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Atomic Layer Deposition of Thin Films for Silicon Photoelectrode
Protection During Solar Water Splitting
Shane O’Donnell

Abstract

Energy security and climate change have brought on an increasing demand and urgency for
the transition from fossil fuel dependency to more sustainable sources of renewable energy.
Of the available renewable energy sources at our disposal, solar energy is by far the most
abundant. However, the inherent variability of solar energy warrants the development of
storage techniques for use during periods of low supply and high demand. Hydrogen fuel is
a widely adaptable form of chemical fuel storage making it of great interest for the storage
of solar energy. Semiconductor-based photoelectrochemical water splitting has the potential
to be an elegant and efficient method of renewable hydrogen fuel production through the
capture, conversion and storage of solar energy. Candidate materials must exhibit several
exacting characteristics with low cost, and specific electronic properties being paramount.
Silicon satisfies these requirements, however its susceptibility to photocorrosion and
photopassivation in electrolyte solution hinders its performance. Consequently, Si is
incapable of extended use for water splitting without the application of a protective layer
such as to distance the harsh water splitting chemical reactions and electrolyte environment
from the Si in order to enhance its stability.

This work looks to protect the silicon photoelectrode and improve its performance and
operational lifetime. Thin films (< 10 nm) of TiO2, NiO and CoN were deposited onto SiO>
via atomic layer deposition (ALD). This thesis details the nucleation, growth chemistry and
photoelectrochemical performance of these transition metal -based thin films prepared via
thermal and plasma enhanced ALD in addition to exploring the effect of post ALD film
treatments by plasma and atmospheric annealing. Films were investigated using
photoelectrochemical cell testing to evaluate photoelectrochemical performance, and in-situ
cycle-by-cycle x-ray photoelectron spectroscopy was used as the primary characterisation
techni
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1 Introduction

1.1 Global Warming and the Energy Transition

The combustion of fossil fuels results in the emission of a range of greenhouse gases (GHG)
into the atmosphere, with carbon dioxide and methane being two of the most prevalent,
causing the trend of rising CO; emissions in recent times shown in Figure 1.1. The collection
of large quantities of GHGs in the Earth’s atmosphere results in the trapping of excessive
amounts of heat from the sun which would have otherwise been reflected out into space and

a natural regulation and balance of incoming and outgoing solar energy and ultimately heat.

Annual CO2 emissions
Carbon dioxide (CO.) emissions from the burning of fossil fuels for energy and cement production. Land use
change is not included.
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Source: Global Carbon Project OurWorldinData,org/co2-and-other-greenhouse-gas-emissions/ « CC BY
Note: CO, emissions are measured on a production basis, meaning they do not correct for emissions embedded in traded goods.

Figure 1.1 Annual global CO2 emissions from fossil fuels and industry *°.



Fossil fuels are also known to have severe impacts on human health '>!°. The combustion
by-products of coal, oil and natural gas release a range of pollutants into the air from
particulate matter in the form of soot to polluting gases such as sulphur dioxide and nitrogen
oxide 771, Conversely, renewable energies offer a sustainable and comparatively very clean
alternative to the polluting future of fossil fuel driven energy production we have been facing
down for so long. Solar and wind energy are by far the most popular sources which hold
colossal, and in the case of solar energy effectively infinite, energy potential and have
become more cost competitive with FFs in recent years. Renewables differ greatly from FFs
in that aside from any embodied emissions involved in the construction of infrastructure and
technology for the acquisition of the energy in the first place, there are no end use or so-
called tailpipe emissions or pollutants resulting from their use. Therefore, no emission of
GHGs or any pollutants which can have adverse effects on human health or the environment.
The transition from FFs to renewable sources of any form will require significant investment
and infrastructure upgrade and development however the potential benefits which may be
reaped from this effort will be substantial and profound. Through moving to renewables it is
possible to drastically reduce the emission of GHGs which will serve to improve air quality
thus protecting human health as well as reducing the global warming effect of these gases in
our atmosphere and overall lessening, slowing and potentially halting global warming to
below the targeted 2°C rise above pre-industrial global temperature by 2100 set out by the
United Nations Climate Change Conference Paris Agreement in 2015 ?°. An additional
benefit of renewables is their delocalisation and ability to be produced worldwide rather than

being confined to highly contested geographical regions resulting in economic and political



pressures which offers the potential for countries to become energy independent or to provide
a portion of their energy demand domestically 26-%°.

Although abundant and becoming increasingly popular sources of renewable energy, solar
and wind are inherently intermittent on both the shorter scale of day to day variations of
weather affecting output as well as longer term wherein seasonal variations of generation
will affect supply which culminates in making their integration into the energy mix and grid
networks problematic without the addition of energy storage solutions which can be used to
bridge these periods of low generation while demand must be met.

One such complication experienced in efforts in attempting to integrate renewable energy
into the electricity network stems from this daily and even hourly inconsistency in supply.
The variability of supply is a challenge for grid operators as they attempt to balance energy
supply and demand in real-time. When the wind blows and the sun shines it is important to
make use of renewable energy as it becomes available and bring it onstream, however being
that forecasting, and predictions can be unreliable results in the requirement for backup
generation to be ready at a moment’s notice to ramp up generation if the renewable supply
dips or there is an increase in demand. These backups are typically FF sources unless there

is some form of traditional hydroelectric or pumped hydroelectric capacity available which

can be utilized rapidly.



1.2 Renewable Energy Storage Methods

It is therefore evident that in order to incorporate renewable energy into the energy mix on a
large scale, effective means of energy storage are crucial. The two primary forms of storage
which have become most popular for the storage of renewables are that of battery technology
and hydrogen each with their advantages and disadvantages and particular applications
wherein one may be more applicable which will be discussed briefly. A major advantage of
hydrogen as a storage medium and ultimately an energy source is its flexibility. Hydrogen is
a highly versatile storage medium and can be used for a wide range of energy applications
from transportation, heating, and electricity generation. It is possible to use hydrogen in the
formation of electricity directly or use it in the formation of synthetic gas or synthetic
diesel 333,

Particularly when looking to heavy transport, which poses significant challenges to
decarbonise effectively, such as shipping where the quantities of energy are massive and
refuelling or recharging opportunities are infrequent, hydrogen offers more advantages as a
fuel source than via energy stored in batteries. Hydrogen has potential to be developed as an
energy source for aviation where it would offer benefits over battery technology for even the
most basic of reasons being weight; once expended batteries remain heavy and costly to
transport when not generating power and lift whereas once hydrogen is combusted the load
is lightened in the more traditional ways of aviation fuel. Furthermore, refuelling with
hydrogen could potentially be orders of magnitude faster than charging batteries which is an
especially important consideration for aviation and personal vehicle transport where quick
turnaround times are important. An additional benefit of hydrogen over battery storage is in

long-term storage with hydrogen being suitable to be stored for extended periods while



batteries can in some cases have limited lifetimes which can also be affected by extremes in
temperature >7*%. In terms of electricity generation, the combustion of hydrogen has already
undergone a great deal of investigation with early attempts to utilize traditional gas powered
electricity generation models combined with adapted gas turbines for the use of a natural gas
(NG) and hydrogen mix with Mitsubishi Heavy Industries Group showing in 2018 the
possibility of combining the two in a 70:30 (NG:H) ratio resulting in a 10% reduction of CO2
compared to those using natural gas alone *.

While there are some key advantages, hydrogen also has its share of disadvantages and
limitations associated with its generation, storage, and utilization. One major challenge is its
cost as with any new technology the infrastructure is not pre-existing for the most part thus
requiring significant investment and development. In order to be practical for use, it must
either be compressed to extremely high pressure or liquefied which requires cooling to as
low as -250°C which creates massive challenges for its storage and transportation ultimately
driving up costs of implementation *“**. Safety is of concern particularly in terms of
transportation and storage due to hydrogen being a highly flammable and volatile gas igniting
easily in the presence of oxygen with a wide flammability range of 4% - 75% which
alongside its reduced ignition temperature when compared to petroleum means that a great
deal of caution must be observed in its handling ***°. Hydrogen is a small molecule making
it leak-prone resulting in additional complications in storage and transport. Efficiency of
generation is highly relevant to its viability, and with its production via low carbon methods
such as electrolysis or photoelectrochemical generation currently being low coupled with the
inefficiencies of electrolysers for reconversion back to usable electricity results in the final

energy yield being significantly diminished compared to the initial energy input.



1.3 Routes to Hydrogen

While hydrogen is painted as a sustainable and renewable energy source care must be taken
in assessing its net carbon emissions and determining the source of energy utilised for its
generation as all hydrogen is not created equal.

It is worth discussing the routes to hydrogen available and highlight that hydrogen in and of
itself does not signify zero or even low carbon. A colour grading system is widely adopted
as the method for differentiating the various methods used for the production or extraction
of hydrogen fuel which each have varying levels of impact on the environment. Green
hydrogen is the most commonly cited and the best case scenario amongst the ‘colours’ %,
This involves the production of hydrogen using renewable sources such as solar and wind
energy employing the process of water electrolysis to split water into its constituent
components %*6! This is considered the cleanest route to hydrogen as well as the most
sustainable as its production does not result in any carbon emissions aside from those
embodied within the manufacture of the technology required 2.

However, currently grey hydrogen is the most commonly used method and involves the
extraction of hydrogen from natural gas or methane through a process called steam methane
reforming (SMR) which therefore associates this route with significant carbon emissions and
is as such not considered a clean form of energy . SMR accounts for the production of
approximately 95% of the worlds hydrogen and involves reacting methane (CH4) with high
temperature steam (H2O) in the presence of a catalyst which forms hydrogen gas (H>) and
carbon monoxide (CO) *%7. The SMR process is performed within large reactor vessels

under high pressure and temperature which requires a significant amount of energy which

due to the current global energy mix being dominated by FFs means that this SMR is directly



powered by FFs. Blue hydrogen follows the same method as grey hydrogen however the
carbon emissions are captured and stored or reused in some manner such as to avoid their
discharge into the atmosphere .

Next there is turquoise hydrogen which is a hybrid method combining natural gas with
renewable sources wherein renewable energy is used as the energy required to drive the
steam methane reforming process which reduces the emissions associated with the process
0.7 There are a growing number of colours associated with various methods of hydrogen
production but the last significant one is yellow hydrogen which is the use of nuclear power
to drive the electrolysis process 7. This method is not widely applied and is associated

with some safety concerns along with debate about the environmental ethics of this form of

energy which will not be detailed within this work 768,



1.4 Green Hydrogen from Solar Water Splitting

Of all the renewable energy sources available, many of them are somewhat location
dependent which acts to limit their implementation on a wider global scale. This is one of
the many advantages of solar energy being that it is not limited to any one or a handful of
locations which makes it a highly versatile and extremely valuable renewable energy source.
Provided sufficient solar radiation is present, solar energy can be harnessed and used in
virtually any part of the world and is therefore a decentralized source 3. Furthermore, unlike
other forms of renewable energy such as hydro and wind, solar energy can be generated in
both urban and rural environments allowing it to be used in the generation of power for a
variety of applications at the site of demand such as homes, business as well as large scale
power plants and even electric vehicle charging stations making solar energy extremely
flexible 34%7. It is clear that the sun is by far our most abundant source or clean energy while
also being effectively infinite *. Approximately 120,000 TW of solar radiation are incident
on the Earth’s surface continuously which far exceeds even the most aggressive energy
demand scenarios ®. It is calculated that through covering 0.16% of the Earth’s surface with
10% efficient solar conversion panels would provide 20 TW of power which illustrates the
magnitude of energy available from the Sun ®2. It is this monumental energy potential which
has led to solar energy and its efficient capture and conversion to being termed the ‘Holy
Grail’ of renewable energy sources %34, Granted that 0.16% of the Earth’s surface is no
small area and is equivalent to approximately 900 x 900 km? which is around the size of
France and Germany combined, however this serves to illustrate the potential of solar energy
to be among, if not the most significant, component in the energy transition *°. All routes to

solar energy follow the steps of capture, conversion and storage 5.



1.5 Principles of Photoelectrochemical (PEC) Water Splitting

It is evident that solar energy emerges head and shoulders above its renewable energy
counterparts in term of gross potential for green energy generation and through efficient
capture and conversion of solar energy, it is possible to produce green hydrogen.
Photoelectrolysis is often used as the term to describe semiconductor-based PEC water
splitting with three basic common approaches possible namely photovoltaic cell (PV),
semiconductor-liquid junctions (SCLJ) or a combination of the two (PV/SCLIJ) °!. In the PV
configuration the electrical potential required for the water splitting process is generated
externally before being carried to the electrolyser and/or semiconductor electrodes held in
solution 3. In contrast, the SCLJ arrangement involves the generation of the water splitting
potential directly at the semiconductor-liquid interface *!+2,

Both approaches to realise water splitting have their own advantages and disadvantages and
the choice of which to employ depends on many factors including cost, efficiency and
stability requirements depending on the desired application. While a robust comparison of
the two is unwarranted it is worth highlighting one advantage of PV water splitting is its
potential to be more efficient than the SCLJ alternative since it directly converts incoming
solar energy into electricity. However, the PV approach can in some cases be more complex
and therefore costly to manufacture when compared to SCLJ devices through necessity to
fabricate separate electrolysers wired to p-n junction solar cells 33, Moreover, SCLJ
systems can be more stable allowing them to operate satisfactorily over a range of conditions
whereas PV counterparts may require careful control of temperature and illumination **.

Henceforth all mention of PEC water splitting will refer to the SCLJ configuration as is the

method under investigation within this work.



PEC water splitting is a powerful yet complex process for the conversion of solar energy into
green hydrogen fuel.

For successful decomposition of water in an efficient and sustainable manner several criteria
must be met simultaneously. The semiconductor system and materials in use must be capable
of generating a sufficient electropotential upon illumination in order to split water. The bulk
band gap must be small enough to absorb a significant portion of the solar spectrum and the
band edge potentials at the semiconductor surfaces must straddle the hydrogen and oxygen
redox potentials. To be competitive in chemical energy generation the system must exhibit
long-term stability against the corrosive effects of the harsh electrolyte environment. Charge
transfer from the surface of the semiconductor surface to the electrolyte solution must be free
and facile such as to limit energy loss due to kinetic overpotentials which, in electrochemistry,
refers to any additional energy required to drive a chemical reaction to completion.
Overpotentials will be present as a result of sluggish reaction kinetics, which when referring
to electrode interactions involves the transfer of electrons and holes between the electrodes
and the electrolyte solution. If the electron transfer reaction kinetics are slow, then a higher
potential is necessary to promote the reaction °'. Charge separation within the semiconductor
material of choice is paramount such as to ensure photogenerated electron-hole pairs are
separated efficiently to prevent recombination 3192,

Though investigated extensively for several decades now, the original concept of
photoelectrochemical water splitting was first demonstrated in 1972 by Fujishima and Honda
5. Their pioneering research demonstrated that titanium dioxide photoanodes when

irradiated could produce oxygen gas through the oxidation of water providing a foundation

for the development of photocatalytic systems for hydrogen production through water
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splitting *°. The PEC cell utilised in the original demonstration of water splitting consisted
of TiO, with a platinum cathode which upon illumination of the TiO> electrode led to O
evolution on the photoanode and H» evolution at the cathode °!%°. It was later in 1998 when
the true potential of the technology was highlighted with Khaselev and Turner demonstrating
PEC solar-to-hydrogen efficiencies of 12.4% .

The basic principle of solar cells is the photovoltaic effect which is simply the generation of
a potential difference at the junction of two semiconductor materials as a result of incident
electromagnetic radiation °’. The photovoltaic effect itself is closely related to that of the
photoelectric effect which describes the process whereby electrons are emitted from a
material which has absorbed radiation of a frequency above that of the materials in built
threshold frequency as illustrated by Einstein in 1905 who explained this effect through the
assumption that light consists of well-defined and discrete energy quanta called photons.
Photon energy is given in Eq 1.1:

E=hv (1.1)

where /4 is Planck’s constant and v is the frequency of the light. Absorption of a photon in a
semiconductor material provides energy to excite an electron from its initial energy level E;
to a higher level denoted Er as is seen in Figure 1.2 ,with this difference in the initial and
final energy level of the electron being equal to that of the incoming photon energy given as
hv = Ef — E;. Electrons are permitted to occupy energy levels above the conduction band
and below the valence band with the region between these two bands being the band gap Eg
= Ec — Ev. Photons striking the semiconductor material with 4v less than Eg will not be

absorbed by the material but rather traverse without interaction *’.
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Therefore, the absorption of light and the ultimate generation of charge carriers in the
semiconductor absorber material is dependent on the band gap of the semiconductor material
itself. The band gap being the energy difference between the lowest point in the conduction
band and the highest point in the valence band with the lowest point in the conduction and
valence bands being referred to as the band edges. It is both the electrons excited to the
conduction band as well as the holes in the valence band which contribute to electrical
conductivity. Intrinsic carrier concentrations and therefore intrinsic conductivity are largely
controlled by the ratio of the band gap of a material to its temperature, E; /kgT °%. When this
ratio is large the concentration of charge carriers will be low and vice versa. Looking to
Figure 1.2 below, at 0 K the conductivity goes to zero as all of the valence band states are
filled and all states in the valence band are vacant band thus no available charge carriers.

