doping.7”-8! Band bending in these films is also
more pronounced, as well as lower recombination rates due to improved charge
transfer.747 On the whole, thinner underlayers offer the greatest improvement,
as thicker layers supposedly reduce Sn movement through the samples.80 As Sn
movement is suppressed via the hematite in this study, this explanation can be
ruled out.

However, when underlayers with mis-matched bandgaps to the substrate
are used (such as Al:Os with Fe203), electron movement occurs via tunnelling,
making thinner layers more important. 768283 This is a reasonable explanation
as to why underlayers exceeding 0.5 nm showed decreased electrochemical
activity. To add to this theory, aluminium oxide produced via PEALD has been
found to contain structural defects that can act as charge traps.848 These
defects were found to advantageously fill with electrons under positive bias, but

were only beneficial with thinner layers.

5.4 Conclusion

In conclusion, the ALD hematite produced exhibited interesting

electrochemical properties that were directly affected by heat treatment. Novel
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interactions were observed for front and back illumination, while introducing
aluminium underlayers further alters film properties. An underlayer thickness
of 0.5 nm Al203 was found to be particularly favourable for performance, with
thicker layers exhibiting decreased photoresponse.

Heat treatment has a dualistic effect, with both positive and negative
results. A heat treatment of 550°C improves both photocurrent and onset
potential for the samples, whereas heating to 750°C offers improvements in onset
only. There are a multitude of explanations for these observations, with LEIS
analysis providing detail on the compositional changes occurring. In contrast to
previous studies, Sn migration was seen in lower amounts for these samples,
though Al, Na and F movement was observed in a greater quantity. This
highlights that the onset improvement following 750°C Heat Treatment in these
samples occurs independently of Sn doping, offering new insight into

photoelectrochemical improvement of ALD-FezOs films.
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Chapter 6:
Layer Doping of Fe20s

6.1 Introduction

Having explored the beneficial effects of aluminium oxide underlayers
with varying thicknesses, the next step was to test how doping of the hematite
1mpacts the electrochemical properties. In ALD ‘delta-doping’ is typically used to
introduce dopants into a layer of material. Rather than introducing the dopant
continuously, in delta doping, discrete ‘layers’ of dopant are introduced between
thin sheets of the host material to form a multilayer.348349 While it is helpful to
describe delta-doping in terms of discrete multilayers of dopant, it should be
noted that discrete layers are unlikely to be observable in the final structure,
especially after any form of heat treatment. For uniform delta doping, where the
aim 1s to introduce a constant level of doping throughout the layer, it is typical to
control the doping density by altering the number of ALD cycles of the host
material between individual ALD cycles of the dopant.350 In this study, uniform

doping (Figure 44A) as well as gradient doping (Figure 44B and 44C) have been

tested.
A Layers MO, B C
/
,/ =
Fo,0, Fe0, Fe.0,
FTO FTO FTO
Uniform Layers Gradient Layers, High to Low Gradient Layers, Low to High

Figure 44: Cross section schematic comparing A) Uniform doping, B) Gradient doping with a high
to low direction and C) Gradient doping with a low to high direction.
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The uniform layers (“Uniform doping”) here are of equal ALD thickness,
whereas gradient layers follow a gradient, increasing or decreasing with
thickness throughout the hematite sample. The rationale behind these tests
were to possibly address the observation made in Chapter 4; that ALD hematite
was ‘exhibiting substrate-inhibited growth’.27® This is an interesting test to see
whether resetting the surface encourages growth throughout the ALD process,
rather than reaching the plateau seen with higher deposition sequences.132
However, the main driving force behind this study was to test the role of AloOs as
a layer dopant, both in a uniform and gradient fashion. The underlayer study
indicated that there was a benefit to the addition of Al2Os. Thus, exploring what
effect the further incorporation of Al2Os into the structure had on performance

tests the upper limits of this benefit.

Overall, gradient doping is used for semiconductors to add layers of
dopant to a material in a way that introduces a smooth change in band
structure, which allows a degree of control of carrier transport mechanisms.35!
This often achieved by adding an underlayer and using heat to drive the gradient
formation.177:178 As FesOs is produced via plasma enhanced ALD here, there is
the opportunity to add layers of dopant much more precisely. This has been done
previously for hematite, though rarely using ALD for the FesO3 production (less
so PEALD) and not with Alz03.179 Most of the literature found for this area uses
TiO2 as the metal dopant, with polymer-assisted deposition and hydrothermal
the main production forms of Fe2Os, with heat-induced gradients more common

than physically introduced gradients.l77.350.352.353 This chapter explores the
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results from these experiments, once more noticing the role heat treatments

have on the films.

6.2 Experimental Summary

All samples were prepared in-situ within the ALD reactor under vacuum.
As per the previous experimental, cycles of aluminium oxide were introduced in
between thicker layers of hematite using a plasma enhanced ALD sequence. The
% doping was calculated based on thickness, as growth rates vary wildly between
different metal oxides. For example, if we assume a Fe2O3 thickness of 120 nm,
5% doping here would be a total of 6nm of Al2Os. Using this estimate, an ALD

sequence could be tailored that achieved that goal (Table 6).

Table 6: ALD sequences used to introduce layer doping into samples. (UD) denotes uniform doping
throughout and (GD) signifies gradient doping. L-H and H-L indicate the direction of the gradient doping,
with L-H being low to high, Ie., low levels of doping near the FTO interface, increasing in thickness towards
the surface, and vice versa. This is reflected in the ALD sequence.