With an increase in energy such as thermal energy or solar energy in the form of photons,
electrons become excited from the valence to conduction band thus becoming mobile and
available as charge carriers — such carriers are referred to as intrinsic . At room temperature
a small quantity of electrons within the valence band gains a sufficient amount of energy to
jump to the conduction band. Intrinsic meaning the electrons and holes occur naturally within
the material without the addition of external doping or impurities therefore in a pure

semiconductor the concentration of electrons and holes is equal.
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Figure 1.2 Illustration of band scheme of intrinsic conductivity within a semiconductor *®

Water splitting occurs when a semiconductor device with the right characteristics is
immersed in an aqueous electrolyte solution and irradiated with sunlight the incoming solar
energy in the form of photons is converted into electrochemical energy through the formation
of spatially separated electron-hole pairs which are used in the splitting of water directly into
hydrogen and oxygen through interacting electrochemically with ionic species in solution at
the semiconductor-liquid interface %%, These electron-hole pairs are formed when solar
energy in the form of photons of sufficient energy strike the photoelectrode and impart their
energy on atoms of the electrode material. If the energy of the photon is enough for the
electron to be excited from the valence band (VB) to the conduction band (CB) then a hole
is left behind in the shell where the excited electron originated from. A ‘hole’ refers to the
absence of an electron in the VB which creates a localised positive charge which can be
thought of as a positive charge carrier. The photoexcited holes are used at the photoanode
surface where they drive the oxygen evolution reaction (OER) while the photoexcited
electrons are swept to the cathode where they are used in the hydrogen evolution reaction

(HER) 399119 The water splitting process involves two half-reactions which are distinct
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chemical reactions which occur simultaneously with two variations based on the ph of the
electrolyte solution being used %1910,
In the case of an alkaline electrolyte the reduction and oxidation reaction equations are as
follows:
4H,0 +4e~ = 2H,+40H~ EX,= —0.828V vs.NHE (1.2)
40H™ + 4h* = 2H,0 + 0, Ed, = —0.401V vs.NHE (1.3)
While for an acidic electrolyte the reactions become the following:
4H* + 4e~ = 2H, E%; = +0.000 V vs.NHE (1.4)
2H,0 +4h™ = 4H + 0, EY, = —1.229V vs.NHE (1.5)
In electrochemistry NHE and RHE are two reference electrodes used to measure and
compare the potential of other electrodes or half-cells within the system '°!. NHE stands for
the Normal Hydrogen Electrode which is the reference electrode consisting of a platinum
electrode immersed in the electrolyte solution !, RHE stands for the Reversible Hydrogen
Electrode which is a modified version of the NHE which facilitates for reversible
electrochemical reactions to take place and the electrode surface ',
The Gibb’s Free energy change for the water splitting reaction is given as.
AG = —nFAE (1.6)
Where F is the Faraday constant, representing the charge on one mole of electrons and has
units of coulombs per mole. The number of electrons transferred within the reaction is
denoted by n. AE represents the change in electrochemical potential of the reaction, if this
change is positive then the reaction is thermodynamically favourable, while if it is negative,
it is unfavourable for electron transfer. The negative sign within the expression indicates that

a decrease in Gibbs Free energy corresponds to a positive change in electrochemical potential.
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The expression relates the thermodynamics of a reaction to its electrochemical behaviour and
is used in order to establish whether a reaction will be spontaneous or will require some
external potential to drive the reaction '°'. For the water splitting reaction, at a standard
temperature of 298 K and concentration of 1 mol/L at 1 bar the electrochemical cell voltage
AE of -1.229 V corresponds to a Gibbs free energy change of +237 kJ/mol H». This implies

that water splitting is thermodynamically uphill *°.
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1.6 Water Splitting Photoelectrode Materials and Structure

As discussed, materials used in PEC cells hydrogen fuel generation are required to fulfill
several characteristics such as suitable conduction and valence bands, appropriate band gap,
stability, efficient charge transport among others. However, no single semiconductor material
has yet been identified to meet all of these criteria simultaneously. Various materials and
synthesis methods have been investigated toward enhancing the water splitting process with
significant efforts in the area of surface coatings, doping, electrocatalyst integration and the
effects of nano structuring. It is common for different semiconductor materials to be used in
tandem as photoanodes for the OER and photocathodes for the HER such that each material
being employed is responsive to different portions of the solar spectrum such as to broaden
the overall absorption and utilization of available solar energy. Doping has the advantages of
improving the host semiconductor conductivity, participating in band gap engineering, and
improving the optical absorption as well as serving to increase the extrinsic charge carrier
densities while further augmenting the minority carrier diffusion length. Through depositing
electrocatalyst materials on the surface of semiconductors it is possible to reduce the
overpotentials present for the HER and OER reactions thus improving the PEC process
further. Another focus of investigation within the PEC space is that of nano structing and the
implementation of non-planar semiconductor materials which exhibit high aspect ratios in
an effort to enhance active surface area and reactive sites at the semiconductor/liquid
interface for either the HER or OER reactions while also potentially enhancing the charge

transfer kinetics.
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1.6.1 Photoanode Materials

As widely discussed within the field, since first being employed by Fujishima and Honda in
the 1970’s for water splitting under UV irradiation a massive amount of effort has been
invested into the deposition and modification of TiO, **715!, The application of TiO, is
limited due to its large band gap of approximately 3.2 eV which limits the portion of the solar
spectrum which may be used for the PEC process. In an effort to enhance the visible light
absorption property of TiO, a great many strategies have been explored including doping,
the implementation of additional light absorbers, oxygen vacancy addition as well as surface
modification. For example, N-doped TiO> nanowires were synthesized through calcining
TiO> using NH3 which acted to reduce the band gap of TiOz to 2.4 eV '°!152, Heterojunctions
have also been introduced in order to narrow the band gap of semiconductors employed in
PEC water splitting '°1:133, Reflection is an undesirable loss mechanism in water splitting
through reducing the quantity of absorbed photons and so efforts in limiting this effect have
been explored through the growth of one-dimensional TiO2; nanowires and nanotubes. TiO>
nanotubes have also been treated using a flame and chemical reduction have been shown to
exhibit improved catalytic activity for use in the OER 31154,

Another material which has attracted a great deal of attention within the field is WO3 due to
it being a potentially robust and cost-effective semiconductor for water splitting which
although exhibiting high stability within acidic electrolyte solution, the band gap of
monoclinic WOs3 is approximately 2.7 eV which remains too large to be efficient as an
optimal light absorbing material '>!15%15¢Several studies have shown that through doping
and morphological control the photoactivity of WO3 may be effectively enhanced !3156,

Furthermore, Choi et al showed that a cobalt phosphate (Co -Pi) OER catalyst layer may be
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applied to the base WOs3 substrate to increase photocurrent through reducing electron-hole
recombination and shifting the photocurrent onset potential '>’.

On the topic of morphological effect on photoelectrode performance, Thind et al report
WO3/W/WOs3-Pt bifunctional electrode using W as the substrate material utilizing WO3
nanoflakes as the photocatalyst and finally WO3 nanoflakes with Pt nanoparticles acting as

the electrocatalyst. Within their report they claim photocurrents of 3.0 mA cm™ at 1.8

1.6.2 Photocathode Materials

A long-studied material for PEC tandem devices has been Si owing to its suitable band gap
in this configuration and exhibiting some additional desirable material properties required

for the water splitting process °!:158

. Silicon nanowires (SiNWs) were proposed as
potentially offering enhanced performance over planar Si, however despite extensive
investigation into the development of these nanowires their performance remained low
compared to bulk Si or micro scale wires. This was due to intrinsic growth chemistry of the
SiNWs rather than the influence of the morphology utilized. In order to increase the PEC
performance of Si many cocatalysts and protective layers have been explored such as the
earth abundant MoS> and MoNi as cocatalysts. Si which had been modified using chemically
exfoliated MoS, was reported to enhance its performance when compared to bare Si
electrodes which is primarily attributed to the protective behavior of the overlying MoS>
coating acting to alleviate the oxidation of the Si "!!'%. Lewis et al have also recently
reported on their investigation into the application of p-Si microwire arrays coupled with a
Ni-Mo catalyst film with a TiO: light scattering layer also implemented exhibiting -14.3

mA/cm? which illustrates the potential of these earth abundant co-catalyst materials to

enhance the solar driven HER ',

18



Cuy0is another p-Si earth abundant light-absorbing material which exhibits a band gap of
approximately 2 eV and as such has the capacity to capture a considerable portion of the
solar spectrum and is most often applied as a photocathode material for the HER '!. The
crux with Cu,O as with Si and many other candidate semiconductor materials is its
susceptibility to the oxidating effects of photocorrosion and passivation during the water
splitting process. In an effort to overcome this Graetzel et al investigated the application of
a 4 nm thick Al2O3 coupled with an 11 nm thick TiO2 layers to act as protective layers
shielding the underlying CuxO from the harsh oxidative electrolyte environment in
combination with Pt as a co-catalyst which yielded -7.6 mA/cm? (AM 1.5 G) at 0.0 V vs
NHE using a 1.0 M Na>SOj4 electrolyte solution '%%. This demonstrates the importance of the
application of protective layers as well as the effect of utilizing rare earth expensive but very
high performing catalyst materials such as Pt as was the case in the study outlined above.
Passivation layers having originally been applied such as to distance the OER from the
underlying Si substrate for the reduction of the corrosive and oxidative effects of the water
splitting process are also used in a secondary capacity to prevent the formation of band gap
states which may act to facilitate and promote electron-hole recombination as well as
providing catalytic benefits 16,

From a morphological standpoint many reports have looked into non-planar photoelectrodes
for PEC purposes with Liu et al reporting on the potential of CoN in overcoming the
relatively low HER catalysis efficiencies of planar CoN %4 These CoN structures were
synthesized using hydrothermal and nitridation techniques resulting in the formation of 3D
flower-like CoN (CoN-F) architectures along with porous spheres of CoN (CoN-S) and

finally polyhedral CoN (CoN-P). This investigation observed the enhanced performance of
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the flower like CoN-F derivative owing to the much larger available surface area exposing
superior active sites for efficient PEC operation '%*. Moreover, Hu et al reported on the
efficacy and tunability of CoN nanowires with these CoN examples among the many
investigations exploring various surface modifications with the common goal of introducing
increased surface area and therefore superior active water splitting sites. It is uncommon for
PEC based studies to detail precisely the deposition characteristics especially with respect to
the interfacial region between the substrate material being used and the applied overlayer be
that in a catalytic or protective capacity. This interfacial region is of huge importance to
gaining key understanding of the overall device performance and as such is among the key
focuses within this work as will be developed further in the results chapters.

The list of materials trialled for their photoelectrode potential is lengthy and exhaustive, all
with their advantages and disadvantages as they work towards satisfying the exacting
material characteristics needed for water splitting. The final material to mention, and the one
at the heart of this work, is silicon which has been applied and studied for some time as a
result of its suitable light absorption coupled with relatively low-cost owing to its earthly
abundance especially when compared to more exotic higher performing materials.

The band gap of Siis 1.11 eV which is lower than the ideal range for suitable water splitting
performance however, through band gap engineering and its implementation in a two
electrode configuration as shown in Figure 1.3 Si remains a viable photoelectrode candidate

material %%,

20



! — \
E o]
Sunlight
- hv<17eV
Photocathode Photoanode
Electrolyte Solution «~——Transparent Membrane

Figure 1.3 Schematic detailing the PEC 2 electrode configuration.

The main limitation of Si is its instability and susceptibility to corrosion in the aqueous
environment of the PEC under water splitting conditions. Particularly, when used as a
photoanode in the dual-material system shown schematically in Figure 1.3, oxygen evolved
at the surface can result in oxidation of the silicon, forming a layer of Si0>. This material has
abandgap of 8.8 €V, and a large valence band offset with silicon of 4.4 eV which significantly
inhibits hole transfer to the surface, and the oxygen evolution reaction as a result. This
problem of instability can be circumvented through the application of a protective layer
which distances the oxygen evolution reaction and any corrosion from the Si surface. This
protective layer must also satisfy the some of the same requirements mentioned earlier as the

Si substrate it is to protect such as carrier mobility, stability etc.
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1.6.3 Stability

During real world operation of the PEC the photoelectrodes are exposed to harsh alkaline or
acidic environments. The acidity or alkalinity of the aqueous environment serves to enhance
the water splitting process itself through the introduction of additional ions available to
partake in the water splitting half reactions. However, these environments result in
undesirable photocorrosion and photopassivation effects on the electrodes. Photocorrosion
is the breakdown of the electrode material itself while passivation results from a layer of
oxide which forms on the electrode surface which acts to insulate it from further reaction
thus reducing or halting the water splitting reaction entirely. Therefore, a material which is
immune to these effects is desirable as a candidate protective layer. One such material which
has been of significant interest within the field is TiO2 and has been widely applied as a
protective layer as well as for the enhancement of the photoelectrochemical performance of

underlying photoelectrodes 192719,

1.6.4 Light Absorption

Without light, the whole process is void and it is therefore vital that photoelectrode materials
absorbs a sufficient amount of light in order to provide the energy to drive the water splitting
reactions. The amount of light absorbed by a given material depends on its band gap in
addition to its absorption coefficient — the absorption coefficient being a measure of how
strongly a material absorbs light of a given frequency and is defined as the fraction of the
incident light which is absorbed per unit distance travelled within the material. As it is the
energy of the incoming photons which is used to excited electrons from the valence to
conduction band within the semiconductor material for the formation of the electron hole

pairs necessary for the half reactions, it is vital that the photon energy is equal to or higher
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than the band gap of the material. The larger the band gap of a material, the greater the
amount of energy which will be available for the reaction, but this reduces the portion of the
solar spectrum with energy sufficient to overcome such a band gap.

The energy of a photon is calculated as

hc (1.7)
Ephoton = 7

Looking to Figure 1.4 it is clearly evident that solar intensity is at its greatest in the visible
portion of the solar spectrum from approximately 450 — 700 nm, which through calculating

using Eq 1.7 corresponds to photon energies of 2.8 to 1.7 eV.

Spectrum of Solar Radiation (Earth)
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Figure 1.4 Solar spectrum divided into three regions of UV, Visible, IR with the visible region
constituting the largest area under the curve '’
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1.6.5 Charge Separation and Mobility

Photogenerated electrons and holes within the semiconductor are prone to recombination
within the material bulk as well as at the interfacial region which if not managed can result
in low energy efficiency through wasted absorbed photon energy '%8. It is therefore vital to
efficiently separate the charge carriers upon generation so as to optimise efficiency. The
construction of junctions, for example p-n homojunctions, through doping impurity elements
as well as heterojunctions via the fabrication of semiconductor-semiconductor or
semiconductor-metal contacts can act to form an electric field which ultimately promotes the
migration of the photogenerated charge carriers.

As mentioned, once an electron becomes excited to the conduction band it is prone to
recombining with a hole in the valence band. As it is the energy which excited the electron
which will be used to power the cell reactions, recombination and the loss of this energy
should be avoided. Charges must be separated rapidly to avoid this and directed to the
electrode surfaces, which is assisted through the presence of an electric field as a result of
band bending which has been discussed already.

The secondary impact of film thickness control is ensuring that the induced electric field
within the semiconductor as a result of band bending extends throughout the whole layer and
acts on all charge carriers. An additional factor which strongly influences charge separation
is carrier mobility, this refers to the magnitude of the drift velocity of a charge carrier per
unit electric field and is defined as positive for electrons and holes even though their drift
velocities will be opposite within a given electric field as in Eq 1.8.

|v] (1.8)
With the drift velocity v calculated for a given charge g as
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qrE (1.9)

Using e and pn to denote electron and hole mobility respectively, the electrical conductivity
is then the sum of the electron and hole contributions as shown in Eq 1.10 where n and p are
the concentrations of electrons and holes:

o = (nep, + peuy) (1.10)
It is vital that carrier mobility is high such as to promote efficient charge transport throughout

the material which aids in avoiding recombination.

25



1.7 Protective Films

One possible route to achieving enhanced performance and stability of silicon photoanodes
could potentially come about through the implementation of thin protective films such as to
distance the OER reaction from the sensitive anode interface. As discussed throughout
Section 1.4, charge transfer characteristics of the semiconductor to water interface is of
crucial importance to overall PEC performance and so any material which physically
separates the semiconductor and water is itself extremely influential. Thus, the
semiconductor-protective layer interface is of major significance and as such forms the
foundation of the investigations performed within this thesis.

There is a wide range of deposition techniques which have previously been applied to achieve
thin films such as pulsed laser deposition (PLD), spin coating, sputtering and atomic layer
deposition (ALD), with spin coating having previously been one of the most common
approaches owing to its comparative simplicity in both principle and equipment requirements
15118 Despite its basic technique, spin coating falls short in being capable of offering high
levels of controllability of film thickness in addition to poor surface coverage and wettability
especially in scenarios wherein the base substrate is highly textured which has been noted to

introduce interfacial defects %120,

Furthermore, although spin coating and other similar
solution-based deposition techniques such as hydrothermal, solvothermal and
electrodeposition are popular due to their comparable ease of operation, cost effectiveness
and scalability films deposited via these means are often seen to fall short. As has become
clear in the literature and is developed further throughout this work, detailed analyses of the

PEC device materials and properties suggest that performance is highly sensitive to the

interfacial region between the substrate and a given overlayer which serves to play a crucial
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role in device operation such as impacting charge carrier separation. Therefore, the
development and deposition of such highly sensitive interfaces demands a high degree of
control over all facets of the deposition from thickness to uniformity to enable stable high
performance PEC devices.

Sputtering as well as PLD are prone to the formation of pinholes throughout the deposited
film which can lead to undesirable performance for PEC applications '?!. Due to the
shortcomings mentioned of alternative deposition techniques, ALD emerges as an attractive
option with its superior controllability of film thickness and properties at the atomic level by
virtue of its self-limiting deposition technique through the sequential admittance of vapor
phase ALD products 22712 A further limitation and experimental consideration for the
application of these sputtering based techniques stem from their line of sight nature of
deposition which make them suboptimal choices for film deposition on high aspect ratio
substrates exhibiting complex morphological structures This has led to ALD becoming a
popular choice for both planar and non-planar surfaces with its conformality being able to
overcome complex morphological features such as 3D arrays of carbon nanotubes and

fullerenes among others 2712,
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1.8 ALD Fundamental Theory

Atomic layer deposition (ALD) is a technique used for the growth of thin and ultrathin films
for a wide range of applications. ALD is a derivative of chemical vapor deposition (CVD)
wherein gaseous reactants called precursors are introduced into the reaction chamber
simultaneously where they react to form the desired material for deposition. ALD on the
other hand introduces the precursor materials to the chamber alternately, separated by a
period of pumping and inert gas purging following each precursor introduction such as to
avoid gas phase reactions upon the admission of the following pulse of precursor 3. It is the
sequential saturation and self-limiting growth mechanism of ALD which results in its
enhanced conformality, thickness uniformity and control given that layers are deposited in

singular atomic layers !'2%!3!