Total
Sample ALD Sequence number of cycles
ALD Fes03 2400 cycles Fe(cp): 2400 Fe203
ALD Fe0s3 + 3 sub-cycles Al:03 with 480 15 Al20s3
1.25% Al:0s (UD) sub-cycles Fe20s3, repeated 5 times 2400 Fe203
ALD Fe03 + 6 sub-cycles Al:Os with 480 30 Al:0s3
2.5% Al203 (UD) sub-cycles FezOs, repeated 5 times 2400 Fez03
ALD Fe203 + 5% 12 sub-cycles Al203 with 480 60 Al20Os
Al:0s (UD) sub-cycles FezOs, repeated 5 times 2400 Fez03
ALD Fe:03 + 24 sub-cycles Al:Os with 480 120 Al203
10% Al:Os (UD) sub-cycles FezOs, repeated 5 times 2400 Fez03
ALD Fez0, + 5% Al:O \ff’ith6’481(§) ’ s&]f-’c ilBes S;]Z-gd: 60 Al-Os
Al:0; (GD: L-H) 2 Y e 2400 Fez0s
between
ALD FesOs + 5% 2.5, 15, 10, 4, 6 sub-cycl?s 60 AlLOs
. Al203 with 480 sub-cycles Fe203 in
Al:Os (GD: H-L)) 2400 Fe20s3

between
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This ALD sequencing was planned to keep the total amount of Fe2Os
consistent throughout, with the final surface layer also a constant thickness of
hematite (480 cycles ~ 24 nm Fe203). As an example, the final structure for 5%
Al203 with uniform doping would be layers of ~1.2 nm Al2O3 trapped between

~24 nm sheets of Fe20s.

Electrochemical results were obtained using the same parameters as
previous, including using 1M NaOH electrolyte with a 150 W Xe lamp and

PalmSens3 potentiostat.
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6.3 Uniform Layer Doping with Al2Os

6.3.1 As deposited

0.6
| [— ALD Fe,0,
ALD Fe,0, + 1.25% Al,O,(UD)
0.59— ALD Fe,0, + 2.5% Al,O,(UD)

ALD Fe,O; + 5% Al,O5(UD)
—— ALD Fe, 05 + 10% Al,O4(UD)
||=— = Dark Current

o
H
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o
w
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Figure 45: Linear Sweep Voltammetry (LSV) for standard hematite (black) and various % uniform
doped (UD) samples as-deposited, without heat exposure.

Electrochemical results for the as-deposited samples were consistent with
what was expected based on the results from the underlayer study (Figure 45).
In Chapter 5, it was observed that for thicker underlayers (1, 2 nm), there was
decreased photoactivity, with the films requiring heat to start showing
reasonable activity. The lowest % amounts here, 1.25% and 2.5% uniform doping,
have layers of a thickness (0.3 nm, 0.6 nm respectively) comparable to the 0.5nm
underlayer sample in the previous study. From that study there was a drop off in
performance for underlayers exceeding 0.5 nm thickness. Doping percentages

greater that 5% have individual Al:O3 layers that are comparable to or exceed

166



the 1 nm and 2 nm underlayers from the previous study. While the overall
amount of aluminium is higher for the uniform doped samples, this same pattern
of behaviour can be seen here, with a stepwise decrease in performance prior to

heat treatment.

Photoactivity was generally quite low across the samples, with 1.25%
and 2.5% showing a degree of activity, 5% showing a lowered amount, with 10%
uniform doping offering little over the dark current. This indicated that for 10%
there was little to no photoactivity occurring. However, this stepwise decrease in
performance was anticipated due to the insulating properties of aluminium
oxide. Larger amounts of the high bandgap (~7eV) material will hinder electron
movement through the samples, worsening photoelectrochemical performance.
Mismatch in alignment of the bandgaps and band edges between hematite
(~2.2eV) and the aluminium oxide further this issue, with the Ecp= -4.8 eV and
Eve= -7 €V for Fe20s3, and Ecg= ~6 €V and Evp= ~ -1 eV for Al203.354-356 Having a
similarly aligned band gap is beneficial for preventing charge transfer between
ions, hence this mismatch will be problematic for thicker layers.161.357 On the
whole, the as-deposited uniform doping with aluminium offers no distinct

advantage to the ALD Fe20s3, worsening both onset and photocurrent.

6.3.2 Heat Treatment 1

Following a 2 hour 550°C anneal in air, all samples showed an element of
improvement (Figure 46). There is a cathodic shift in onset potential for each

sample, whilst the 10% doped photoanode was more responsive than previous.
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Interestingly, both the 1.25% and 2.5% Al203 uniform doped samples exhibited

lower maximum photocurrents at 0.7V agagci following heat exposure.

0.7 4 Heat Treatment 1
ALD Fe203
0.6 ALD Fe,O5 + 1.25% Al,O5(UD)
" | |——ALD Fe,0; + 2.5% Al,0,4(UD)
= | = ALD Fe,0; + 10% Al,O4(UD)
S — =—Dark Current
(1) .
g 0.4 —
o
9 0.3
[S]
=
8- 0.2
oo/ ‘ :
0-1 ] 7020 025 0.30 0.35 0.40\0.45
T U R
-0.4 -0.2 0.0 0.2 0.4 0.6

Potential /V g pgc

o Figure 46: Linear Sweep Voltammetry (LSV) for samples following Heat Treatment 1 (5650°C for 2
ours

This unusual observation for electrochemistry corresponds to the physical
appearance of the samples. Figure 47 shows the typical progression seen when
heat treating the samples, with the undoped ALD FesOs (Fig.3A) partially

deepening in colour following Heat Treatment 1. As mentioned previously, this

step induces crystallinity changes in the hematite, resulting in a colour change.
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As-deposited

Heat Treatment 1 s ke nt 1

Figure 47: Photo comparison between samples. A) Side to side comparison of ALD Fe:0s sample pre
(vellow, paler) and post (orange, darker) Heat Treatment. B) Stepwise comparison for 10% Al2Os uniform
doped sample. Greyed sample is as deposited. The right sample is following Heat Treatment 1.