. The ability of ALD to conformally coat a range of
morphological structures of high aspect ratio is advantageous over alterative more line of
sight techniques which are more suited to depositing on planar substrates.

It is these unique characteristics of ALD which have served to promote ALD in a wide variety
of applications particularly in the microelectronics industry enabling the continual
downsizing of semiconductor device feature size and increase of aspect-ratio. ALD has also
found its place in more developing technological applications of energy-related applications

such as photovoltaics and PEC as well as in photonics and biotechnology 24130131,

1.8.1 Advantages of ALD

Due to the saturative nature of the sequential admittance of precursor materials the amount
of film being deposited is equal across the surface irrespective of the dose received. It is this
characteristic of saturating cycles which has the practical effect of conformality and

uniformity. With the step-by-step growth comes the deposition of single monolayers or more
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often the deposition of a fraction of a monolayer per ALD cycle, thus film thickness can be
accurately controlled through establishing a growth per cycle (GPC) rate. Furthermore,
switching between film composition can be achieved with relative ease where required with
the modification of precursor products being dosed or their quantities which allows for the
investigation of multilayer or nanolaminate structures '3!. Alongside thickness control, the
very elemental composition of ALD films can be readily altered through the modification of
the deposition recipe with the introduction of dopants possible also through interspersing
dopant material cycles in between host materials growth cycles adding further versatility to
the technique '°.

ALD films are generally continuous, homogeneous, dense and pin-hole free with the
exception occurring sometimes with ultrathin films most often caused as a result of issues
with nucleation due to a lack of reactive surface sites '*°. Good reproducibility and effective
scale-up of the ALD process are also by-products of the self-limiting growth ensuring reliable
replication of a given deposition process. Finally, and in some cases most crucially the
temperatures required for ALD are considerably lower than those required in CVD with
typical ALD processes requiring a temperature in the range of 200 — 350 °C and in some
cases lower. This reduced thermal budget is often advantageous when deposition in
multilayer architectures wherein other materials being utilised may be thermally unstable

beyond the ALD windows.

1.8.2 The ALD Process

The ALD process is divided into steps and proceeds in a cyclic manner and is illustrated in
Figure 1.5. The first step involves a pulse of the gaseous precursor reactant of which the film

is to be composed into the chamber where is chemisorbed onto the substrate. This is followed
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by a period of pumping before inert gas is flowed through the chamber to purge away excess
precursor material as well and reaction by-products. Next the second precursor co-reactant
is pulsed to the chamber where it undergoes surface reactions with the adsorbate formed by
the first pulse and is then followed by additional pumping and gas purging to remove by-

products.
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Figure 1.5 Schematic of the ALD process.

To ensure that the ALD process is self-limiting and surface saturative the precursor dose
needs to be sufficient to occupy all available surface sites. Precursor dose length beyond the
dose required for saturation does not yield to additional film growth. All ALD precursor
materials have a certain temperature range where the process will proceed in a self-limiting
manner. It is the case during a deposition that some surface sites will react before others due
to varying gas fluxes however the precursor will adsorb and then desorb from surface sites

where a reaction has already occurred and reached completion >, This range of temperature
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is referred to as the ALD window and is an important parameter for the successful deposition
of high-quality films impacting film growth rates and ideally this range should be large such

as to avoid excessive temperature dependence which can result in issues in reproducibility.

Growth Rate per Cycle (GPC)
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Figure 1.6 Illustration detailing saturating mechanism of ALD dosing.

ALD growth per cycle as a function of both precursor pulse duration and substrate
temperature are shown in Figure 1.6 where the saturative nature of the pulse time and the
ALD temperature window are shown.

1.8.2.1 Thermal versus Plasma Enhanced ALD

ALD can be carried out in the conventional thermal ALD (TALD) regime or through the
implementation of plasma in so called plasma enhanced ALD (PEALD). The difference
between these two deposition regimes is the way in which energy is transferred to the process

and the resulting impact they can have on the overall film growth.
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TALD relies on high temperature to initiate growth and provide energy for the surface
reactions between the substrate and precursor materials and employs two vapour phase
precursors in the reaction. In TALD the substrate is heated to a specific temperature, typically
greater than 150°C, to facilitate the adsorption and reactions within the system. The use of
heat acts to enhance the reactivity of precursor and substrate materials introduced to the
system acting to promote the formation of high-quality films of satisfactory conformality and
uniformity. TALD can however limit the number of ALD precursor materials which can be
selected for deposited due to the high temperature requirement for deposition to proceed
effectively. TALD most often utilizes water as the co-reactant species.

Conversely, plasma enhanced ALD (PEALD) relies on the use of a plasma for the formation
of co-reactant species. A plasma can be defined as an ionised and electrically conductive gas
consisting of electrons, ions and neutrals, including reactive species which are gas dependent.
Weakly ionised plasmas are typically created by generating an oscillating electric field within
a low-pressure gas environment. This can be achieved through various methods including
electrical field generation through a capacitively coupled plasma (CCP) or an inductively
coupled plasma (ICP). A CCP produces an electric field by applying an oscillating voltage
to a pair of electrodes. This then allows for the electrons to energise and collide with the
background gas creating reactive species. An ICP on the other hand, which is the plasma
source used within this study, creates the electric field by passing a varying electric current
through a coil. This then produces an oscillating magnetic field which induces the electric
field within the gas.

Similarly, to the CCP this causes the energised electrons to collide with the background gas

forming reactive species. It is these reactive species which then interact with the deposited

32



precursor allowing for the formation of the desired film. As these species carry chemical
energy, processes have the potential to be conducted at lower temperatures compared to the
TALD as heat is not as critical in driving the chemical reactions.

The use of plasma enhances the reactivity of precursors and can often facilitate the
application of a wider range of materials due to a reduced temperature dependence. It is the
radicals and other energetic species within the plasma itself which serve to drive reactions
which are not possible using thermal energy alone 32133,

Additionally, plasma sources can be used in the generation of hydrogen radicals which can
act to reduce metal or semiconductor precursors '>*. PEALD can also lead to faster
deposition rates however it can add complexity to the deposition process with the plasma
parameters needing to be precisely controlled. The advantages typically outweigh the
disadvantages, with PEALD ultimately yielding cleaner films compared to those obtained
via TALD, with carbon being a key impurity left behind following incomplete reactions
which can occur in the conventional TALD regime 3133,

The choice between the use of TALD or PEALD depends on the requirements of the
application in addition to the requirements for the resulting film. TALD is typically applied
wherein excellent uniformity and conformality are required with PEALD being more
dependent on line-of-sight and exacting chamber geometry '*°. The chamber geometry can
affect the transport of precursor gases and plasma species as well as reaction by-products.
The loss of neutral species within the chamber has an appreciable effect on PEALD

depositions with the reactor walls themselves being a critical loss mechanism and ultimately

determining the flux of neutral species to the substrate surface 3.
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PEALD is preferential for applications requiring a wider range of precursor chemistries,
faster deposition rates or in cases where high temperatures such as those needed for TALD
could negatively affect materials within the process such as resulting in decomposition ¥’
142 PEALD is also reported to yield films which exhibit higher density than those obtained
via TALD as well as being capable of producing improved electrical properties '3+143-148,

It is evident that ALD is a well-suited technique for the deposition of thin protective films
for the passivation of water splitting photoelectrodes. Being that ALD is somewhat of a new
technique being a variation of the more traditional chemical vapor deposition (CVD)
technique, the deposition of these protective and even catalytic films for water splitting
applications had previously been performed via alternative techniques such as pulsed laser
deposition (PLD), spin coating and sputtering with spin coating being the more common
approach due to its comparative simplicity and equipment requirements ''>"!'¥, However,
spin coating falls short in offering a high level of controllability on film thickness as well as
poor surface coverage and wettability particularly when the base substrate is especially rough
resulting in the introduction of interfacial defects %120,

Both PLD and sputtering are prone to the formation of pinholes throughout the films
resulting in undesirable performance for PEC or PSC applications '*!. As a result of the above
mentioned shortcomings of these different film deposition techniques, ALD emerges as an
attractive alternative owing to its layer by layer self-limiting deposition, which results in a
high level of controllability both in terms of film thickness and properties at the atomic level
1227126 The sequential admittance of vapor phase ALD products to the deposition chamber

enables highly controllable and conformal film growth 2126, ALD has also become a

favorable technique for the fabrication of thin films on non-planar surfaces due its
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conformality allowing for depositions on textured surfaces or those with complex surface
morphology such as multiwalled carbon nanotubes and fullerenes amongst others 2’12,

It is these distinct advantages in terms of controllability and layer by layer growth of ALD
thin films which makes this technique so valuable in this work. Through fine detail analysis
of film composition and nucleation studies on a layer-by-layer basis using the vacuum
coupled x-ray characterisation (XPS) it becomes possible to investigate and characterize thin

protective films in an effort to enhance and prolong the performance of water splitting

photoelectrodes.
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1.9 Thesis Layout and Overview of Results

In Chapter 2, the principles behind the operation of the deposition and characterisation
techniques are presented. The deposition technique used was atomic layer deposition (ALD)
while the primary characterisation techniques for the analysis for deposited ALD films were
x-ray photoelectron spectroscopy (XPS) and photoelectrochemical cell testing. To
supplement these characterisation techniques other techniques were implemented including
synchrotron based XPS (HAXPES), atomic force microscopy (AFM), Fourier transform
infra-red spectroscopy (FTIR) and ellipsometry.

This thesis presents its findings through 3 distinct results chapters, all aimed at the
overarching goal: the characterisation of deposited thin films for safeguarding
photoelectrodes used in water splitting. Analysis of these films is performed to gain insights
into their stoichiometry, nucleation, and growth characteristics before subjecting them to
simulated water splitting testing to establish their efficacy as protective layers.

Chapter 3 focuses on the characterisation of TiO2 deposited using two different precursor
materials being titanium isopropoxide (TTIP) and tetrakis(dimethylaminol) titanium
(TDMAT). These precursors were characterised and compared against one another within
the same system via both conventional thermal ALD (TALD) using H>O and plasma
enhanced ALD (PEALD) using Oz plasma allowing for a direct and accurate analysis of these
materials side by side. through concurrently depositing and characterising these two
commonly used TiO2 ALD precursors, this study eliminated potential discrepancies arising
from the use of different deposition chambers and techniques employed by others within the
field. Furthermore, the impact of applying post deposition annealing treatments via H>

plasma annealing and ambient air annealing was studied to gain an understanding on the
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effect on PEC performance based on discussion within the literature citing potential scope
for improvement utilising such annealing processes.

Chapter 4 looks to the PEALD deposition and characterisation of NiO using
bis(cyclopentadienyl)nickel(II) or nickelocene (NiCp2) as the chosen precursor material and
O as the coreactant. NiO is a material that which has garnered attention for its potential
application in both PEC and perovskite solar cells which warrants a detailed investigation
into its growth chemistry and performance characteristics as a protective layer for PEC water
splitting photoelectrodes. This chapter also explores the effect of H, plasma annealing on the
stoichiometry and PEC performance of deposited protective films as well as investigating
the performance of metallic Ni films deposited via modified ALD deposition recipes which
are referred to as ‘supercycles’ within the field of ALD. Additionally, depth profiling analysis
via slow argon milling was performed with results contrary to those reported within the field
observed based on sputtering effects of the milling process.

After extensively examining the performance of oxide and metallic films in this thesis,
Chapter 5 shifts focus towards the investigation of PEALD nitride films, specifically CoN
deposited using cobaltocene (CoCpz) as the cobalt precursor and NH3 plasma as a co-reactant.
Within the field of water splitting, the study of nitrides has been limited, with only a few
reports highlighting their potential. Therefore, conducting a comprehensive analysis on these
films was considered valuable. The growth chemistry of CoN films was characterised using
both traditional XPS as well as synchrotron studies using HAXPES which enabled a more
accurate and detailed investigation of film stoichiometry. These films were subsequently

tested for their PEC performance in the same manner of the previously studied oxide and
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metal films building upon the findings for these materials in earlier chapters and the field as
a whole.
In Chapter 6 the primary discoveries of this study are consolidated, and potential avenues for

future research are outlined.
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2 Experimental Techniques

Once deposited, ALD protective films were subjected to a range of characterisation
techniques to perform analysis to gain an insight into their chemistry and performance. This
chapter outlines the theoretical principles of each technique applied.

Being that films under investigation were thin, or ultrathin, and coupled with the importance
of surface interactions on the overall experimental results, the primary form of
characterisation was the photoemission technique called x-ray photoelectron spectroscopy
(XPS). XPS is a valuable tool which provides a great deal of chemical information on thin
films including elemental composition and chemical bonding as well as depth profiling in
some instances. For analysis deeper into the bulk of a sample of interest, hard x-ray
photoelectron spectroscopy (HAXPES) was used and offers further insights into the nature
and quality of ALD grown films. XPS was paired with additional characterisation techniques
such as Fourier transform infrared spectroscopy (FTIR) which offered additional insight into
chemical bonding.

Film thicknesses were closely monitored during deposition using the Thickogram which is a
simple graphical and mathematical method of film thickness determination using XPS peak
ratios !. This method allowed for in-situ monitoring of ALD depositions and was verified
using ex-situ ellipsometry. Atomic force microscopy (AFM) was utilized to assess the surface
roughness of deposited films as well as to verify homogenous growth.

Once deposited and analyzed, films were subjected to electrical measurements in simulated
real-world conditions such as to ascertain the effectiveness of applied protective films.
Electrical measurements consisted of chronoamperometry (CA) and cyclic voltammetry (IV)

stress testing with the aim of observing enhanced chemical stability or photocurrent output.
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2.1 Atomic Layer Deposition System

The deposition system utilized within this study is an Oxford Instruments FlexAl IT coupled
via robotic vacuum transfer to the Scienta Omicron monochromated x-ray photoelectron
spectroscopy (XPS) system. The FlexAl is a versatile process station which is capable of
depositing a wide range of precursor materials and automatically transfers wafers between
the deposition chamber, transfer station and analysis stations. This system has the ability to
perform plasma enhanced (PEALD) or the conventional thermally enhanced (TALD)
processes. The basic principle of operation of the FlexAl II deposition system is detailed in

Figure 2.1
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Figure 2.1 Principle of operation of the FlexAl Il atomic layer deposition system >.

The basic operation of a typical ALD deposition begins with the fitting of the required

precursor bottle within the precursor cabinet using the manufacturer supplied detachable
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glove box for safe material handling. The operator can then select the required ALD recipe
using the desired precursor material using the control PC. A full sized 4 inch deposition wafer
or series of samples upon a carrier wafer are placed inside the loadlock which is then
evacuated. The tool then automatically takes the wafer from the loadlock through the vacuum
hex handler to the process chamber to undergo deposition. The tool evacuates the process
chamber and readies for either PEALD or TALD depending on the operator recipe selection
before proceeding with the deposition. Once the process is complete the tool purges the
chamber before the tool transfers the wafer to either another process station, analysis
chamber or back to the loadlock. If the wafer is to be removed from the system, the operator

then vents the load lock and manually removes the now processed wafer.
2.1.1 Thermal Atomic Layer Deposition (TALD) Process

As noted above the FlexAL II system used within this work is capable of deposition via both
the conventional TALD or PEALD regimes. During TALD the deposition is carried out
through the repeated exposure of the substrate or samples to two precursors sequentially
admitting one following the other until a desired number of ALD cycles is completed. The
key within ALD versus the alternative CVD is that the precursor materials used never mix
directly within gas phase. The substrate and samples are heated to provide the correct
conditions for the reaction to proceed. A basic schematic of the TALD configuration is shown

in Figure 2.2
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Figure 2.2 FlexAl Il process chamber during TALD depositions .

A typical TALD process consists of four basic steps beginning with flowing the first
precursor into the chamber which deposits a monolayer of intermediate material on the
substrate material. This is followed by a purge of the unreacted precursor material as well as
any reaction byproducts. The second precursor is then admitted to the process chamber which
reacts with the existing monolayer deposited by the first precursor thus forming the required
film. The chamber is purged again after this second precursor to again remove unreacted
material and reaction byproducts. Each ALD cycle deposits an atomic monolayer of the
desired film material with increasing the number of cycles acting to increase the thickness of

the desired material and film one layer at a time.
2.1.2 Plasma Enhanced Atomic Layer Deposition (PEALD) Process

In addition to the conventional TALD deposition process, the FlexAl II system is also

equipped in this case to deposit via the plasma enhanced regime following the same basic

59



principles of the TALD counterpart of the sequential admittance of the two precursors one
after another depositing monolayer by monolayer. Figure 2.3 shows a simplified schematic
of the process chamber equipped with the PEALD components where it is shown that
precursors and purge gas can flow into the chamber via two inlets with gas also able to be

admitted at the top of the inductively coupled plasma (ICP) source 2.
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Figure 2.3 FlexAl Il process chamber during PEALD depositions °.

The PEALD process is not too dissimilar form that of the TALD regime and begins with
flowing the first precursor material into the process chamber which deposits a monolayer of
material on the substrate surface before the chamber is purged to remove unreacted material
and reaction byproducts. The second precursor is admitted into the plasma source to produce

a precursor species which reacts with the monolayer deposited by the first precursor thus
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forming the required ALD film. The process chamber is then purged following this second
precursor admittance before the process repeats for a user defined number of cycles

corresponding to a desired film thickness.

2.1.3 Process Chamber
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Figure 2.4 Process chamber and key components .