However, these aluminium doped films had a greyer cast upon film
deposition, with the higher % doped samples particularly darkened (Fig.3B).
This dark grey-black colour is suggestive of magnetite growth (FesO4) and may
partially explain the altered electrochemistry here.358359 Interestingly, this
observation has been previously noted for iron oxides grown on aluminium oxide,
which showed magnetite preference prior to annealing.369 The suggested cause of
this was inhibited growth of a-Fe203 due to slow activation kinetics, with poor Os
dissociation. As this observation was made for iron oxide grown on thicker AlsOs,
this explains why the colour change was not previously seen. Likely, a larger
amount of aluminium is required to drive this change, versus the sub 1lnm
underlayers previously studied. As the 1.25 and 2.5% doped samples were only
partially greyed, it is likely a lesser degree of formation occurred with the
smaller amounts. However, the presence of magnetite explains the increased
photocurrent, as magnetite is more conductive than many other iron oxides,
including hematite. The presence of both Fes+ and Fes+ in the magnetite

structure results in a significantly smaller bandgap and allows for easier hole

and electron movement.3¢1 However, due to its slow transformation to y-Fe2Os in
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air, it 1s not commonly used as a photoanode material. However, in this context,
it is likely that the magnetite is partially protected by further layers of hematite,
as the unheated samples remained grey coloured since production. Quite possibly
this production method using Al2O3 offers a unique pathway to viable magnetite

use in the future.

6.3.3 Heat Treatment 2
Similar to the underlayer results, the high temperature anneals resulted
in some interesting changes (Figure 48). All samples showed improvement in

onset potential, with the doped samples exhibiting impressive onsets.

0.6
Heat Treatment 2

ALD Fe,O,4

ALD Fe,O; + 1.25% Al,O,4(UD)
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Figure 48° Linear Sweep Voltammetry (LSV) for samples with Heat Treatment 2 (550°C for 2
hours, followed by 20 minutes at 750°C)

The aluminium doped samples also have increased photocurrent compared

to Heat Treatment 1. The 10% doped sample shows vast improvement, but, as
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with the underlayer study, too much Al2:0s has a dampening effect on
performance. However, 2.5% and 5% doped samples exhibit very good onset
potentials, with 5% having an onset of -0.29 Vagageci, or 0.73 V grug. This is
comparable to some well performing nano samples, which exhibit very low onsets
in the 0.7 Vgure range, though is not a record low.362 Specifically, Ti-modified
dendritic hematite exhibited an onset potential (Von) of 0.78 Vrur, nanotubular
Zr-doped hematite a Von of 0.62Vrur and S-doped nanorods a Von of 0.75
VRHE.362:363 The lowest recorded onset potential for Fe2Os without surface
modification is 0.61 Vgugr, for ‘grey’ hematite.364 Directly comparing sample
performance is not simple due to the number of variables and differences
between samples. However, the lowest onset value found for a film comparable in
nature (Fe2Os produced via ALD, sample heated to 800°C and uniform doped
with Sn), was Von = 1.05Vgug. This highlights the value of Al doping in this

capacity, with the onset value achieved impressive for ALD-hematite.

6.3.4 Uniform Doping Summary

The trend between performance and increasing the % Al2Os doping
amount for the hematite samples is non-linear (Figure 49). The peak
photocurrent obtained fluctuated following heat exposure and with % Al doping.
The highest recorded photocurrent was for the pristine FesOs sample with Heat
Treatment 1 at 0.65 mA.cm?2, wherein Heat Treatment 2 shows diminished
output for the same specimen (0.41 mA.cm?2). Yet 1.25% doping exhibits a

reversal of this trend, with Heat Treatment 1 performing the least favourably.
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Figure 49° Relationship between % doping and photocurrent over different heat exposures.

A clear pattern exists beyond 5% doping, where increased heat exposure
improves photocurrent — though photocurrent is diminished for high doping
levels overall. For samples with less than 5% Al203 content, there is no clear
pattern. Overall, these photocurrents are unremarkable, by both the highest
achieved value (>4 mA.cm'2) and compared to the photocurrents obtained for the
underlayer samples in Chapter 5.365 The peak photocurrent obtained in Chapter
5 was 1.29 mA.cm2 for FesO3 with a 0.5 nm Al2Os underlayer. It can be
concluded from these results that doping with larger amounts of Al results in

diminished photocurrents.

In contrast to photocurrent, there is a distinct trend in onset potential

with increasing aluminium content and following heat exposure (Figure 50). Von
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for as-deposited samples diminished with increased Al20s levels, with 10% Al20s

doped hematite exhibiting the worst onset (the most positive) across all samples.

0.8
-8 As-deposited
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0.6 | |—®— Heat Treatment 2
o
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<
< 0.4 -
2 ! ,
E /
T 024
w |
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% Al,0, Uniform Doping
Figure 50 Relationship between % doping and onset over different heat exposures.

With Heat Treatment 1 and 2, there was a stepwise decrease in onset
compared to the non-heated equivalents. Increased levels of aluminium doping
are not favourable until the high heat exposure of 750°C occurs. At this point, the
introduction of aluminium greatly improves the onset potential, though there is
a plateau in the decrease as Al2O3 increases. 10% Al20s uniform doping has a
marginally lowered onset from 2.5%, but a maximum degree of improvement is
reached before this point, highlighting that there is a preferred level. This sweet
spot is reached at 5% Al203 uniform doping. Interestingly, this observation is in

line with many other doping studies, where 5% doping was found to be the
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optimum level for other metal oxides.154179.366 These onset values show great
improvement from the underlayer samples, with the lowest Von -0.06 Vagagc1 for
0.3-nm Al20Os underlayer, versus -0.29 Vagagc1 for 5% Al doping here. This
highlights that Al doping massively lowers onset potential for these hematite

films, possibly at the expense of photocurrent.

6.4 Gradient Doping with Al2O3

6.4.1 Introduction

Understanding whether the placement of aluminium affects performance
1s important for these samples, as this may potentially highlight the manner in
which Al acts on the hematite. The thickness of the underlayer on the electrode
surface was previously shown to be consequential for performance in Chapter 5,
so exploring whether thickness throughout the sample has an impact here is an
equally valid question. The 5% Al doped sample was shown to have much
improved onset behaviour compared to all other samples for uniform doping.
This section will investigate if the placement of the aluminium is relevant, with
the amount of Al introduced via ALD held constant, but the structure in which it

1s placed varied.

As mentioned previously, gradient doping has been highlighted as a
potential avenue for improving electrochemical performance, hence this
experiment also aims to answer whether gradient doping offers benefits for
aluminium doped hematite. To assess this, aluminium oxide was introduced
following a high-low gradient (GD: H-L), with thicker layers introduced close to

the electrode interface and diminished towards the surface. A low-high sample

174



(GD: L-H) that followed the reverse of this was also tested. Specific details of how

this was achieved are outlined in Table 1.

6.4.2 Gradient Doping with Al2Os Results
Similar to the 5% uniform doped (UD) sample, the 5% gradient doped (GD)

samples offer no improvement from the pristine ALD-FesO3 following A) no heat

exposure and B) Heat Treatment 1 (Figure 51).

0.7
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Figure 51 (A and B): A) Electrochemical results for 5% doped samples. B) Results following Heat
Treatment 1.

When tested, the as-deposited GD samples exhibited little to no
photoactivity, even when compared to the UD sample. This i1s likely a
consequence of the thicker (2.5 nm) aluminium oxide layer present within both
GD samples. Though the placement of this layer varies, with the thick layer at
the electrode interface for H-L and closer to the surface for L-H, this is over
double the thickness of the layers in the 5% UD sample (1.2 nm). This layer is
comparable in thickness to those found in the 10% UD sample and the 2 nm
underlayer sample, with both of these samples exhibited limited activity prior to

heat treatment. Without heat treatment to disperse this layer, the thick Al2Os3
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layer will act as an insulator and inhibit electron movement through the

sample.209,300

Heating at 550°C lifts this effect, with all 3 doped samples exhibiting
almost i1dentical onsets. Similarly, photocurrent for the samples is comparable,
with the high-low GD sample overlapping the UD sample almost perfectly. The
low-high GD sample has a slightly diminished photocurrent at 0.7 Vagagci from
the other samples, but this is still within 0.05 mA cm2. The temperature
treatment likely benefits these samples in two ways: i) by reducing remaining
iron oxide species to FesOs and ii) by partially dispersing the layer of AlsOs.
Temperature induced movement of ions is common for heat treated photoanodes
and has been explored in Chapter 5 with LEIS. In this instance the temperature
1s likely blending the boundaries between the Al:Os and Fe20s, decreasing
internal resistances and allowing charge transfer across this previously

unpassable layer. 168233

Following very high heat exposure (Heat Treatment 2), there were drastic
changes in the hematite films (Figure 52). All samples had the cathodically
shifted onset seen previously following Heat Treatment 2, with the Al samples
significantly lower than the un-doped Fe20s. The low-high GD sample had a

marginally improved photocurrent at 0.7 Vagagcl, reaching ~ 0.15 mA cm2.
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Figure 52: LSV for samples with Heat Treatment 2 (550°C for 2 hours, followed by 20 minutes at
750°C).

However, the uniform doped sample and high-low GD sample far
outperformed this, with large improvements in both photocurrent and onset
potential compared to previous. Interestingly, in contrast to the high-low GD
sample, the UD sample had an improved onset potential but a decreased
photocurrent at 0.7 Vagagci. For the H-L GD photoanode, a photocurrent
comparable to pristine ALD-Fe20O3 can be noted, as well as a modest onset of ~
-0.17 Vagagcl, showing similar behaviour to the 2.5% UD sample. While the onset
is not as reduced as for uniform doping, the high-low gradient doping clearly
offers advantages when looking to preserve photocurrent. Low-high doping
appears to perform the least favourably, which offers insight into preferential

doping structure for AloOs/Fe20s.
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Overall, both UD and GD % doping with Al is extremely beneficial if
looking to illicit vast improvements in onset potential. The peak photocurrents
seen here are unimpressive when compared to other modified hematite
photoanodes, highlighting that onset improvement would be the purpose behind
adding aluminium dopants. This is especially the case when larger amounts of
aluminium inhibit peak photoanode performance, though gradient doping offers
a possible route around this. In depositing thicker Al layers closer to the FTO
surface and using heat to distribute the Al, the photocurrent can be somewhat

preserved while the onset potential also sees a modest improvement.

6.5 Gradient Doping with TiO:

As the gradient doped aluminium samples showed a clear preference in
the high-low direction, exploring whether this pattern existed for other dopants
was important when looking at the mechanism of action. If the pattern existed
solely for Al doped samples, then this would indicate that it is a dopant specific
trend. If, however, the pattern occurs for other dopants, then this points towards
1t being a hematite specific trend. In either case it offers invaluable insight into

hematite as a photoanode.

To investigate this question, high-low and low-high titanium dioxide
(TiO2) gradient doped FesOs; samples were produced. The gradient doping
percentage was held at 5% of the total film thickness to remain consistent with
the previous experiments, with the hematite layers also constant. TiOz was
grown via ALD using a TTIP precursor and oxygen plasma process. Reactor

conditions such as flow rate and temperature were unchanged across all
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processes, to ensure consistency with FesOs growth. Differences in AlsOs and
Ti02 ALD growth rates were accounted for in the sequence, with larger amounts
of TiO2 added to meet the same thickness requirements as previously set for the

aluminium (Table 7).

Table 7: ALD sequences used to introduce TiO: layer doping into samples. TiO2 growth was
~0.06nm/cycle, approximately half that of the TMA Al:03 process.

Total
number
Sample ALD Sequence of cycles
ALD Fe203 + 5% 6, 14, 20, 30, 50 with 480 cycles 120 TiO2
TiO2 (GD: L-H) of Fe203 in between 2400 Fe203
ALD Fe203 + 5% 50, 30 20, 14, 6 with 480 cycles 120 TiO2
TiO: (GD: H-L)) of Fez03 in between 2400 Fe203

6.5.1 Gradient Doping with TiO2 Results

The first observation for the TiO2 samples is that, when compared to the
GD Al:0s samples, they were photoactive without heat exposure (Figure 53).
Though both onset potential and photocurrent response were poorer than for
pristine ALD hematite, these samples performed well above the dark current,
showing improved electrochemistry than for UD and GD Al doped samples under

similar conditions.
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Figure 53° LSV for as-deposited TiO= gradient doped Fe:03samples.