The schematic above in Figure 2.4 gives an overview of the FlexAl II process chamber
showing the precursor inlet ports for the delivery of the precursor material during depositions,
the 100 mm pumping port for the extraction of gases from the deposition process and the
wafer transfer slot which is a pneumatically operated slit valve allow for the insertion of the
wafers to the chamber. Also shown is the plasma source which creates the plasma from the

RF power and process gas, the gate valve used to obstruct flow of the precursor during a
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plasma or process step to avoid coating the ICP tube with precursor and the automatic
matching unit (AMU). The FlexAl II within this work incorporates a low power AMU which
is a vane type using air cooled impedance-matching capacitors and is rated for 300 W 2.
Ellipsometry ports are also included on the FlexAl II for the integration of in-situ
ellipsometry which was unavailable during this work.

Shown below in Figure 2.5 is the lower electrode of the process chamber which is a disc of
240 mm on which the wafer is placed during depositions. The lower electrode can be heated
electrically to a temperature of 400 °C or higher for the enhancement of deposition efficiency
2, The electrode temperature is controlled via programmable logic controller (PLC) with the
lower electrode also being electrically grounded. The wafer lift mechanism highlighted in
Figure 2.5 is responsible for raising the wafer by 15 mm above the process chamber table in
order to create space for the robotic transfer handler arm to move in below the wafer before

the pneumatically actuated wafer lift mechanism lowers the wafer onto the robotic arm.
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Figure 2.5 Lower electrode of the process chamber 2.
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2.1.4 ICP Plasma Source and RF Generator

For purposes of PEALD the FlexAl II is equipped with an RF generator which produces a
13.56 MHz output which is fed via the automatch to the driven electrode which creates the
plasma. The automatch is responsible for adjusting the impedance of its output as well as the
impedance of the lower electrode to ensure maximum power transfer. The ICP 65 inductively
coupled plasma (ICP) is shown in Figure 2.6 and has a maximum power output of 300 W.
The tool manufacturer states typical process operating ranges for the ICP source with a total
gas flow range from 10 — 200 sccm and the typical pressure range stated is 1 — 60 mTorr 2.
The RF generated power is fed via the AMU to the RF coil of the plasma source as shown in
Figure 2.6. This results in the formation of the plasma in the insulating tube of the source
which is held under vacuum. The process gas is supplied to the top of the insulating tube as
well as to the gas ring in the process chamber also shown in Figure 2.6. There is a screening

box which includes a NW40 pumping port for the extraction of generated ozone.
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Figure 2.6 Exploded schematic of the Oxford Instruments Plasma Technology (OIPT) ICP
65 plasma source used within this work °.
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2.2 X-ray Photoelectron Spectroscopy

2.2.1 Overview

X-ray photoelectron spectroscopy (XPS) which has its roots in electron spectroscopy for
chemical analysis (ESCA) is a long established highly surface sensitive characterisation
technique providing a range of chemical information on solid materials. Being that XPS is
highly dependent on the mean free path of photoelectrons, this technique is sensitive to the
top 8 — 10nm of the surface region of a given material, given the energy range of the electrons
involved.

XPS, also known as photoemission spectroscopy, is essentially the energy analysis of
photoexcited electrons of sufficient energy to escape the surface of a solid. XPS is a powerful
characterisation technique which is capable of providing information on the presence of
various elements at a sample surface, the states each of these elements occupy, the quantity
of each element, crystal band structure, bonding occurring between surface atoms and
adsorbed molecules and the three-dimensional spatial distribution *. Furthermore, when
looking to films as is the focus of this study, information on the film thickness and uniformity
of thickness and chemical composition can be established.

XPS is based on the fundamental concept of the photoelectric effect which involves the
emission of electrons from a material under photon radiation of sufficient energy. This was
first discovered by Heinrich Hertz in 1887 when he observed the emission of electrons from
a surface due to exposure to irradiance *°. The concept was more formally described in 1905
by Albert Einstein for which he was awarded the Nobel prize in physics in 1921 *. It was

Kai Siegbahn that carried out the bulk of the work which developed XPS as the technique it
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is today for which he was awarded the Nobel prize in 1981 for his efforts in high resolution
electron spectroscopy which was referred to as ESCA initially *.
The incoming photon energy acts to ionize an atom through promoting the removal of a free
electron of kinetic energy Kz. When an x-ray of a known energy of 4v interacts with an atom
a photoelectron may be emitted as per the photoelectric effect and its kinetic energy is
dependent on the core level from which it originated, and how strongly bound that electron
is known as the binding energy Bg. the binding energy may be regarded as the difference in
energy between the initial and final states following the ejection of a photoelectron.
The relationship between the incoming photon energy, binding and kinetic energy is
described using Eq 2.1

Eg =hv— Ex — @, (2.1)
where @), is the spectrometer work function and /v is the photon energy as the product of
Planck’s constant times the frequency of the incoming photon. All of the quantities on the
right side of Eq 2.1 are known or measurable leaving the calculation of the binding energy
to be trivial >. The most common x-rays used in conventional XPS setups are Mg Ko, (1253.6

eV) and Al Ka (1486.6 V)

2.2.2 Technical Details

2.2.2.1 Theoretical Basics

Through measuring the kinetic energy of photoelectrons emitted due to irradiation of
monoenergetic soft x-rays of a known energy, Eq 2.1 allows for the determination of the
binding energy of the core level from which the electron originated. Thus, the kinetic energy
of the emitted electron is directly proportional to their binding energy. All electrons within

an atom have a distinct binding energy associated with it which is determined by various
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mechanisms. It is this discrete binding energy of every energy level of every element which
allows for the determination of the elemental compositions of a sample by comparing against
binding energies of known spectra. The primary effect in determining binding energy is the
core level it is located in within the atom which specifies its proximity to the nucleus . As
seen in Figure 2.7 the Is shell is closer to the atomic nucleus than the 2p shells. For example,
a nickel sample irradiated by a Mg Ka (1253.6 eV) source will exhibit binding energy
spectral peaks at 1009 eV and 853 eV for the 2s and 2p3» components respectively *’. This
illustrates that the 2s requires additional incoming energy compared to the 2p to liberate it
from its core level in close proximity to the nucleus.

This is due to the effective nuclear charge experienced by an electron which is the amount
of positive nuclear charge experience by a given electron in a multi electron atom — the
strength of electrostatic attraction between a nucleus and orbiting electrons ®. It is referred to
as effective charge as all electrons within the atom present a shielding effect of inner
electrons preventing outer electrons from experiencing the full nuclear charge of the nucleus.
The resulting effective nuclear charge is dependent on various factors including the nuclear
charge, atom size and the screening effect of inner shell electrons.

Binding energy is also intrinsically linked to the atom from which the electron originated
with, for example, the Ni 2p;. binding energy of 853 eV being greater than that of the Ti

2ps2 at 454 eV as a result of their atomic numbers of 28 amu and 22 amu respectively.
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Figure 2.7 Basic principle of XPS showing the photoelectric effect and the emission of a
photoelectron as a result of incoming x-ray radiation.

Therefore, XPS can provide a detailed analysis of the elements present within a sample as
well as additional chemical information such as bonding. Through measuring the kinetic
energy of emitted photoelectrons, converting to binding energy and referring to available
databases one can determine elemental composition of a sample with the inclusion of a so-
called relative sensitivity factor (RSF) in the calculation to account for sensitivity due to
electron scattering.

During XPS measurement, there is likely to be chemical shifting present as a result of the
binding energy of an electron within an atom being affected by its chemical environment and
can provide valuable information about the chemical state of atoms within a sample. Among
the most widely studied and commonly referenced spectral lines within the field of XPS is
that of the Si 2p doublet peak. Silicon atoms in covalent bonds with neighbouring silicon
atoms in a crystal exhibit a binding energy of 99.4 eV °. This binding energy changes once

the Si atoms begin bonding with other elements present in a sample, for example oxygen.
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The binding energy of the Si 2p core level for Si atoms bonded to oxygen as would be
expected in SiOz is 103.5 eV '°. In a Si-Si crystal the electrons are shared equally with the
addition of oxygen causing a shift in the electron density from the Si atom towards the O
atom resulting in a reduction of the kinetic energy and as per Eq 2.1 an increase in the binding
energy. The electronegativity of oxygen is higher than that of silicon meaning it attracts more
electrons compared to the Si atom due to its valence shell being less occupied.
Electronegativity is a measure of the tendency of an atom to attract electrons towards itself
via chemical bonding describing the strength if electron attraction !!. Introduced by Linus
Pauling in 1932 and measured on the Pauling scale with a numerical value assigned to each
element based on its relative attraction for electrons !2. This Si-O example illustrates the
dependence of binding energy on the chemical environment — the dependence being termed

“chemical shift”.

2.2.2.2 Experimental Setup

As will be discussed in more detail later, the mean free path of emitted photoelectrons is
crucial in order to ensure a sufficient quantity of those ejected are available for detection by
the spectrometer. Therefore, XPS requires low pressure environments of at least high
vacuum (HV) to operate satisfactorily in the region of 1 X 10~8 mbar or better such as to
allow the electron transit from sample to detector with a low scattering probability. There are
some exceptions to this rule with a new method of ambient pressure photoelectron
spectroscopy (AP-XPS) becoming more common !*!4. While not implemented within this
study, AP-XPS is an interesting and valuable derivative of conventional XPS which enables
photoemission studies of samples not suited to HV environments such as liquids with its

original concept being developed by Hans and Kai Siegbahn >~'¥, AP-XPS involves placing
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the sample in an elevated pressure enclosure with the x-ray source and electron energy
analyser isolated due to their requirement of UHV for safe and effective operation '°. The x-
ray source is housed in UHV with the x-rays being transmitted to the sample via x-ray
transparent window. The photoelectrons are directed through a small aperture to the
differentially pumper analyser which isolates it from the elevated pressure environment of
the sample.

An additional importance of the HV requirement of conventional XPS relates to the
possibility for sample contamination due to atoms found in ambient air such as N, H, O and
C which readily interact and form chemical bonds upon reaching a samples surface which
can act to alter the chemical makeup of a given sample thus providing misguiding
information. As it is desirable to extract information about the uncontaminated sample it is
vital to ensure these contaminant atoms are not present within the XPS chamber through
pumping to a sufficiently high vacuum. XPS equipment often requires HV in order to operate,
for example the XPS anode contains a filament and similar to the requirement of a lightbulb
filament to be isolated from atmosphere and high pressure, the same is true for an x-ray
filament which will burn out if exposed to suboptimal vacuum conditions. The XPS analyser
as well as gauges are also susceptible to damage unless operated in HV.

The basic principle of XPS is the irradiation of a sample with soft x-ray radiation and the
collection and measurement of the emitted photoelectrons the principal components are
shown in Figure 2.8. The x-rays themselves are generated through bombarding a metal
coated copper target with a stream of electrostatically accelerated high energy electrons
which is created using a high potential tungsten filament (approximately 10 -15 kV). As

noted earlier, typical anodes used for this metal target are coated in Mg or Al which ultimately

70



determines the x-ray frequency generated. Since the majority of the incident electron energy
is converted to heat, anodes are water cooled to prevent degradation ?°. A thin 2um foil,
commonly Al, is placed between the anode and the sample to minimize contamination of the
sample by the x-ray source and vice versa as well as to reduce the flux of electrons and
unwanted Bremsstrahlung reaching the sample which may cause the appearance of satellite
peaks or sample degradation 2°. Due to the photoemission process and the emission of
negatively charged photoelectrons from the sample surface, an insulating sample may
undergo electrostatic charging resulting in peaks shifting to higher binding energies. To
overcome this, charge compensation must be performed through sample grounding or the
application of an electron flood gun so as to replace lost electrons and avoid sample charging
3. The x-rays are focused before being directed onto the sample surface which results in the

photoemission process emitting photoelectrons of kinetic energy described by Eq 2.1.
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Figure 2.8 Schematic detailing the experimental setup for a conventional XPS system.

71



It is worth highlighting the influence of x-ray monochromators in XPS and their impact on
spectra. The utilization of a non-monochromatic x-ray source can result in the excitation of
the sample by x-ray components at higher energies >!. Consequently, these low-intensity x-
rays may generate secondary photoemission peaks, approximately 10 eV higher in kinetic
energy compared to the primary peak. However, employing an x-ray monochromator which
uses a quartz crystal to effectively eliminate residual Bremsstrahlung mitigating the presence
of these additional features and substantially reducing the width of the photoemission lines
thus enhancing their resolution 22,

Once generated, the photoelectrons must now be collected and measured to determine their
kinetic energy and convert to binding energy thus revealing the atom and core level from
which they originated. This collection and measurement is performed using an electron
energy analyzer which consists of 3 primary components being the collection lens optics, the
energy analyzer itself and finally the detector 2%, The collection lens has a collection angle
within which electrons can enter which controls the area of analysis and so a larger
acceptance or collection angle leads to an increased quantity of electrons collected.
Alongside collecting photoelectrons, the lens also acts to retard the kinetic energy of the
electrons down to the analyzer pass energy — the pass energy being the parameter which
determines the range of electron energies which can be detected by the analyzer with a higher
pass energy leading to higher intensity but a reduced resolution. Pass energy is a balance
between resolution, spectra acquisition time and sensitivity.

The electrostatic hemispherical analyzer is the most common type and is made up of a pair
of inner and outer concentric hemispheres of radius R; and R respectively the space between

them being the path along which the photoelectron passes of Ry?’. A potential AV is applied
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across the hemispheres with the outer being negatively charged (V1) and the inner being
positive (V2). Electron energy analyzers have two modes of operation being constant
analyzer energy (CAE) and constant retard ratio (CRR). When operating under the CAE
mode the photoelectrons are accelerated or retarded based on an energy defined by the user
— the pass energy as mentioned earlier being the energy the electrons will traverse the
analyzer with and affects the analyzer transmission and resolution. Small pass energies lead
to higher resolution with reduced transmission while the opposite is true for high pass
energies . Conversely the CRR mode retards the photoelectrons by dividing the incoming
kinetic energy by a user defined fraction. The CAE mode was employed within this work as
it provides constant resolution.

Once collected by the analyzer the electrons are directed to the detector itself where they are
counted. In most spectrometers the individual electrons which arrive at the detector are
counted using electron multipliers with the two main types being channel plates and channel

electron multiplier commonly referred to as channeltrons >,
2.2.3 XPS Data Analysis

When performing XPS characterization of a sample, the first step is the identification of all
the elements present in the sample which is done by recording a so-called survey spectrum
or wide scan from 0 eV to approximately 1000 eV depending on the sample and the elements
expected to be present. An example of a typical XPS survey spectrum is shown in Figure 2.9,
plotting photoelectron counts per second as a function of electron binding energy. Though
the electron energy analyzer measures kinetic energy, the norm within the field is to plot
binding energy as it is more indicative and intuitive for the reader. The photoemission process

causes electrons of specific energies related to their atomic core levels to be emitted with
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additional electrons which have lost energy as a result of collisions contributing to the
background. The background is continuous due to the randomness of the loss processes
within the sample 2. As is indicated within Figure 2.9, the primary peaks of the sample are
0, C, and Si which emerge sharply from the background. Along with the primary excitation
peaks it is common to observe an array of satellite peaks, when using a non-monochromated
x-ray source, which appear near to the primary XPS peaks and typically occur when the
energy of the incident photons is high enough to result in inner-shell ionisations within the
sample.
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Figure 2.9 Exemplar XPS survey spectra showing a scan of a silicon sample. Both silicon
bulk from the underlying substrate along with silicon oxide at the surface in addition to the
carbon peak indicating a layer of contamination due to atmospheric exposure.
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The main photoemission peak, as discussed, corresponds to the emission of an electron from
the outermost energy level of the atom or molecule however in some cases the incoming x-
ray may ionize an inner shell electron leaving a hole in the inner energy level. The
rearrangement of electrons between energy levels to fill this inner shell can lead to the
emission of further photoelectrons from a higher energy level leading to additional spectral
features such as satellites. Satellite peak binding energies are most often higher than that of
the main photoemission peak with the energy difference related to the difference between the
inner and outer energy levels. Satellite peak intensity is typically diminished compared to
that of the main peak. Satellite features can be removed using an x-ray monochromator which
uses a quartz crystal to remove residual Bremsstrahlung and also acts to narrow
photoemission peak width 2.

A core hole is formed through the excitation and subsequent emission of a core electron.
Through filling this hole with an electron from the valence band the ionized state relaxes. It
is the relaxation process which releases energy in one of two competing processes of either
by the emission of an Auger electron or via x-ray fluorescence *. Since the XPS uses an
electron energy analyser, x-ray fluorescence is not detected and does not contribute to the
spectrum. Auger electrons on the other hand are detected and are used in qualitative XPS
analysis and their notation relies on the K, L, and M nomenclature for atomic orbitals *,
Taking oxygen as an example, its Auger peak is denoted KLL which implies that the first
electron ejected came from the K orbital before being filled by an electron from an L orbital
and the final Auger electron emitted in the process also came from the L orbital as illustrated
in Figure 2.10. It is possible to distinguish between photoemission and Auger peaks through

changing the energy of the x-ray source with the position of the Auger lines remaining
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constant due to their dependence on the energy separation of the core levels with the

photoemission peaks shifting based on the incoming x-ray energy.
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Figure 2.10 Illustration of the XPS, XRF and Auger emission processes.

In some cases, satellite peaks can provide additional chemical information about the sample
in question beyond what can be obtained from the main peak alone though they can also

complicate XPS spectra interpretation and data analysis.

2.2.3.1 Inelastic Mean Free Path and Analysis Depth

Due to the reliance of the XPS analysis technique on the excitation and emission of
photoelectrons from within the sample surface, the inelastic mean free path (IMFP) of these
electrons within a sample is a vitally important factor which ultimately determines the
effective sampling depth of the technique as a whole. Although the photons generated by the
Mg and Al Ka sources have energies (approximately 1 KeV) sufficient to penetrate and
excited electrons in most materials to a depth of around 1 pm, it is only those photoelectrons
generated in the surface region of approximately 8 — 10 nm which manage to escape from
the sample due to their IMFP. The IMFP states the average distance an electron will travel

within a solid material before undergoing an inelastic scattering event where it loses a
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significant quantity of energy which is described in Beer’s Law in Eq 2.2. The IMFP
ultimately affects the intensity and shape of the measured photoemission peaks. It is the
IMFP which affected the attenuation of a signal as it traverses a material undergoing a series
of inelastic scattering events which result in losses in energy and changes in direction.

d
I, = Iye' Tmrpcoso’ (2.2)

With /i and Iy being the final and initial intensity of the photoemission signal respectively,
Awrp 1s the IMFP of the given material, d is the distanced travelled by the electron and € is
the angle of emission from the sample surface with respect to the normal with the normal
being 90° perpendicular to the sample surface. The normal represents the shortest path along
which photoelectrons from the greatest depth within the sample may take to escape the solid.
Upon being irradiated with x-rays of a sufficient energy, a flux of electrons /o is generated at
a depth d which is the distance through the sample they must travel without being scattered
which leads to a final intensity or electron flux of /i. a variation in the so called take off angle
from the sample surface and deviation from the normal results in decreased peak intensity
and increased surface sensitivity. By varying the angle as shown in Figure 2.11 the effective
sampling depth of the system can be altered in what is called angularly resolved XPS
(ARXPS). Going to a large take off angle of say 60° off angle, meaning going to 60° away
from the perpendicular to the surface, results in spectra which are dominated by signals
originating near the surface. Conversely, low take off angle spectra such as those measured

at 15° off angle result in spectra being dominated by bulk features deeper within the sample.
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Figure 2.11 Sampling depth dependence on analyser take-off angle with respect to the
surface normal.

The dependence on the IMFP is clear from Eq 2.2 which is intuitive as it describes the
likelihood of an electron to undergo scattering events which will change the kinetic energy
with which it escapes from the sample. The probability of such interactions can be predicted
statistically and depends itself on the initial energy of the electron in addition to the nature
of the material being traversed and is represented graphically by Figure 2.12 wherein the
universal mean free path curve seen shown . The universal mean free path curve shows the
mean free path of ejected electrons within a solid as a function of electron energy above the

fermi energy. Electrons which undergo elastic scattering do not incur energy loss, only a
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change in their direction. Inelastic scattering involves electron-phonon interactions known
as quasi-elastic scattering which slightly effect the energy of the electrons. However, a
considerable amount of energy is lost through two forms of electron-electron scattering
events one of which involves the formation of an electron hole pair via the collision of an
electron with a bound electron within the solid with the alternative being through plasmon
excitation. If the energy of a photoexcited electron within a solid is insufficient to form an
electron hole pair or to generate plasmons this results in a reduced probability of inelastic
scattering. The change in mean free path for inelastically scattered electrons as a function of

energy is shown in Figure 2.12.
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Figure 2.12 Universal curve for the electron mean free path in solids as a function of their
energy.

The mean free path (A) of inelastically scattered photoexcited elelctrons deends strongly on

the electron energy itself with the expression for the IMFP is given in Eq 2.3
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d
P(@) = exp(—3) )

with P(d) being the probability of an electron traversing a distance d without undergoing a
scattering event with A being the energy of the electron. Therefore, while the x-ray penetrates
deep within a sample it is only the electrons from the near surface region which statistically
likely to be emitted and detected. The low energy limit of these scattering mechanisms
corresponds to the long mean free path seen at the left of Figure 2.12 while beyond this
threshold energy the mean free path is seen to reduce drastically to being only of the order
of a few Angstroms with this mean free path corresponding to the topmost atomic layers of
a solid under investigation. Looking to Figure 2.12 it is evident that electrons with kinetic
energies in the 20 — 200 eV range which escape from the solid have originated from the

atomic layers closest to the solid surface.
2.2.3.2 Elemental Sensitivity and Cross Sections

A powerful tool in XPS data analysis is the ability to determine sample stoichiometry which
is most commonly referred to as elemental composition and is highly dependent on the
elemental sensitivity of the XPS. As discussed at the outset of this chapter, the complete XPS
spectrum contains peaks associated with all elements present with in a sample, aside from H
and He with the area under each peak relating to the quantity of each element present —
elemental composition. Through measuring the peak area and correcting for instrumental and
chemical factors their percentages can be accurately determined.

It is insufficient to ratio all observed peaks from a spectrum as they are due to some elements
such as nickel and titanium having high XPS sensitivity while elements such as fluorine and
carbon have comparatively low sensitivity. This variation in XPS sensitivity depends on a

number of factors including the binding energy, x-ray photoionisation cross section as well
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as the emission probability. The emission probability refers to the likelihood of a specific x-
ray emission process occurring once an atom or molecule has been ionized by the incoming
x-ray. The cross section is defined as the probability of excitation of a photoelectron from
the core level under x-ray irradiation with every element and core level having a distinct
cross section with small values indicating small probability of excitation and the occurrence
of photoemission. The cross section is dependent on various factors including the element in
question and the orbital an electron is ejected from as well as the incoming photon energy >.
Assuming the sample is homogeneous then the intensity / of a photoelectron peak is given
as;

I =JpoKA (2.4)
with J being the photon flux, ¢ the cross-section, p the atomic concentration, 4 the effective
attenuation length of the electron and K being a constant which accounts for instrumental
factors related to the spectrometer. The intensity of the peak can either be taken as the peak
height but more commonly and more accurately the intensity refers to the integrated area
under the peak with a background subtraction applied. Taking the photon flux to be constant,
the cross section, attenuation length and instrumental factors from Eq 2.4 are combined in
an experimentally derived relative sensitivity factor (RSF). A database of relative sensitivity
factors used were obtained from Wagner et al 2°. The constant photon flux assumption and
database of RSF values for all elements and orbitals enable the determination of an adjusted
peak intensity given by Eq 2.5;

Measured Peak Intensity
RSF

Relative Peak Intensity = (2.5)
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This then allows for the calculation of the elemental composition;

£l vl C tiom — Relative Peak Intensity « 100 "6
ementat ~omposttion = e m of Relative Peak Intensities 26)

2.2.3.3 Peak Fitting

It is possible to gain a much greater amount of information about a film under investigation
than just its elemental composition through the use of peak fitting. Peak fitting is the
deconvolution of a photoemission spectra into single peaks in order to interpret them
accurately and establish the chemical interactions of the sample in question. The overall
shape of the spectra is affected by more than just the bonding or chemical states occupied,
with spin orbit splitting and charging also influencing spectral shape.

2.2.3.3.1 Line Shape and Peak Width

At this point it is important to consider the spectral peak width which is defined as the full

width at half-maximum (FWHM) AE given as Eq 2.7.

AE = \/AE,% + AE2 + AE? 2.7)

where AE), is the inherent core level width, AE), is the width of the photon source with AE,
being the resolution of the analyzer. It is assumed for the purposes of Eq 2.7 that all
components included bear Gaussian line shape.

Every photoemission peak has a specific line shape made up of a mixture of Gaussian and
Lorentzian components which combine to form what is referred to as a Voigt function with

the final Voigt curve peak width given in Eq 2.8;

FV = JFGZaussian + I—Lzorentzian (2'8)
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The resolution of the system determines the Gaussian component and is dependent on the
instrumental broadening of the peaks and is therefore generally constant for all peaks for a
given system. Phonon broadening effects may also contribute to Gaussian broadening and

the final width of the Gaussian component is given by Eq 2.9;

Isaussian = \/['CZ + I + I—iaz (2.9)

Where the I?,I;7 and I} components correspond to phonon-broadening, non-perfect
analyzer resolution and x-ray spectral line width respectively. This results in there being and
effective minimum Gaussian value for a system although this can in some cases increase
depending on the efficiency of the electrostatic lenses within the electron energy analyzer to
focus electrons across the full range of incoming kinetic energy to the same focal point on
the detector thus directly influencing the resolution of the system. This efficiency of the
electrostatic lenses to perform this focusing is tested at higher electron kinetic energies which
can traverse greater distances through the generated magnetic field before the lens can
compensate for their motion resulting in changes in the acceptance angle in the lens system
which leads to a spread in the electron energies as they pass the focal point of the analyzer.

The intrinsic photoemission line shape is Lorentzian in nature and is a direct reflection of the
uncertainty in the lifetime, from Heisenberg’s uncertainty principle, of a core-hole following
its emission from an atom. Core hole lifetimes reduce with increasing atomic number along
with proximity of the atomic level to the nucleus due to the increased availability of electrons
to fill the core hole — the deeper the orbital the larger the peak width and shorter the lifetime
for example 4f < 4d < 4p < 4s. Therefore, the line width is obtained from the uncertainty

principle:
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h

Iorentzian = =

(2.10)

where / is Planck’s constant and 7 is the core hole lifetime measured in seconds. As this
Lorentzian value is dependent on intrinsic core level properties it is therefore theoretically
consistent across various XPS setups.

The processes of dissipation or decay of excess energy which occur following photoemission
govern core hole lifetimes. There are three mechanisms which may account for this, which
consist of x-ray fluorescence, Auger emission, and the Coster-Kronig process which is a
special variant of the Auger process. The main process of dissipation of excess energy post
photoemission is the Auger process as was discussed earlier however, it is possible for one
or sometimes two holes (Super Coster-Kronig) following an auger process to be in the same
shell as that of the initial vacancy named after Dirk Coster and Ralph Kronig who first
detailed this phenomenon 2*?®. The outcome of the Coster-Kronig effect in XPS leads to a
difference in the peak width of two spin orbit doublet peaks which is exclusively observed
in 2 p spectra of 1% row transition metals .

2.2.3.3.2 Spin Orbit Splitting

The fine structure features of XPS spectra of bound electrons with the same » but different /
quantum numbers are a result of an effect called spin-orbit splitting or sometimes spin-orbit
coupling. Spin-orbit splitting at its most fundamental level comes about as a result of the
interaction of electron spin and its orbital motion around the nucleus. Electron spin is an
intrinsic property of electrons described as the electrons spin around its own axis.

The electron spin interacts with its orbital motion due to the electromagnetic field created by
the positive charge of the nucleus. This spin orbit interaction causes the splitting of energy

levels within an atom which is known as the fine structure and leads to the splitting of energy
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levels into multiple sub-levels. The magnitude of the induced splitting is dependent on the
strength of the spin-orbit coupling and the quantum numbers associated with the electron.
This is made possible as all spinning charged bodies induce a magnetic field.

The nomenclature for describing core levels are n, / and j with n being the principal quantum,
number, / is the orbital angular momentum and ; is defined as the sum of the orbital and spin
angular momentum as in Eq 2.11;

j=1l+s (2.11)

All orbitals within an atom have two possible j values except for s-orbitals which have an
orbital angular momentum equal to zero. The two possible states of these subshells exhibit
different binding energies which is known as spin-orbit splitting and gives rise to doublets.
The degeneracy being the number of electrons in each state is approximated using either j-j
or L-S coupling arguments The most common example of a doublet is that of the Si 2p which

is made up of ps. and p1» components as seen in Figure 2.13.
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Figure 2.13 High resolution XPS spectra of the Si 2p region of a bare SiO> sample detailing
the spin-orbit splitting of the Si bulk photoemission peatk.

The j value, which itself depends on the subshell, determines the area ratio of the two
components as well as the binding energy difference. The subshells and their corresponding
Jj values and peak ratios are shown in Table 2.1. The binding energy difference of the doublet
components in the Si 2p spectra seen in Figure 2.13 is approximately 0.55 eV. The spin orbit
splitting of doublet components varies depending on the element in question and other factors,
with for example, TiO; having a binding energy separation of its p1/2 and p3/2 components

of approximately 5.9 eV.

86



Table 2. 1 Spin-orbit splitting parameters *%.

Subshell j Value Peak Area Ratio
s 1/2 —
p 1/2,3/2 1:2
d 3/2,5/2 2:3
f 5/2,7/2 3:4

2.2.3.3.3 Background

XPS spectra exhibit a background which refers to binding energy regions where no
photoemission peak is present. The background is random, and counts are attributed to
photoelectrons which have lost a significant portion of their original kinetic energy from the
photoemission process due to inelastic scattering events before being emitted from the
material under investigation. Looking to the earlier Figure 2.9 which shows an exemplar
spectrum, the background is seen to increase on the higher binding energy side of all major
photoemission peaks due to the inelastically scattered electrons from that core level now
contributing to the background rather than the primary emission peak itself *°.

The accurate removal of this background contribution is vital to allowing precise analysis of
the data as when incorrectly removed the background may act to distort the data 3. There are
three main types of background which have been most popular within XPS studies; the
simple linear background, the integral background based on the Shirley method and the
Tougaard background °.

The linear background is deemed a crude method of background subtraction which is
achieved via a straight line drawn between the start and end data points of a peak fit, the
main benefit of this method being that the original data is not altered. This gross

oversimplification of the background subtraction is not typically favoured in XPS peak
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fitting software and is used only when little change in the background has occurred which is
uncommon in XPS. For these reasons the Shirly and Tougaard approaches are favoured in
specialist fitting software and literature.

The Shirley integral background subtraction is an iterative approach which assumes the
background at a given binding energy position in the photoelectron peak is proportional to
the integrated intensity of the same peak at lower binding energy *!. This approach results in
a background subtraction which increases as a function of the peak area 2%

The Tougaard background is based on the elastic and inelastic loss processes investigated by
Tougaard and co-workers to account for the intrinsic loss processes contributing to the
background in metals. This method is successful for large background regions while the

Shirley approach is more suitable for narrow binding energy windows 232,

2.2.4 Precision and Accuracy in XPS

Provided sufficient signal to noise within the obtained spectra, precision within the field of
XPS is quite good with a series of spectra performed on the same area of the same sample or
series of identical samples essentially yielding the same result with marginal deviation.
However, in some cases depending on the sample and its material makeup exposure to x-
rays over time can act to alter the sample itself, though this was not a concern within this
study due to the sample materials not being susceptible to this effect being robust under x-
ray photoemission studies. Accuracy within XPS spectra and interpretation depends on
several factors one of which and among the most important is that of the relative sensitivity
factor (RSF) which for the most common elements is well known and studied while for some
of the more rare elements this can be an issue due to a lack of reference spectra to refer to 3.

For elements such as those of interest within this work being O, C, Si, Ni, Ti and Co the RSF
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values which have been empirically derived as well as cross referenced with reference
spectra within the literature both binding energy as well as RSF values are very well known.
A further implication on the accuracy of spectra is the angle of acceptance of the analyser
during the spectra acquisition with off-angle or the so-called angularly resolved variant of
the XPS technique being more prone to low signal to noise ratios thus limiting the certainty
in measurements — this was not a technique applied within this work and is therefore
discounted with all spectra obtained at normal emission which yield the highest
photoelectron counts and thus best signal to noise.

A further consideration for the precision of XPS spectra is that of element photoelectron
cross section, with elements such as N and B being in this group which are susceptible to
error in this manner. Moreover, the background subtraction selected is also important and
choosing between the Shirley, linear, and Tougaard background can influence the overall
analysis *. For the majority of elements especially those with strong photoelectron cross-
sections precision will vary only by a few tenths of a percent though for lower photoelectron
cross-section elements this can increase **. As a means of illustrating the precision and
accuracy of the XPS technique Figure 2.14 shows the high resolution XPS spectra of two
NiO samples which received the same deposition simultaneously and were subsequently
scanned one after the other following deposition. As can be seen from the spectra, there is
extremely small divergence between the spectra showing consistency both in the ALD

deposition conformality as well as accuracy in the characterisation of the XPS measurements.
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Figure 2.14 XPS Ni 2p high resolution spectra showing Sample I and Sample 2 from a batch
of depositions which were scanned consecutively

Expanding on that mentioned above, semi-quantitative analysis is possible through
measuring the peak areas and intensities of specific element core lines and through applying
the RSF values it is possible to calculate the atomic fraction or so-called elemental
composition of a given sample and spectra. The RSF values may be obtained through theory
via empirical derivation or through the use of reference samples. The peak area and its
calculation relies heavily on the background subtraction selection as highlighted earlier there
are 3 main backgrounds being the simple straight line which lacks accuracy due to its blunt
approach in subtraction across a straight line from where the peak begins at its lower binding
energy shoulder to where it ends at the higher binding energy 3¢, The Shirley background

in which the intensity at a given binding energy is proportional to the intensity of the total
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peak area above the background at that point meaning that the background rises as a function
of the total number of secondary electrons at that point in the spectra **. The Tougaard is a
more complex approach not often applied *.

In terms of elemental stoichiometry determination which is a common analysis tool used
within the field of XPS and within this work, this technique operates via a determination of
the peak areas (or intensity) of each elemental peak within a recorded spectra which are then
corrected using their corresponding RSF values before being mathematically manipulated to
represent the spectra in elemental percentages. These percentages are dependent on the
calculation of the respective peak area of all other elements within that one spectra and so
any error within the compositions for one spectra will be consistent throughout that
calculation as the calculation is a ratio against itself and a conservative estimate of error on

these compositions is typically £ 5 %.
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2.3 Hard X-ray Photoelectron Spectroscopy

2.3.1 Overview

Hard X-ray Photoelectron Spectroscopy (HAXPES) is variation of photoemission
spectroscopy which utilises synchrotron radiation (SR) photons in the hard x-ray range for
the excitation of photoelectrons in contrast to XPS as has been detailed earlier which uses
soft x-rays. Both XPS and HAXPES are spectroscopic characterisation techniques which
allow for in depth surface analysis and operate under the same principles of the photoelectric
effect. Some key differences exist between the two primarily being the ability of HAXPES
SR to be tuned to a range of photon energies of approximately 2 — 10 KeV allowing for

variation in sampling depth due to this enhanced excitation energy as one example.