Both high-low and low-high samples performed similarly, as was observed
for the GD Al samples. The presence of a clear photocurrent here furthers the
theory that thicker aluminium oxide layers inhibit charge transport, since there
1s a modest photo-response for the same thickness of TiO2. The diminished
photo-response compared to pristine hematite indicates that transport across the
Ti02/Fe203 boundary may not be favourable, which results in higher levels of
recombination.302304 Band alignment may be of issue here, with the TiO2
misaligned in conduction band 0.6 eV more negative than that of Fe2Os, meaning

electron transfer requires a degree of tunnelling to pass the boundary.170

Following Heat Treatment 1, similar trends are observed as for the
aluminium doped samples, in which temperature appears to activate the films
(Figure 54). Onset was reduced beyond that of undoped hematite, and there was

a slight positive increase in photocurrent. Though, for Ti doped samples, there is
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a marginal increase in photocurrent for the low-high gradient doping, which is
dissimilar to the trend highlight for aluminium GD hematite. However, the
onset potential is almost identical for the two samples following this heat

treatment, which was also observed for the 5% AloOs UD/GD samples.
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Figure 54 - LSV for GD TiO2 samples with Heat Treatment 1.

Following Heat Treatment 2 there was a clear difference with TiO2 doping
(Figure 55). Photocurrent far surpassed that of pristine ALD hematite, topping
0.75 mA.cm2, though the onset potential was similar. After high heat exposure
the high-low TiO2 gradient doped sample was preferred, in line with what was

observed for the Al GD samples.

181



o
©

1 |Heat Treatment 2
0.84 |——ALDFe,0,
{ |——ALD Fe,O, + 5% TiO, (GD:L-H)
0.74 |—— ALD Fe,O, + 5% TiO, (GD:H-L)
1 |= =Dark Current
g 0.6 1 o2

e ¢
(3,
L1

0.1

o«
w
L

Photocurrent /
o
H
1

1 095 01
0.2 - ' ‘
0.1 -
OO—F,— - - - ; I = = = =
-04 -0.2 0.0 0.2 04 0.6

Potential /Vaqci

Figure 55: LSV for GD TiO2 samples with Heat Treatment 2.

When compared to the aluminium GD samples, Ti doping has the opposite
effect on photocurrent/onset. Photocurrent for AloOs samples have typically been
reduced compared to pristine hematite following Heat Treatment 2, whereas the
onsets massively reduced. For Ti doping there is little improvement in onset
potential but a large increase in overall photocurrent. This indicates a different

method of action for the two dopants.

There are five factors that determine the efficiency of a photoanode:
efficiencies of charge transport, charge generation and charge transfer, and the
oxidative/reduction power of holes/electrons.? Al3* has been shown to improve
charge transport in tantalum doped hematite, as the discrepancy between Fe3*
and Al3* in ionic radius allows charge hopping.36” However Ti** incorporation

increases donor density.!? The charge transfer improvement for Al reduces the
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potential required to initiate a photocurrent response, whereas the higher level
of electron density from Ti doping increases the maximum achievable
photocurrent.368.369 This difference can be observed between the gradient doped

Al/Ti samples, with the onset potential and photocurrent behaviour.

6.6 LEIS and Further Analysis

6.6.1.1 Uniform doping with Al2Os: LEIS

LEIS analysis of the samples highlights similar trends to those explored
previously. Surface spectra for 1.25% Al2Os uniform doping shows increased
levels of aluminium following heat exposure (Figure 56), with aluminium
migration to the surface for these samples following heat treatment. The as-
deposited sample has no observable Al peak, however. This heat-induced
migration was observed for the underlayer samples in Chapter 5, highlighting
that this i1s consistent behaviour for heat exposed aluminium samples. No
observable Sn peak can be seen on the surface of these samples, whereas a small
(intensity= 0.2 nC) sharp peak could be observed following Heat Treatment 2

for the underlayer sample.
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Figure 56: A) LEIS surface spectra for 1.25% Al uniform doped samples across different heat
parameters. B) LEIS surface spectra across Sn region for 1.256% Al:Os UD. Experiment carried out by Dr
Adrian Gardner, Stephenson Institute for Renewable Energy.

Depth profiles highlight compositional changes following heat exposure
(Figure 57). Similar to the hematite samples with aluminium underlayers, Na is
present in the surface layers in high amounts, while sputtering reveals more
aluminium with increasing depth. There is likely a degree of surface signal
suppression occurring from the Na layer, with other atoms seen in greater

amounts as the surface Na is sputtered away.
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Figure 57 Depth profiling for 1.25% uniform doped Al:OyFes0s with A) no heat, B) Heat
Treatment 1 and C) Heat Treatment 2. Sputtering was carried out using an Ar ion sputter gun with a dose
of ~7 x 10" jons/em. Experiment carried out by Dr Adrian Gardner, Stephenson Institute for Renewable
Energy. Also shown is the corresponding change to the baseline signal at a scattered He™ energy ~1000 eV and
the intensity of the Fe surface peak are shown with an arrow to orientate the reader.

Depth profiling across the as-deposited sample shows a clear onset for the
Al20s3 layer, which was placed ~24nm below the surface. Once uncovered, the Al
Iintensity remains approximately constant with increasing depth, suggesting that
either Al i1s not fully removed by the sputtering process, or that there is a
sustained level of Al through the sample.?4” For the as-deposited sample, the Fe
peak is comparable in intensity to non-doped samples, but the increased levels of
Na and Al on the surface following heat exposure suppress this peak for the
heat-treated samples. Increased amounts of aluminium can be seen following
Heat Treatment 2, which once again highlights migration of Al from deeper
Al20s layers. The same observation was made for the samples containing <1 nm

Al>Os underlayers, suggesting that Al moves very easily through these films.
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Higher sodium content is once again observed at the surface following
heating, which will have moved from the glass substrate. This peak extends into
the bulk for all samples, indicating that Na moves through the samples, as
opposed to just depositing on the surface in the furnace. A broad signal of low
Intensity (< 0.15 nC) can be observed in the Sn region, indicating
that there could be buried layers of Sn in this region, versus the sharper peaks
observed in Chapter 5.4.2. Similar to the previous samples, this suggests that Sn
migration is suppressed for these films, compared to what was observed for the

electrodeposited hematite.