2.3.2 Technical Details

2.3.2.1 Synchrotron Radiation

When relativistic electrons undergo centripetal acceleration a form of electromagnetic
radiation is emitted called synchrotron radiation (SR) which generates photons in the hard x-
ray regime. Though originally the primary energy loss mechanism experienced by large
accelerators with significant injection of additional energy required to compensate for this
loss, specific SR source facilities have been constructed with storage rings which do not
require the continual supplemental injection and acceleration of electrons. Though soft x-
rays from Mg and Al Ka sources as mentioned earlier have been the most common sources
for the facilitation of the photoemission process, they simply cannot compete with the broad
spectral range, tunability, intensity, stability and therefore resolution of SR sources. The

electron beam within the storage ring is transversely accelerated via deflection in a magnetic
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field thus creating SR which is collimated and polarized as it emerges tangentially from the
synchrotron ring.

A schematic of a synchrotron set up is shown in Figure 2.15 with the primary components
numbered. Electrons are accelerated with an energy of 0.1 GeV (1) which are then injected
into a booster synchrotron (2) before entering the main synchrotron ring (3) where magnets
and undulators are used for the manipulation and oscillation of the beam respectively (4).
Radiofrequency cavities are used to compensate for the inevitable energy loss of the system.
Several beamlines (5) are located around the ring which harness the SR for use in a variety

of techniques such as HAXPES.

Figure 2.15 Overview of the synchrotron at Brookhaven National Laboratory *’.
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2.3.2.2 HAXPES Beamline Characteristics

The purpose of the beamline is the collection, focusing and application of the emitted SR
from the ring in a variety of x-ray-based applications. As has been discussed already at length,
the effect of the IMFP significantly limits the effective sampling depth of the XPS analysis
technique leading to an upper limit of depth analysis of approximately 10 nm. It is the
sampling depth limitation which led to the formation of the HAXPES technique which
applies SR to achieve ethe photoemission required for sample analysis. While lab based XPS
systems rely of soft x-ray sources of ~ 1 KeV, HAXPES is capable of producing an incident
beam over a ranger of higher energies with the HAXPES studies performed within this study
being carried out in Brookhaven National Laboratory (BNL) which can operate over a range
of 2 — 7.5 KeV. The ability firstly to be tuned to a user defined energy within this range
coupled with the overall increased energy allows for the acquisition of core levels not
possible with conventional XPS. The most important difference between XPS and HAXPES
then is the kinetic energy of photoelectrons being significantly higher in the HAXPES setup,
though all other basic principles of operation remain consistent between XPS and HAXPES.
The conclusion from Figure 2.16 being that the only way to increase bulk as well as interface
sensitivity across all materials is to go to higher photon energy such as to ultimately enhance

the emitted kinetic energy >®.
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Figure 2.16 IMFP as a function of electron energy **

From earlier discussions within this chapter, the dependence of the photoemission signal on
the depth from which it originated within the solid being the distance it must traverse to reach
the detector coupled with a dependence on the IMFP which itself is correlated to the photon
energy which initiated the photoemission in the first place and results in the kinetic energy
of the emitted photoelectrons. This relationship between IMFP and electron energy detailed
in Figure 2.16 with the typical XPS and HAXPES electron energies highlight clearly
indicating the ability of HAXPES to investigate bulklike features deeper within the film

compared to the 10 nm theoretically imposed limits of conventional XPS 3%,
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Moving to HAXPES measurements and the hard x-rays and higher photon energies can lead
to more simplified spectral analysis owing to several distinct advantages:

e Increase of the EAL and IMFP as a function of rising photon beam energies.

e Fitting and broader analysis of spectral features becomes less complex through the
significant reduction in the inelastic background of spectra generated making the
determination of various peak intensities easier.

e Higher resolution spectra than that available via conventional XPS.

e Brightness and photoemission intensities which are orders of magnitude higher than
conventional XPS sources.

e Analysers utilised in HAXPES beamlines are much more sophisticated than lab based

XPS detectors allowing for further improvements in resolution.
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2.4 Thickness Determination

2.4.1 Overview

As discussed, the thickness employed for the protection of the underlying photoanode itself
is vital for optimal performance of both the protective layer and the anode. It is important to
ensure films are sufficiently thick such as to effectively distance the OER from the anode
and prevent passivation however, increasing the overlayer thickness can bring many side
effects and ultimately can act to outweigh the benefits of passivation *°. Typically as
overlayer thickness increases so too does the reflectivity of the film coupled with a reduction
of transmission with TiO, being cited in the literature to exhibit this behaviour 3,
Furthermore, sticking with the TiO, example, thicker layers can act to increase charge
transfer resistance leading to charge tunnelling becoming unlikely if the thickness exceeds a
so-called critical thickness reported to be sub 10 nm alongside an increase in the
overpotential resulting in voltage loss >4,

Therein, the requirement for precise thickness control of ultrathin (ca. 2 nm) films is evident.
Given the unique advantage presented by the ALD-XPS system utilised within this study
which allows for in-situ photoemission studies of deposited films without the exposure to
atmosphere the ability to also determine film thicknesses while held under vacuum is also
critically advantageous. The most common method of thickness measurement employed in
thin film studies is that of ellipsometry which in most cases is ex-situ thus resulting in
inaccuracy associated with the absorption of adventitious contamination from atmospheric
exposure. Ellipsometry measurements can be performed in-situ via the installation of

purpose built vacuum compatible setup however, this was unavailable within this study. In-

situ real time thickness calculations were performed using the Thickogram method
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developed by Peter J. Cumpson with these calculations being verified with ex-situ

ellipsometry !.
2.4.2 Thickogram

The Thickogram is described by its creator as a simple graphical method of thin film
thickness measurement via XPS !. The method was developed to overcome the issue of
converting XPS peak intensity into film thickness. A previous popular method for this
conversion from intensity to thickness for oxide films was developed by Hill ef al outlined

in Eq2.12 %,

1,/S 2.12
t= —Acos@ln<1+ o/ 0) ( )

Is/Ss
where ¢ denotes film thickness, 4 is the attenuation length of the photoelectrons within the
film and @ is the angle of emission from the material with respect to the normal. /, and I,
refer to the measured peak intensities from the overlayer film and substrate respectively with
S, and S being their sensitivity factors.
This equation and measurement approach set out by Hill was popular for several useful
features:
e Assuming uniform surface contamination, adventitious contaminants can be
accounted for uniformly across the film.
e Instrumental factors which are common to the overlayer, and substrate peak
measurement cancel out.
e The equation is simplistic with only one logarithm required and simple variables for

the user to input.
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However, the key shortcoming of this method is it does not account for variations in the
attenuation lengths of photoelectrons in each material and are therefore assumed identical.
Due to the dependence of IMFP on photoelectron energy, this means that measured overlayer
and substrate peaks must be of almost identical kinetic energy. This is of course problematic
as often it is necessary to utilise peaks which vary widely in energy.

This requirement for the inclusion of the varying attenuation lengths adds complexity to Eq
2.12 which will be further explored. The Thickogram presents a nomogram as shown in
Figure 2.17 as a straightforward graphical solution. A nomogram being a plot designed to
provide a value depending on two or more user defined measurements which in the case of

the Thickogram are peak intensity ratio along with peak energy ratio .

10} t7r e

0039 _ _\_-\-“'—‘
[N, e /110

1.0¢

™~ A
\ =
S Z
=
0.1 NN = 0.1
‘\ — /
™~ ] |1
1.0 - 0.4
\ /
0.01 % = é
‘ N — - 06
—] L1 0.8
0.1 -
= | 1.0
\ =
3.b§ - 2
24 20 16
E,/E,

Figure 2.17 Nomogram utilised for a graphical application of the Thickogram method '.
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Utilisation of the nomogram seen in Figure 2.17 first requires the user to determine the value
on the vertical axis on the left which corresponds to the measured peak intensities divided
by their corresponding sensitivity factors which provides point ‘A’. The next step is to
determine the point in the curved logarithmic grid to yield point ‘B’ which corresponds to
the same ratio of overlayer and substrate intensities against the ratio of their kinetic energies.
A straight line between points ‘A’ and ‘B’ will intersect the curved thickness scale at a point
‘C’, the value of which being the thickness in units of A,c0s68 with 8 being the angle of
emission with respect to the normal to the film surface. The attenuation lengths were obtained
using the National Institute of Standards and Technology (NIST) Standard Reference
Database 82 which provides effective attenuation lengths (EAL) for electrons in solids
elements and compounds for electron energies between 50 and 2,000 eV which was
established for applications in surface analysis via techniques such as XPS. Applying user
data with reference EAL values the Thickogram can provide a geometric solution and

thickness approximation given by Eq 2.13

in(1+ 5/ (E")m L LIS S 'h( ‘ ) 2.13)
" I;/S;s E, 2| A,cos6 fe=insm 2A,c0s0 '

Thus, the Thickogram represents and fast and easy to use thickness measurements using

photoemission peak intensities which is more widely applicable than the previously reported
method through being applicable over more energetically distributed peaks. Thickogram
values were calculated and periodically verified using ex-situ ellipsometry confirming its

operation and allowing for use throughout this work.
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2.4.3 Ellipsometry

2.4.3.1 Overview

Ellipsometry is among the most common optical characterisation techniques capable of non-
destructive determination of various characteristics of thins and interfaces. Ellipsometry is
based on the analysis of the change of polarisation of light as it is reflected or transmitted
through a sample. Through measuring this change in polarisation, ellipsometry can provide
information on the optical constants such as refractive index as and extinction coefficient in

addition to crystallinity, morphology and even doping concentration.

IR Source

Polariser

Figure 2.18 Basic ellipsometry set up showing polarized light incident on a sample surface
with any and all changes in polarisation as a result of the interaction with the sample
measured by the detector.

A simplified interpretation of the basic principles of operation of an ellipsometer are shown

in Figure 2.18 wherein light is first passed through a polariser which linearly polarizes it such

as to normalize the incoming light to a known constant polarisation therefore any deviation
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from this system defined polarisation may be observed. Upon interacting with the sample
surface via reflection and absorption processes the light becomes elliptically polarised with
the variation in polarisation depending on the sample under investigation. The light is then
collected by the analyzer and detector where the degree of polarisation is determined and

compared to the original incoming linearly polarised light.
2.4.3.2 Technical Details

Ellipsometry operates by measuring the degree of polarisation of reflected light. Given that
incoming linearly polarised light is known and made up of two in phase orthogonal waves
one of which oscillates perpendicular (s component) to the plane of incidence and the other
is parallel (p component).

During reflection from the sample surface, it is possible that the s and p waves may undergo
a shift in phase which may not be equal which must be accounted for. It is through measuring
the elliptically polarised light and comparing to the original incoming light which allows
specific sample characteristic information to be extracted with the change in polarization of
the s and p components with respect to each other. By defining the phase difference between
the s and p waves prior to reflection as 61 and the difference in phase following reflection as
52 leads to the delta 4 parameter +°;

A= 6, — 6, (2.1)

In addition to the phase shift, the wave amplitude may also be affected to varying degrees.
The ratio of the magnitudes of the total reflection coefficients is defined as tan ¥ while p is
the complex ratio of same yielding the fundamental equation of ellipsometry described by

Eq2.15%;
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p= 5 — tanweity (2.15)

T
The measured variables in Eq 2.15 are ¥ the amplitude and A, the phase shift induced by the
reflection which are related to the amplitudes of the incoming s and p components denoted
as 7y and 7. Eq 2.15 is therefore a ratio of these s and 7, components and depends on many
factors such as the film thickness (¢) as well as the refractive index of both the overlayer film,
substrate materials and ambient air, the wavelength (1)of the incident linearly polarised light
and the angle of incidence (). Given that the refractive indices of the ambient environment
and substrate in question are known and the measurement of ¥ and A, allows for the
determination of the refractive index of the film and ultimately the thickness of the film

through comparison of experimentally acquired data to mathematical equations *°.

Once measured, a mathematical model is constructed and varied so as to describe the sample
in question. The model is used to predict the response to the Fresnel equations which describe
a material based on its thickness and optical constants, which if unknown can be estimated
for preliminary fitting and varied based on fit performance. For a single wavelength
ellipsometry arrangement only two unknown material properties (¥ and A,) may be

determined.

The fit is between the model and experimental data is improved through regression with the
mean square error (MSE) estimator used for the quantification of variation between the
experimental and model data with the unknown material property parameters allowed to vary
until the lowest MSE is achieved. A wide variety of models have been established to this end
in experimental data fitting such as the Cauchy and Sellmeier equations being cited as

applicable in the description of transparent materials with the Lorentz, Harmonic and
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Gaussian equations applied to describe resonant absorption processes in addition to Tauc-

Lorentz and Cody-Lorentz used for amorphous semiconductors 4.

2.5 Fourier Transform Infrared Spectroscopy (FTIR)

2.5.1 Overview

FTIR is an established technique for the study of molecular vibrations with the frequency
dependent interaction of the incident IR radiation being the fundamental principle of the
technique. This is a versatile non-destructive technique which offers information on the
molecular vibrations of as range of solids, liquids and gases and gives insight into molecular
structure and compositions. In FTIR infrared radiation is passed through a sample, a portion
of this radiation at specific frequencies is absorbed by molecules within the material while
the remainder is transmitted. The spectrum which results represents the molecular absorption
and transmission which produces a molecular fingerprint of the sample. The frequencies at
which absorption occurs corresponds to vibrational modes and are dependent on the
molecular characteristics such as atomic mass of elements within a given molecule as well

as the bond of molecular bonding and the environment of the material.

IR spectra obtained from this technique are composed of various peaks or troughs which
depends on whether the instrument was configured for transmission or reflection mode with
the peak and trough features indicating the wavelength given in units of wavenumber where
a molecule has absorbed that frequency of the IR spectrum. This suggests that the frequency
absorbed corresponds to a fundamental vibrational mode of the molecule present. These
vibrational modes are classified into two main types of mode called stretching and bending.

Stretching modes involve the elongation or contraction of bonds within a molecule and occur
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along the bond axis resulting in changes in the bond length. Stretching vibrational modes are
further classified into two further subgroups of symmetric and asymmetric with symmetric
stretching occurring when both atoms either side of a bond move simultaneously in the same
direction. Asymmetric stretching is therefore the opposite and corresponds to the atoms on
either side of the bond moving in opposing directions. Bending vibrations on the other hand
involves the deformation of a molecule which alters the bond angle and occurs when the
vibrating atoms move beyond the plane defined by the bond axis. As with stretching modes,
bending modes are also further classified into two subgroups of in-plane bending which
describes when atoms move within the bond axis plasma and out-of-plane bending wherein
they move out of the plane defined by the bond axis. Through analysing the intensities of
patterns of these stretching and bending vibrational modes within the FTIR spectrum it is
possible to extract useful information pertaining to the functional groups and molecular

structure of a sample.

2.5.2 Technical Details

2.5.2.1 Theoretical Principles

In order to be available to interact with the incoming IR radiation a molecule must have a
dipole moment which in FTIR refers to the separation of positive and negative charges within
the molecule or bond. Molecules with a dipole moment have an uneven distribution of charge
which results in a positive and negative end which occurs when the distribution of electron
density within the material is asymmetric. Molecular vibrations are induced when the IR
radiation causes a change in the dipole moment due IR radiation consisting of
electromagnetic waves with specific frequencies which match that of molecular bonds. As

the IR radiation traverses the material it interacts with it and its molecules causing the dipole
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moment of the molecules to oscillate which results in either the absorption or scattering of
light. The dipole moment strength affects the intensity of the absorption or scattering event,
and the frequency of the vibrational mode is described by Eq 2.16;
1 |/k
v=— (_) (2.16)
21 [ \u
where £ is the restoring force constant from Hooke’s law, u is the reduced mass which is

given itself by Eq 2.17 with m; and m, denoting the mass of the oscillating atoms at either

end of the bond;

mim,
Reduced Mass = y = ———
2 M+ m, (2.17)

2.5.2.2 FTIR Setup

The FTIR spectrometer utilises an interferometer, an optical instrument capable of measuring
and manipulating the properties of incoming light waves, the most common of which is the
Michelson interferometer and is shown in Figure 2.19. The interferometer consists of an IR
radiation source, a series of collimators and beam splitters with the final major component
being the detector. IR radiation is generated at the source before being passed through a
collimating mirror to make the light parallel before it strikes the beamsplitter. The beam is
divided into two equal energy beams which travel on different paths after being either
reflected or transmitted by the beamsplitter. One of these beams is reflected off of a fixed
mirror while the other strikes a moving mirror, both tracing some distance before being
reflected back to the beamsplitter. The two beams then recombine where they interfere
depending on the difference in path of each and the recombined beam is then passed through

the sample as a single wave and finally to the detector. By changing the position of the
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moveable mirror throughout the measurement it is ensured that the recombined wave will
exhibit an intensity profile consistent with a cosine wave once plotted versus the path
difference both beams travelled before recombining. It is this plot of intensity as a function
of path difference at a given wavelength which produces the interferogram. Through varying
the wavelength of the incident IR radiation multiple interferograms are produced and
combined by the detector to produce a complete spectrum. A Fourier transform is used to

convert the series of interferograms into an absorption spectrum.
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Figure 2.19 Schematic of typical Michelson interferometer components set up for FTIR.

2.5.2.3 Principles of Attenuated Total Reflection

Attenuated total reflectance (ATR) is among the most widely adopted forms of IR
spectroscopy which acts to overcome some of the difficulties which arise during FTIR
analysis particularly for thin films. As a result of the reduced thickness of thin films and

therefore the decreased quantity of molecules available to interact with the IR radiation, the
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resultant absorption signal intensity is low and can be indistinguishable among the noise of
the spectra. The typical FTIR operational mode is referred to as single pass whereas ATR,
using total internal reflection, causes IR radiation to travel through the sample many times
as shown in Figure 2.20 thus increasing the distance travelled through a thin film to many
times greater than if it just passed a single time. It is the principle of total internal reflection
(TIR) which forms the basis of the ATR technique which occurs when light is travelling
through an optically dense medium toward a rare medium at an angle of incidence (6;) greater
than or equal to the critical angle (6.). At sites of TIR an evanescent wave is formed in the

lower refractive index medium.
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Total Internal Reflection Crystal “

Figure 2.20 Illustration of the IR radiation path travelled in the ATR mode of operation for
thin film investigation using FTIR.