6.6.1.2 Uniform doping with Al2O3: XPS

Previous studies have highlighted that some metal species form new metal
complexes with iron, resulting in a MxFe;O, type structure. The presence of these
structures can be found with XPS, with the binding energy for the metal atoms

shifting to reflect changes in oxidation state.339 Temperature treatment for these
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samples results in the compositional changes seen previously (Figure 58).
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Figure 568°: XPS Spectra for 5% aluminium uniform doped hematite. Experiment carried out by Dr
Shamsal Haq, University of Liverpool.

Increased levels of Na and Al can be observed following heating, with
decreased Fe on the surface as a result of this. Carbon impurities caused by
exposure to the atmosphere are also obvious here.?’© No obvious changes to
structure are highlighted in the XPS data for the 5% UD Al:Os/FezOs (Figure

59).
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Figure 59 XPS: Fe binding energy for 5% aluminium uniform doped hematite (red) compared to
undoped hematite (black).

Though lower in intensity due to the migration of Al to the surface, the Fe
peaks are aligned and show the 3 characteristic peaks of a-Fe20s. Similarly, for

both unheated and heated UD 5% Al2O3s samples, there is no shift in Al peaks

(Figure 60).
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Figure 60: XPS' Al binding energies across the 3 heat parameters for 5% aluminium uniform doped
hematite.

Alsp, binding energy can be found at almost exactly 75eV, indicating

aluminium is present as Al3* as Als03.371 These spectra exclude the formation of
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AliFeyO, type structures, which would see deviations in peak shape and binding

energy.372

6.6.1.3 Uniform doping with Al2Os: UV-Vis

For Heat Treatment 2, across the different aluminium doping profiles,

slight changes in optical properties can be seen (Figure 61).
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Figure 61°- UV-Vis spectra for different % doping profiles. As-deposited hematite is compared to
uniform doped Al203/Fe=03 and gradient doped high-low Al2O3/Fez0s5.

The addition of aluminium blue shifts the 410nm peak maxima slightly
compared to pristine hematite, with increased absorption below 400nm. The
aluminium doped samples exhibit similar UV-Vis spectra, outside of 1.25% and
2.5% Al2O3 UD sample, which appear to be shifted between the pristine sample
and >5% UD samples. This indicates that there is a degree of change with

doping, as the 5% and 10% samples have almost identical spectra. Interestingly,

189



the gradient doped sample overlaps almost perfectly with 10% uniform doping

and 1s very similar to the 5% UD sample.

6.6.2 Gradient doping with Al2Os: LEIS

The surface spectra for the gradient doped aluminium samples is
comparable to that of uniform doping, with Al at the surface following heating
and suppression of the Fe peaks as a result of this (Figure 62). Na is visible in
high amounts for Heat Treatment 2, with no surface Sn visible. Minor peaks can

be seen for F at ~1250 eV and K at 1850 eV, further highlighting the lability of

these 1ons.
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Figure 62: A) LEIS surface spectra for 5% Al20s gradient doped (high-low) samples across different
heat parameters. B) Zoomed in surface spectra across Sn region. Experiment carried out by Dr Adrian
Gardner, Stephenson Institute for Renewable Energy.

Dynamic depth profiling with sputtering shows further changes
throughout the material (Figure 63). A broad peak in the Al region peak can be
observed for the unheated sample following sputtering, with rising intensity of
this peak as depth increases. This indicates the presence of buried layers, similar
to what was observed for Sn previously.3” For the heated samples the amount of

surface Al remains approximately constant with increasing sputter dose; though
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less Al is observed for Heat Treatment 1 than Heat Treatment 2. This indicates
that high temperatures drive greater migration of Al from within the samples.
Compared to previous samples that have showed miniscule changes in Sn, there
1s no evidence of surface Sn and no change in Sn intensity with heat. Again there
1s a small broad hump of very low intensity in this region, indicating that there

may be buried layers of Sn , but no strong presence was found.
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Figure 65 Depth profiling for 5% gradient doped (high-low) Al2Os/Fe20s, with A) no heat, B) Heat
Treatment 1 and C) Heat Treatment 2. Experiment carried out by Dr Adrian Gardner, Stephenson Institute
for Renewable Energy.

Overall, the LEIS results for GD are fairly consistent with the previous
observations for these samples. The largest discrepancy between the uniform
and gradient doped samples is the Na content following heating. For GD the

intensity here is reduced from that of UD following both Heat Treatment 1 and
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2. Al2Os3 content is consistent between samples at 5%, indicating that the
structure may play a role in ion migration. Some surface Na impurities are
expected, similar to carbon layers, but there is a clear increase following heat
treatment, indicating more is moving from the glass here. The presence of
thicker layers likely inhibits this movement to a degree, resulting in the slight

changes observed for Na and Sn.

6.6.3 Gradient Doping with TiO2: LEIS

The LEIS surface spectra of TiOsz high-low gradient doped samples
highlights some changes compared to the aluminium doped samples (Figure 64).
The baseline trends for O, Na and Fe similar to those observed for the other
samples, with and without heat treatment. Surface Fe is suppressed after high
heat exposure, indicating an almost complete surface layer consisting of labile
elements such as Na and K. Titanium can be found following heat exposure, as

well as a small, yet present near surface Sn peak.
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Figure 64: A) LEIS surface spectra for 5% TiO2 gradient doped (high-low) samples across different
heat parameters. B) Zoomed in surface spectra across Sn region. Experiment carried out by Dr Adrian
Gardner, Stephenson Institute for Renewable Energy.
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Dynamic depth profiling of these samples follows similar trends to those

seen previously for Al doped samples (

Figure 65). Sputtering of the as-deposited sample showed no titanium
presence in the unheated sample, indicating the titanium has not moved within
the structure. Once heated, titanium can be observed in increasing amounts with

each additional sputter treatment.
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Figure 65 Depth profiling for 5% gradient doped (high-low) TiO«/Fes0s, with A) no heat, B) Heat
Treatment 1 and C) Heat Treatment 2. Experiment carried out by Dr Adrian Gardner, Stephenson Institute
for Renewable Energy.

Peak shape is important again here. Previous experiments have presented
a broadened Sn peak, indicating Sn is present somewhere below the surface.
Direct collisions however present as a sharper spectral peak, versus the near-
collision broader peaks that result from non-discrete energy loss and

scattering.?3837¢ This slight Sn peak suggests that some degree of migration has
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occurred for the titanium doped sample, whereas this cannot be seen for
aluminium doped samples. Possibly this alludes to a blocking action caused by
the increased aluminium that does not exist for the titanium doped samples.
Notably, this Sn peak is comparable in shape and intensity to the Fe2O3 sample
with the 0.4nm aluminium underlayer. A small peak was seen for the UD
sample, but the intensity was ~ 0.2 nC?! which was much lower than that

observed for the electrodeposited hematite (14 nC).

The combination of these results indicates that (following Heat Treatment
2) Sn does not reach the surface for Al % doped ALD hematite samples, but tiny
amounts of Sn can be found for the samples doped with Ti/with Al underlayers.
The literature consensus is that heat treatments > 700°C drive Sn migration
from the FTO, resulting in Sn-doping and improved photo performance as a
result.243,339,375,376 This was observed in Chapter 5 for the thicker electrodeposited
hematite sample, with a notable Sn peak. The observations for the Al-doped
films do not align with this consensus however, as Sn is not present in any
observable quantity. Broad peaks are observable that indicate it is present
further beneath the sputtered layers — but as these are thin films, it is difficult to
ascertain if that is due to a degree of low-level Sn migration or the FTO
substrate itself.247 As for the other ALD-Fe203 samples, there is also an
indication of reduced Sn migration. Overall, the improvement in onset and
photocurrent for the Al doped samples following the 750°C heat treatment here
cannot be attributed to Sn-doping, which is an interesting conclusion for heat

treated hematite.
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6.7 Additional Modifications

In this project, underlayers and interlayers have been tested as a method
of improvement, with surface layers excluded. However, surface modifications
are a more common and usually favourable adaptation for Fe2Os photoanodes,
improving charge transfer and recombination due to surface passivation. For
most samples, they offer benefits due to the ease of application; applying a
surface layer to an existing sample is easier to achieve than adding layers

below/within the structures.

Cobalt phosphate complex (CoPi) surface layers in particular are a quick,
easy modification that can be added to a photoanode to improve electrochemical
properties. CoP1 are added by electrochemical deposition, wherein the sample is
submerged in CoPi solution, and a potential applied to create adherence. The
thickness of the layer can be controlled by increasing the voltage or the duration
of treatment.377 These layers can improve photocurrent and onset potential for

various semiconductors, but typically diminish in alkaline solution over time.378

For this project, adding a CoP1i layer is a quick way to test possible further
adaptations of the samples produced. As the 5% Al20O3 uniform doped sample
exhibited an impressively low onset potential, a CoPi surface layer could further

indicate the value of these samples with additional testing.

6.7.1 Experimental
A CoPi1 overlayer was added to a 5% UD Al203/Fe203 sample via the
deposition method detailed by Bouhjar et al.,, 2019.246 Here, 0.5 mM cobalt

nitrate was mixed with 0.1M potassium phosphate buffer solution to create the
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electrolyte. The UD photoanode was then submerged, with the same cell setup as
used for electrochemical measurements (Ag/AgCl reference, Pt counter, 150W Xe
lamp). A voltage of 0.9 Vagagc1 was applied with a constant current of 6 mA.cm-2
for 300 seconds, to produce a thin surface film. Deposition times between 100-
750 seconds have been highlighted as beneficial, with reduced benefits as layers
gain excessive thickness.377:379 Following deposition the sample was rinsed with

distilled water and air dried.

6.7.2 CoPi1 Layer Results
A CoPi1 overlayer offered an immediate photoelectrochemical improvement
(Figure 66). Photocurrent almost doubled, reaching 0.36 mA.cm™, while onset

decreased further, reaching -0.41 Vagagci from -0.29 Vagagci.
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Figure 66: LSV for 5% uniform doped Al:O3/Fe=0s, with (blue) and without (black) a CoPi overlayer.

There was no obvious change in optical absorption properties with UV-Vis
spectroscopy (Figure 67). Peaks and troughs are aligned, with no changes to

overall shape for the uncoated and coated samples. A lack of blue/red shift
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indicates that there have been no alterations to bandgap.389 The increase in
absorption is expected with the slightly increased film thickness. Overall, this is
a standard UV-Vis spectra for CoPi overlayers on Fe2O3; CoPi layers typically do

not alter the optical properties of Fez(3.381.382
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Figure 67: UV-Vis Spectra for 5% uniform doped Al:0s/Fe:0s, with (blue) and without (black) a
CoPi1 overlayer.

This data aligns with the method of action of CoPi overlayers, wherein
they behave as a co-catalyst, with the Co oxidation state varying between 3+ and
2+. The Co acts as a hole acceptor, regenerating following charge transfer.383
Hence, CoPi layers act as a charge mediator, reducing the impact of Fe20O3
surface trap states and lowering the recombination rate.?® This behaviour

explains the improved photocurrent and onset data obtained, with vast

improvements seen for both.