As can be seen, the incoming IR beam undergoes TIR causing it to traverse the sample many
times. Downward pressure is exerted onto the sample which ensures solid contact between
the sample and the underlying material of high refractive index, often a Ge crystal is used to
this end. Selecting a material with a high refractive index such as the Ge crystal ensures that
the sample in contact with it is lower to enable the TIR mechanism. Upon TIR an evanescent
wave is created within the sample which decays exponentially before recombining with the

sample and may be partially absorbed by molecules within the sample.
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It is the absorption of the evanescent wave which attenuates the TIR beam which is then
compared to the background spectrum which the user collects prior to performing the FTIR
measurement on the sample. It is the TIR which results in a greater level of absorption by
the sample due to repeated evanescent wave interaction which have a penetration depth
within a sample ranging from 10 pm to < I um. Through directing the IR radiation at a
shallow angle of incidence the FTIR technique can be further improved for thin nanometre
scale film studies in what is called grazing angle FTIR (GA-FTIR). This requires analysing
the interaction of the IR radiation with a sample when the angle of incidence is close to or
near the critical angle needed for TIR which allows for multiple internal reflections thus
enhancing sensitivity to surface localised phenomena such as surface reactions and

adsorption.
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2.6 Atomic Force Microscopy

2.6.1 Overview

Atomic force microscopy (AFM) is a powerful surface sensitive characterisation and
imaging technique which allows for the investigation of surfaces at the atomic and molecular
scales which yields 3D topographical profiles of a sample surface. The schematic shown in

Figure 2.21 shows the basic setup and operating principle of a modern AFM.

Detector

Oscilla‘cicnnT
[ | Probe Tip
Sample

Figure 2.21 Simplified schematic of the AFM set up.

At its core, AFM provides topographical information on a sample through measuring the
forces experienced by a sharp probe at the sample surface. The AFM setup consists of a
cantilever with a sharp point of radius less than 10 nm attached to its free end and acts as a
sort of spring which undergoes deflection as a result of sample interaction either physically

or via Van der Waals, electrostatic and magnetic forces. Interatomic forces are exerted when
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two materials are brought into close proximity to one another, and AFM operates through
measuring these to determine the characteristics of the surface under investigation. The
magnitude of these deflections as the cantilever and probe is raster scanned across the surface
is quantified through shining a laser onto the back of the cantilever with the light being
reflected into a four-quadrant photodetector. The force causing the deflection and up and
down movement of the probe causes the reflected laser light to be altered is described using
Hooke’s law;

F = —kx (2.18)
wherein F'is the force, k is the spring constant corresponding to the cantilever and x is the
deflection experienced by the probe as a function of surface interactions. The force is
measured through continually monitoring the variations in the reflected laser light and

produces a 3D topographical profile of the scanned area in the nanometre scale.
2.6.2 Technical Details

AFM can be operated in three different modes being contact mode, non-contact mode and
tapping mode. Alongside a broader assessment of the topography of a sample surface, AFM
can be sued to provide information on the surface roughness which is obtained through AFM

height images. This is an important factor for thin film analysis in verifying film homogeneity.
2.6.2.1 Contact Mode

In contact moder the distance between the AFM tip and the sample surface is < 0.5 nm.
Through maintaining an extremely low force on the cantilever the tip is pushed against the

sample as it raster’s across the sample with changes in deflection due repulsion by the sample

being monitored and yielding an image of the sample surface. This mode allows for rapid
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imaging times however due to being in contact with the sample surface directly is only

suitable for hard surfaces which will not become damaged through the contact of the tip.
2.6.2.2 Non-Contact Mode

This mode sees the probe — sample separation being maintained at approximately 0.1 — 10
nm. This results in very weak interactions between the sample and probe which ultimately
reduces spatial resolution but is preferential when the sample in question is susceptible to

being damaged or deformed were the probe to be in physical contact with it.

2.6.2.3 Tapping Mode

This mode of AFM involves the intermittent contact of the cantilever with the sample surface
through oscillating the probe with a frequency of hundreds of kHz close to its resonant
frequency which is held constant throughout the measurement via altering the probe — sample
separation throughout scanning. The oscillation is produced using a piezoelectric crystal
which causes the cantilever to oscillate with a high amplitude of approximately 20 — 100 nm
when the tip is not in contact with the sample. As a result of the instantaneous contact time
between the probe and the sample, there is insufficient time for the probe to be deflected
laterally which enhances resolution. This mode of operation overcomes the issues of sample
degradation mentioned in contact mode AFM as the cantilever only makes contact
momentarily as the bottom of each oscillation thus preventing damage and contamination
and so is suited to scanning of delicate samples which may be sensitive to contamination

such as biological samples.
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2.7 Photoelectrochemical Cell Testing

2.7.1 Overview

Although a lot of advancement has been made in computational materials science, it remains
that the primary tool for investigating the properties and performance of photoelectrodes is
photocurrent measurements within the simulated environment of the photoelectrochemical
cell. The best test for a PEC device or candidate electrode material is establishing its
behaviour and electrical performance under simulated solar irradiation. Figure 2.22 details

an overview of the primary components in PEC measurements.

PEC Cell |l | *
e

E Potentiostat }—

Figure 2.22 Typical experimental setup for PEC testing showing the simulated sun
irradiating the PEC cell in the three-electrode configuration.

From Figure 2.22 it can be seen that the entire apparatus is centred around the
photoelectrochemical cell (PEC cell) in which the photoanode or photocathode sample is

mounted for testing. The PEC cell in its simplest form consists of a volume of electrolyte
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solution, the sample under investigation, which is referred to as the working electrode, a
counter electrode which supplies current to the system, a reference electrode and a
transparent window which admits solar irradiance to the sample surface. A schematic of the
PEC cell used in this work is shown in Figure 2.23. The PEC cell has many more complex
forms which implement additional electrodes for further measurement techniques and often
gas circulation and purging mechanisms to rid the electrolyte of gas build up during extended

electrochemical testing.

(a) (b) |

reference
electrode

counter electrode
(alternative)

' | l
light
substrate

with
e thin film

(working)

substrate
with

thin film

(counter)

socket-contact socket-contact

Figure 2.23 Adapted manufacturer illustrations of the PEC device used within this work (a)
an exploded view detailing assembly and insertion of transparent window and sample for
measurement *® and (b) a cross section wherein the inner workings of the PEC cell are shown

indicating the immersion of the counter and reference electrodes within the electrolyte

solution with the surface of the sample being measured also in contact with the solution **.

Due to the impracticalities of testing using natural sunlight, PEC laboratory setups utilise a
solar simulator which provides high intensity light usually 1000 W/m? which corresponds to
1 sun at AM1.5G. This AM1.5G stands for Air Mass 1.5 Global which refers to the spectral

distribution and intensity of solar irradiance on a south-facing surface which has been tilted
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to 37° after travelling through 1.5 times the thickness of the earth’s atmosphere. AM1.5G is
a benchmark standard reference spectrum used in the PEC and PV fields to represent the
average solar irradiance at sea level with the sun at an average angle of 48.2° above the
horizon and allows for meaningful comparisons of device performances from various labs.
Looking to Figure 2.22 once more, among the most important components of the PEC
apparatus is the potentiostat. Most potentiostats, including the one used in this work, have
three test leads which consist of the working, reference and counter electrodes denoted as
WE, REF and CE respectively. The role of the potentiostat is to control the potential
difference between the WE and REF with the WE being the photoelectrode under
investigation.

This is performed through applying a controlled voltage or potential to the reference
electrode, the voltage of which can be set to a specific value or varied over a range of values
to assess the photoelectrode response and performance. The role of the REF is to act as to
act as the reference in measuring and controlling the potential of the WE without passing any
current. The control and feedback units within the potentiostat ensure the potentiostat
continuously adjusts the current flowing through the WE to maintain the user defined

potential.
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2.7.2 Photocurrent — Voltage Sweeps (Voltammetry)

2.7.2.1 Theoretical Basics

IV measurements are the most important method of PEC performance determination which
allows for the investigation of the performance characteristics of photoanodes or
photocathodes *°. These PEC IV measurements allow for the acquisition and determination
of the following;

e Photocurrent density as a function of applied potential

e Dark current as a function of applied potential

e Photocurrent onset potential

e Transport limitations of electrons and holes
In the three-electrode configuration of the PEC testing apparatus the reference electrode is
used rather obviously to provide the reference potential for the system. Then using a
potentiostat the working electrode, which as mentioned is the photoelectrode under scrutiny,
has a potential set against the reference electrode which is fixed and the current at the
potential is measured. In this measurement the performance of the counter electrode is
unimportant and the potentiostat is used to maintain the potential of the working electrode at
the user defined value and gives a read out of the current at that potential and supplies
whatever voltage between the working and counter electrodes to maintain that current *°.
These measurements are performed through measuring the output photocurrent while
sweeping across a range of potentials. This can be performed under solar illumination, in the
dark, or a combination of the two by chopping the light on and off at a fixed frequency
throughout the scan. In linear sweep voltammetry the potential is swept from the starting

user defined potential E; to some end potential E, if at E> the scan is reversed back to E;
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while maintaining the same scan rate the technique is referred to as cyclic voltammetry.
Scans are recorded as current vs potential and both linear and cyclic variations of
voltammetry testing are used to evaluate the photoelectrochemical activity of a material
being tested for its application as a HER or OER candidate. Through comparing reference
voltammograms of the bare substrate on its own against a material under investigation
materials are screened for their catalytic and protective characteristics.

By plotting the photocurrent as a function of varying applied voltages PEC IV curves provide
a range of information about the overall performance of a PEC system. Firstly, the
measurement allows for the determination of the photocurrent density which represents the
current produced by the PEC photoelectrode per unit area with higher photocurrent output
indicating more efficient utilization of the oncoming incident light thus leading to a better

performing water splitting device.

2.7.3 Time Degradation Testing (Chronoamperometry)

2.7.3.1 Theoretical Basics

Chronoamperometry (CA) is commonly referred to as time degradation testing as it evaluates
the photoelectrochemical performance of a sample as a function of time such as to determine
its stability under real world conditions and involves monitoring the cells performance over
an extended period of time under continuous illumination. CA testing involves applying a
constant user defined potential across the WE and measuring the corresponding change in
current as a function of time. CA testing is used in the investigation of electrochemical
reaction kinetics as well as to establish electrode stability and evaluate response to changes
in current or potential. The primary objective for CA testing is the determination of the cells

long term stability and durability.
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2.7.4 Efficiency Determination

Within the field of water splitting various practices have been developed for testing
measurements and environments which therefore makes it essential to have standardized
methods for the evaluation and comparison of their efficiency of a wide variety of PEC
testing set ups. This being said, as a result of the complexity and multifaceted nature of the
PEC process there have been several efficiency definitions devised such as to capture the
various aspects of the system performance. for a fair and accurate evaluation several
efficiency metrics have been developed with some of the most commonly used and widely
accepted variants are described herein.

The first and potentially the most commonly cited is the Solar-to-Hydrogen (STH) Efficiency
which represents the fraction of the incoming solar energy which has been effectively
converted to chemical energy in the form of hydrogen gas. It is deemed a comprehensive
metric which considers the light absorption efficiency as well as the efficiency of converting
the now absorbed photons into hydrogen as it is a crucial parameter for the evaluation of the
overall photoelectrochemical performance of the PEC cell. STH efficiency is the single value
which can be applied in the comparison of all PEC devices and is therefore the benchmark
value with the methods described to follow being defined as demonstrated research
efficiency °'.

Following on from the STH method, the Incident-Photon-to-Current-Efficiency (IPCE) is a
measure of the efficiency with which the incident photons are converted into electrical
current within the cell. This parameter quantifies the cell’s ability to absorb photons and
generate the charge carriers necessary for efficiency water splitting and adds in providing

information on the light harvesting efficiency across various wavelengths. This IPCE is often
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applied in the assessment of specific photoactive materials for electrode fabrication. IPCE is
the efficiency of the overall process taking into consideration the efficiency of light
absorption, charge carrier generation and injection ultimately describing the ratio of output
electrons to input photons which is unlike STH which ratios the incoming light energy to
outgoing chemical energy.

Quantum efficiency (QE) is the last of the most popular efficiency measurements and
measures the efficiency of the PEC cell in generating chare carriers as a function of incoming
photons. This acts to quantify the absorption efficiency of a given material and offers insights
into the overall performance of the system at a variety of wavelengths.

The Energy Conversion Efficiency (ECE) represents the ratio of the energy stored in the
chemical products, being the hydrogen and oxygen, to the total incident solar energy. This
considers the electrical and thermal energy contributions and provides a measure of how
effectively the PEC cell converts the incoming solar energy into chemical energy.

Faradaic efficiency (FE) is concerned with the fraction of the total charge which is involved
in the desired photoelectrochemical reaction compared to the quantity of energy used in side
reactions or losses within the system. FE quantifies the electrochemical reaction efficiency
at the electrodes toward measuring the selectivity of the PEC cell towards the desired product
of either hydrogen or oxygen.

All of these metrics for efficiency allow for the assessment of a variety of aspects of the PEC
water splitting process which aids in a comprehensive understanding of the performance of
a given system and allows for the comparison with different systems and the identification

of areas for improvement which can lead to more efficient and sustainable PEC architectures.
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As mentioned, the STH efficiency is the most important of the evaluation methods and as
such will be developed further here. To recap the STH efficiency details the overall efficiency
of a PEC system being defined as the ratio of the stored chemical energy in the hydrogen gas
formed to the overall solar energy input under zero bias. The stored chemical energy in the
generated hydrogen gas may be calculated from the product rate of hydrogen production

(Th,) and the change in Gibbs free energy (4G) per mol of H» — this is divided by the product

of the solar energy illumination power density (P) and the illuminated electrode area (S) as
described in Eq 2.19 2;

T, X AG

2.19
P xS (-19)

STH Efficiency =

It is also possible to express the stored chemical energy as a product of the current voltage

and faradaic efficiency for hydrogen evolution given in its new form in Eq 2.20;

123X ] Xn

e (2.20)

STH Efficiency =
The 1.23 constant is the thermodynamic water splitting potential with J being the

photocurrent density without an applied voltage and 7 is the faradaic efficiency and P is still

the power density as in Eq 2.19 >,

Although the highlighted metrics play a crucial role in evaluating the efficiency of solar-to-
hydrogen conversion, it is important to acknowledge that they are not employed in this study
due to their inability to be accurately calculated for a single electrode configuration. In lieu
of reporting misleading efficacy claims, the performance of (PEC) electrodes is assessed and
analysed comparatively using current-voltage (IV) and chronoamperometry (CA)
measurements. These measurements allow for an investigation into the influence of different

protective layer materials on the current and stability of PEC photoelectrodes.
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3 Deposition and Characterisation of TiO; Thin Films from Amide
and Alkoxide Precursors for Photoelectrode Passivation

3.1 Introduction

This chapter presents the results of the growth and characterisation of TiO> thin films for the
passivation and protection of silicon photoelectrodes during solar water splitting. Firstly, the
characterisation of the deposited films is discussed before the effects of the use of such films
on the performance of the photoelectrodes during simulated water splitting in the PEC testing
is shown.

The particular focus of this chapter is to detail an in-line x-ray photoelectron spectroscopy
analysis of the nucleation and growth of ultra-thin (ca. 2nm) TiO; films on silicon from two
ALD precursor molecules, titanium isopropoxide (TTIP) and
tetrakis(dimethylamido)titanium (TDMAT). This investigation focuses on the impact of
precursor choice, and the use of thermal ALD (TALD) vs plasma-enhanced ALD (PEALD),
on the chemistry of the produced films, and how this impacts the photoelectrochemical
performance of silicon photoanodes.

ALD of TiO2 was performed in a unique, custom-designed Oxford Instruments ALD reactor
which is coupled in-vacuum to a Scienta Omicron monochromated X-ray photoelectron
spectrometer (XPS) by a fast-transfer robotic handler. This setup allows for rapid cycle-by-
cycle XPS analysis of the ALD films during nucleation and growth, and a robust comparison
of process parameters.

The results in this chapter show significant differences in film chemistry between PEALD

and TALD derived films, including reduced ligand incorporation and increased interaction
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with the underlying silicon - identified as titanium suboxide formation during PEALD. There
are also subtle differences between the chemistry of the films resulting from the two
precursors.

Photoelectrochemical testing also shows some differences in photo-current between the
processes. In all cases, following an appraisal of the photo-electrochemical performance of
the as-deposited layers, the films were exposed to a post deposition H> plasma anneal and a
high-temperature air anneal in order to examine the effect of annealing on the individual
ALD films, and how the annealing impacts photoelectrochemical performance and stability.
Results show good correlation to those observed by Hannula et al for much thicker (ca 30

nm) films.
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3.2 Experimental Details

3.2.1ALD

Atomic layer deposition took place in an Oxford Instruments FlexAl ALD Reactor (base
pressure 3.8 X 10~7Torr), using titanium isopropoxide [TTIP, Sigma Aldrich 97%, Figure
3.1 (a)] and tetrakis(dimethylaminol) titanium [TDMAT, Sigma Aldrich 99.999 Figure 3.1
(b)] as precursors and H>O and O, ICP generated plasma as co-reactants for TALD and
PEALD, respectively. The substrate was heated to 270°C and 250°C for plasma and
thermally grown films, respectively. The recipes, as shown in Table 3.1 ALD deposition
parameters detailing individual process recipes with P and T referring to either the PEALD
or thermal deposition processes respectively., were designed based on the ALD tool
manufacturer’s optimized recipes. Bubbler and purge flows were carried out using Ar at 100
sccm and 200 sccm respectively. Resulting growth rates are reported in the ‘Results and

Discussion’ section.