The low onset of 0.61 Vgrur in particular is impressive for hematite

photoanodes. Previous records have hovered in this region, with 0.62 Vgug the
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lowest value found for more traditional hematite growth methods.376:38 A lower
onset potential of ~0.45 Vrur has been achieved through a regrowth method.34
This process requires the partial destruction of the hematite sample in acidic
media, with simultaneous addition of NiFeOx. A further study accomplished an
onset potential of 0.58 Vrur for Fe2Os produced by heating iron foil in a Ha-O2
flame.38 When assessing the role of dopants on performance, these methods are
not comparable to traditional doping in which dopant layers are added to
untouched FesOs. While this 1s not the overall record for lowest hematite onset,
this result highlights the low onset achievable for aluminium doped, surface
modified samples. Further study in this area may highlight additional benefits to

this doping composition.

6.9 Conclusions

The results of this chapter highlight a few interesting observations
for Al gradient and uniform doped samples, as well as Ti gradient doped
hematite. A stepwise improvement in onset potential was seen for UD Al
samples, with samples requiring heat activation. This trend was also observed
for the gradient doped Al samples, with a defined onset potential improvement

compared to pristine hematite following Heat Treatment 2.

High to low gradient doping was shown to offer improvement over low-
high GD, for both Al and Ti-doped hematite. For high-low GD Al hematite, there
was also an improved photocurrent versus the uniform doped sample, which
suggests that gradient doping offers the best of both worlds for hematite

photoanodes. CoPi surface layers also brought additional benefits when added to
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a 5% Al UD doped sample, with a very low onset potential of 0.61 Vrar achieved.
This indicates that these samples can be further modified to enhance

photoelectrochemical performance.

Finally, LEIS analysis for these samples showed migration of Ti
and Al for the respective samples, with labile atoms such as Na, F and K visible
In varying amounts. Most notably, Sn suppression was observed for these
samples, as indicated previously for the underlayer samples. Particularly, the Al
% doped samples showing no obvious Sn presence when compared to other
hematite production methods. This has implications for the high temperature
heat treatment of these samples, with Sn migration ruled out as the reason

behind the photoelectrochemical improvements seen.
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7.0 Conclusions and Future Work

In this thesis, plasma enhanced atomic layer deposition (ALD) is used to
produce hematite, a-FesOs, for use in a photoelectrochemical (PEC) cell. In this
role, hematite photoanodes are employed to assist in the photolysis of water,
acting as a photoanode and driving forward the oxygen evolution reaction (OER).

The mechanisms of this reaction and the issues surrounding it were
explored in Chapter 2, along with the role of semiconductors in PEC cells and the
qualities that define a good photoanode. Hematite and the problems of hematite
photoanodes were also covered, as well as some of the common methods used to
address these difficulties. Nanostructuring in particular was highlighted as a
possible solution to the electron transport problems that hematite was found to
have, as well as the addition of dopants and layers to the photoanodes to further

boost performance.

Chapter 4 discussed the development of a plasma enhanced ALD process
to produce thin hematite films using a ferrocene precursor and an Ogz/Ar plasma.
This used a heated, custom built precursor pot with a vapour push mechanism to
combat the low vapour pressure exerted by the ferrocene powder. This process
was honed by exploring the effects of altering different experimental parameters,
with a final growth sequence of 2.5s-5s-5s-4s. A 50 W plasma power setting and
250°C platen temperature was found to be ideal for this process, though

substrate inhibited growth could be seen at higher thicknesses.
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The photoelectrochemical performance of the ALD hematite was explored
in Chapter 5, along with the effects of heat treating the samples and adding an
aluminium oxide (Al2Os) underlayer. Heat treatment was seen to increase
performance of the pristine hematite samples, with the Al20s underlayers
further boosting this. In particular, thin underlayers were beneficial, with 0.5
nm Al2O3 exhibiting vast improvement over the pristine hematite. Underlayers
exceeding 0.5 nm were found to offer some limited improvement in onset
potential compared to the unmodified AloOs though were not as beneficial as

thinner layers.

Chapter 6 studied the effect of adding more aluminium to the samples,
with the use of layer doping. Aluminium layers were added in between sheets of
hematite in various thicknesses, with heat treatments used to diffuse the layers.
These samples required heat to activate them, as the aluminium layers reduced
charge transfer through the bulk. Larger amounts of aluminium were once again
found to be non-favourable, while lower amounts massively improved the onset
potential of the hematite photoanodes. This came at a cost of photocurrent
however, which was reduced from that of pristine hematite for the Al doped
samples. The structure in which the aluminium was added was then varied, with
a gradient doping strategy tested for 5% Al2Os doped hematite. Here, high-low
gradient doping was shown to offer a combined improvement in both onset and
photocurrent compared to uniform doped samples, indicating that the layer
structure is important for photoelectrochemical performance. This was further

confirmed by testing titanium gradient doped samples, which showed this same
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favoring of high-low gradient doping, though not to the same magnitude as for

the Al

Additionally, a cobalt phosphate complex (CoPi) surface layer was added
to test the effects of further modifications. This was assessed for the heat treated
(to 750°C) 5% Al uniform doped sample, which previously had showed an
impressive onset potential of -0.29 Vagagc (0.73 V rur). The addition of the CoPi
surface layer improved both onset and photocurrent for this sample, with an
impressive onset potential of -0.41 Vagagcl (0.61 Vrug) obtained. Overall this
indicates that surface modifications offer further improvements for these

samples.

Finally, Low energy ion scattering (LEIS) was explored to assess possible
compositional differences in the films produced, with both surface and depth
profiles explored. This highlighted that heat exposure at 550°C drove the
migration of labile ions such as Na, as well as Al and Ti from the respective
doped films. Further migration could be observed for 750°C heat treatments,
highlighting the role of temperature in altering the compositional formations of
the films. Most interesting for the LEIS results was the absence of Sn migration
following the 750°C heat treatment. Miniscule amounts were observed for the
underlayer samples and Ti-doped gradient doped samples, but when compared to
a thicker electrodeposited sample the lack of Sn migration was apparent. For the
Al % doped samples, no defined Sn peak was observed, indicating that Sn was
not present in the layers studied. This suggests that the improvement seen for

these films following the 750°C heat treatment was not caused by Sn-doping.
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Instead, the improvement here was suggested to be due to Al doping effects, with

increased charge carriers from the glass also playing a role.
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