(a) (b)

CH, CH, CH, CH,

\ _/ \. /

0 N

CH CH, CH | CH
o—T1i—ol °® N—Ti—NI °
CH,~ | CH, CH;” | CH,

/O\ /N\

CH, CH, CH, CH,

Figure 3.1 Precursor molecules utilised (a) titanium isopropoxide (TTIP) (b)
tetrakis(dimethylaminol) titanium (TDMAT).
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TiO, films were deposited on n-Si (100) (p = 5 — 9 Qcm?). Samples were cut from the
wafer in 2.5 x 2.5 cm? coupons. Prior to ALD processing, samples were exposed for 5
minutes to a 300 W RF remote H> ICP plasma in the FlexAl ALD deposition chamber in
order to remove adventitious carbon and increase surface hydroxyl groups to improve
nucleation during the ALD process.

Table 3.1 ALD deposition parameters detailing individual process recipes with P and T
referring to either the PEALD or thermal deposition processes respectively.

Variable TDMAT-P TDMAT-T TTIP-P TTIP-T
Precursor Dose 0.5 1 2 2
Precursor Purge 3 5 6 5

Co-reactant Dose 4 0.15 5 0.15

Co-reactant Purge 2 0.02 4 20

Deposition Temp 270 250 270 250
3.2.2 FTIR

Grazing-angle ATR FTIR was performed using a Nicolet iS50 FTIR Spectrometer in
conjunction with a Harrick VariGATR attachment. The germanium crystal was cleaned using
butanone which removed any contaminants prior to a background scan being taken. Samples
were placed face down on the crystal and a force of ~700N was applied to ensure good
contact between the sample and crystal. A total of 128 scans were performed per sample at

an 8cm™! resolution with an unpolarized angle of incidence of 65°.
3.2.3 XPS

The primary characterisation technique employed in this investigation is X-ray photoelectron
spectroscopy (XPS), which allowed for chemical composition and thickness determination

of the TiO; films. XPS was performed using a Scienta Omicron XPS (Monochromated Al
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Ka source, base pressure of 6.5 X 1077 Pa) with a 128 channel Argus CU detector. The XPS
is coupled in-vacuum by a robotic wafer handler allowing for sample transfer from ALD to
XPS in approximately 1 minute without the need for breaking vacuum. Survey scan and
high-resolution spectra were taken at normal emission from the sample using 1 and 0.1 eV
step sizes, respectively. All spectral fits utilised a Shirley — Sherwood type background in
conjunction with Voigt profiles. XPS data analysis was carried out using Aanalyzer fitting
software with photoemission peaks shifted in accordance with the Si® 2ps signal at 99.4 eV

binding energy (BE) > 2.
3.2.4 AFM

Morphological images were obtained using a Bruker Icon Atomic Force Microscope (AFM)
in tapping mode operation. Data were collected from a surface area of 1 X 1 um? at 256
Samples/Line. Studies were performed in air using Si cantilevers with a 30nm Al reflex
coating with a tip radius of < 10nm. Acquired AFM and root mean squared (RMS) surface

roughness were treated by Gwyddion analysis software .

3.2.5 Photoelectrochemical Testing

Photoelectrochemical cell testing was carried out in a Redoxme AB MM 15 ml double-sided
photoelectrochemical cell with a Pt counter electrode (99.9%) and a Ag/AgCl (1 mol KCI)
reference electrode. The electrolyte was a 0.5 M phosphate bufter solution (pH 7.4). The
electrodes were irradiated with 1000W/m?> AM 1.5 G simulated sunlight from an Oriel
Instruments xenon arc lamp solar simulator in a top-down configuration with lcm? of
illuminated sample area during testing. Linear sweep voltammetry (/-V) testing is performed
for the acquisition of key photoanode material characteristics such as photocurrent density,

onset potential and dark current outputs as a function of an applied potential .
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In this study, samples were studied under constant illumination. In addition to this linear
sweep voltammetry, chronoamperometric detection was also carried out on separate samples
to those which had been -V tested. Amperometry involves the application of a constant
potential to a working electrode and the measurement of the output steady — state current >.
Samples in this investigation were subjected to this constant potential for 100 seconds which

offers some insight into the potential durability of the photoanodes.
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3.3 Results

3.3.1 FTIR

Figure 3.2 shows the FTIR absorbance spectra for the four-deposition processes as-deposited.
The four deposition processes consist of growing 2 nm films using both TDMAT and TTIP
via thermal and plasma enhanced ALD. Resulting FTIR spectra are similar for all TiO>
growth processes. Marginal deviations are observed in carbon and oxygen bonding with
additional C = O observed in TDMAT PEALD which correlates with XPS analysis of the

Cls region shown later in this study.

The dominant peak in the spectra shown in Figure 3.2 occurs at 877 cm™!, representing Ti —
O — Si bonds, which confirms a chemical interaction between the deposited TiO: films and
the underlying SiO °®. The shoulder feature at 728 cm™ corresponds to Ti — O bonds with Si
— O observed at 825cm™ 7. A peak at 1172 cm™ is attributed to C — O stretching bonds linked
to the TiO; film. The spectrum features peaks at 1452 cm™ and 1644 cm™!, which are in line
with expected values for OH groups (hydroxyls) 6. These peaks indicate the chemisorption
of O — H molecules in the deposited TiO, overlayer. The broad band from 3000 — 3640 cm!
also indicates strong interactions through hydrogen bonding between the TiO» film and

surface hydroxyls 7.
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Figure 3.2: FTIR spectra of as deposited TiO: films from all deposition processes.

3.3.2 XPS

XPS analysis was carried out on samples as loaded as well as following a plasma cleaning
step prior to ALD to prepare samples for deposition. In addition to this, samples were later
subjected to annealing treatments both in and ex-situ and again photoemission analysis was
performed to study effects of the post-deposition treatments. As deposited samples were
analysed using AFM to check for agglomerations on the film surfaces and also showed highly
uniform surfaces with 102.5pm, 144.3 pm, 87.95 pm and 178.2pm for TDMAT plasma

grown (TD-P), TDMAT thermally grown (TD-T), TTIP plasma grown (TT-P) and TTIP
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thermally grown (TT-T) respectively, as shown in Figure 3.3. It is evident from Figure 3.3
that the PEALD process yields smoother films a benefit stemming from the enhanced
reactivity of the process due to the higher energy providing higher energy to reactive species
aiding in mobility and diffusion thus aiding in improved surface coverage, film-substrate
adhesion and surface cleaning through a reduction of surface localized contaminants

allowing for the densification of deposited films ®.

0.0um 05 1.0 15

[T3280m 00

250 g5

328nm 00 i

250 05

Figure 3.3 AFM images showing all four growth processes in their as deposited states (a)
TDMAT PEALD, (b) TDMAT TALD, (c) TTIP PEALD and (d) TTIP TALD. Mean Roughness
values were as follows, 74.3pm, 108.7pm, 69.7pm and 141.7pm for TD-P, TD-T, TT-P and
TT-T respectively.

In order to develop an understanding of the early-stage growth kinetics for each process and

for accurate determination of growth per cycle (GPC) rates, a set of films were grown

sequentially, with the deposition process periodically interrupted so that they could be
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analysed using the integrated XPS. Attention was focused primarily on the Si 2p, Ti 2p, C s
and O 1s core levels to monitor for any development of additional oxidation states in the case
of Ti 2p or evidence of titanium silicate formation for low cycle numbers in the Si 2p peak.
This is particularly important, as hole transport to the electrode surface will rely heavily on

the quality and chemistry of the interface between the TiO; film and the underlying silicon.

Figure 3.4 shows the representative GPC for all four processes as deposited. More consistent,
linear early-stage growth is observed for PEALD processes. Additionally, thermally grown
TTIP displayed evidence of nucleation delay and subsequent enhanced growth in the latter
stages. Thicknesses were determined using the Thickogram method, allowing for in-situ
thickness determination for precise deposition control °. These sequential-growth depositions
were used in order to investigate the early state growth characteristics and allowed for the
determination of exact growth rates for each process to allow for precise thickness deposition
later on for purposes of photoelectrochemical cell testing wherein accurate film thickness is
necessary to compare the processes. In all cases, XPS growth rates were cross referenced

with those obtained through spectroscopic ellipsometry.
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Figure 3.4 Representative growth characteristics showing sequentially grown ALD TiO;
films for 4 processes detailing the evolution of indicative GPC rates for the various recipes.
For clarity, error bars, which range between * 0.024/cycle and + 0.04A/cycle based on the
standard error from multiple deposition, are not shown.

The GPC rates presented within Figure 3.4 are in line with those expected based on literature
reported values. The measured GPC for TTIP thermally grown of 0.048 nm (% 0.02A) is
consistent with reports from the literature with Chiappim et al as well as Diouf et al and
others detailing ALD recipes for thermally grown TTIP aligned with those in this study
yielding similar GPC rates '°'%. Additionally, the measured GPC rate for TTIP plasma of
0.036 nm (% 0.02A) is also verified by literature reports with Kilic et al and others reporting
on an in-situ ellipsometry study yielding GPC rates in line with those reported in Figure 3.4

1215-18 The same can be said for the measured GPC rate of 0.032 nm (£ 0.02A) for TDMAT
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thermally grown shown above in Figure 3.4 with this experimental value corroborated within
the literature '*!'*1%2% The final deposition process for consideration from Figure 3.4 is that
of TDMAT plasma enhanced with a measured GPC within this work of 0.037 nm (£ 0.04A)
which is also within the range of that expected based on literature reports '4!?2, Reported
error within the literature for ALD depositions is typically very low owing to the monolayer
by monolayer self-limiting growth characteristics and therefore yields error within the *

0.02A range with which all measured GPC rates within Figure 3.4 are consistent®.

Figure 3.5 (a) shows the evolution of the O 1s peak as a function of increasing number of
ALD cycles for the TDMAT thermal process. In this figure, two dominant oxygen peaks are
observed, the first being oxygen in SiO; at a binding energy position at approximately 533
eV and the second is oxygen in TiO; at approximately 531 eV. Figure 3.5 (b) shows the Si
2p evolution, where the SiO; peak is seen to attenuate rapidly, due to suppression of the
substrate signal during the growth of the TiO> overlayer. Also in Figure 3.5 (b) we see a
shifting of the silicon oxide peak towards lower binding energy as the number of cycles
increases suggesting the formation of silicon suboxides or titanium silicate at the interface,

as suggested in Figure 3.2.

Figure 3.5 (c) shows the sequential growth of the Ti 2p region. Growth can be seen to initiate
as early as after the first half cycle of the sequential deposition with consistent peak evolution
observed throughout. In the case of the TALD processes for both TTIP and TDMAT, a low
binding energy shoulder is seen to form as early as 5 cycles into the deposition, attributable

to titanium in the 3+ oxidation state.

137



Figure 3.5 (d) shows the C 1s as a function of cycle number, with an increase in carbon
composition with increasing cycles, despite the film not leaving vacuum between ALD and
XPS analysis. Having started from a clean H» plasma treated samples surface with negligible
carbon contribution, the C 1s region grows steadily leaving a significant composition after
65 cycles of approximately 16% for this particular process. This suggests incomplete
reactions in the ALD process leading to ligand incorporation which in previous
photoemission studies is not highlighted, with this level of carbon often attributed to

atmospheric contamination in ex-situ studies .
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Figure 3.5 Thermal TDMAT sample evolution as a function of increasing number of ALD
cycles depicting the change in composition as the thickness of the titanium overlayer
increases. (a) Evolution of the O s photoemission peak as it changes from a SiO2 dominant
peak TiO> dominant (b) Attenuation of the SiO: peak is shown (c) Ti 2p region showing peak
intensity with increasing cycles (d) C 1s peak showing remnant carbon incorporation in the

film.

The corresponding PEALD growth of TDMAT is shown in Figure 3.6. The same comparison

on thermal and plasma enhanced ALD is shown for TTIP in Figure 3.7 and Figure 3.8

respectively. In all cases the attenuation of the Si 2p as a function of increasing ALD cycles

is observed with a simultaneous increase in Ti 2p intensity.
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Figure 3.6 : XPS high resolution spectra of PEALD TDMAT showing sample evolution as a
function of increasing of cycles (a) O 1s (b) Si 2p (c) Ti 2p (d) C Is.
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Figure 3.7 XPS high resolution spectra of TALD TTIP showing sample evolution as a
function of increasing cycles (a) O Is (b) Si 2p (c) Ti 2p (d) C Is.
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Figure 3.8 XPS high resolution spectra of PEALD TTIP showing sample evolution as a
function of increasing number of cycles (a) O 1s (b) Si 2p (c) Ti 2p (d) C Is.

In order to further illustrate the complications in interpreting carbon and oxygen spectra that

can be avoided by analysing ALD processes without breaking vacuum, Figure 3.9 shows an

example of a 2nm TiO; layer which was scanned post deposition and following exposure to

atmosphere for 5 minutes. The as deposited sample shows a significant carbon signal. Once

exposed to atmosphere there is a further growth in the C 1s. Note however that the growth

of adventitious carbon can mask the carbon associated with ligand incorporation, though

many works attribute the entirety of the C 1s peak area to adventitious carbon.

142



In many processes, up to 30% carbon can be observed which, if incorporated in the film will
significantly impact the material properties and the suitability of the ALD process under

investigation 4.
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Figure 3.9 : High resolution XPS spectra for the C Is region showing the carbon contribution
of a TiO2 film grown using TDMAT PEALD at two stages:- as deposited and post
atmospheric exposure, showing the importance of in-situ studies of ALD films.

In this investigation all growth processes show less than 20% carbon within the film as a
result of remnant ligands trapped during the deposition. Depth profiling of ALD films with
XPS is often carried out using Ar-ion sputtering, but given the ion beam’s tendency to change
the film’s structure as it removes material, this is not a wholly reliable indicator of the

chemical composition of bulk films 226, The degree of incorporation of the ligands in these
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films is evident in Figure 3.5 (d) with the sequential deposition of a TiO> film and the steady
growth of the C 1s peak. The observation in Figure 3.5 (d) which suggests continuous carbon
incorporation is expanded upon in Figure 3.10 which details the carbon concentration as a
function of the number of cycles observed in the sequentially grown films for all process.
From a theoretical viewpoint during an ideal ALD process, on every oxidant pulse remnant
CHj; groups of the TTIP and TDMAT molecules respectively should be removed in addition
to N from the TDMAT molecule as shown in Figure 3.1. It is already clear from Figure 3.10
that this is not the case given the consistent growth of the carbon peak throughout the

deposition for all processes.

One point to note is that there appears to be reduced ligand incorporation in the PEALD
grown layers when compared to TALD as is seen from their overall lower relative sample
carbon content and the rate at which the carbon contribution in these plasma grown samples
stabilizes. This is due to the comparatively larger redeposition of carbon within the TALD
films which is reduced in PEALD due to reactive species present in the plasma blocking the
reaction leading to the excess carbon incorporation. Furthermore, the presence of N within
either the TALD or PEALD deposition processes is not observed during the deposition of
TDMAT which suggests that the precursor molecule is breaking down and reacting as

expected.
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Figure 3.10 High resolution XPS spectra for the C 1s region showing the carbon contribution
of a TiO2 film grown using TDMAT PEALD at two stages: - as deposited and post
atmospheric exposure, showing the importance of in-situ studies of ALD films.

Following the sequential depositions detailed above, a series of conventional depositions
were performed to confirm GPC values and to confirm consistency of the TiO2 deposition
processes. A temperature of 270°C was selected for sample temperature which is within the
ALD window for both TDMAT and TTIP which provided suitable growth rates and minimal
remnant carbon ligands from the ALD process ’. From this point forward all XPS binding
energy positions and electrochemical measurements discussed pertain specifically to the

‘straight-through’ 2 nm thick layers as opposed to those grown sequentially.
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As shown in Figure 3.11, for both PEALD processes, Ti was present only in the Ti*" state
with TDMAT plasma (TD-P) at 458.9 eV and TTIP plasma (TT-P) at 459.2 eV which are
consistent with previous reports 272%2%13_ These two plasma processes exhibit Ti*" only, in
contrast to the TALD processes which show the presence of Ti** at 458.2 eV and 458.1 eV
for TDMAT (TD-T) and TTIP (TT-T) respectively in addition to Ti*'. The literature indicates
the binding energy position of Ti*" to be in the region of 1.3 — 2.3 eV lower than Ti*" 132827,
The measured spin orbit splitting for the TD-P, TT-P and TT-T is 5.7 eV with the TD-T found
to be 5.18 eV, again consistent with values reported in the literature 2’-?%. High resolution Ti

2p spectra were fitted as two singlet peaks, with the peak area of the Ti 2p;» being 0.43 of

that of the Ti 2p3/» rather than the expected 0.5 and the FWHM of the Ti 2ps/2 being higher.

This approach to peak fitting is used in order to account for the Coster — Kronig effect which
leads to a difference in the peak width and branching ratio of two spin-orbit doublet peaks
which occurs in 2p spectra of first row transition metals %° 328, Figure 3.11 shows the fitted
Ti 2p peaks for all 4 processes which shows the good quality single state nature of PEALD

grown films in contrast with the TALD films which exhibit 3+.
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Figure 3.11 Comparative figure of 4 processes showing Ti 2p fits.

Samples with Ti** present exhibited a blue tint when viewed with the naked eye, compared
to those without it *! 32. An exemplar fitted spectrum of a TALD grown sample using TDMAT

as the precursor is shown in Figure 3.12 which clearly shows the presence of the Ti*" state.
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Figure 3.12 Ti 2p high resolution photoemission peak from TDMAT thermally grown film
showing the presence of Ti3+.

Using the established growth rates, we deposited films of 2 nm for purposes of
electrochemical testing and XPS characterisation. These films were grown in a straight
through deposition wherein the ALD process continues uninterrupted to a desired number of

cycles as per the required calculated number based on the previously calculated growth rates.

Once depositions had been completed for each process, and the samples were scanned with
XPS to verify thickness and composition, they were removed from vacuum and stored in

atmosphere prior to receiving subsequent annealing treatments.
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In order to understand the effects of annealing in oxidizing and reducing ambients on the thin
TiO; films, high temperature anneals were carried out both in atmosphere, and in H> plasma
under vacuum, respectively. Upon being reinserted into the ALD-XPS system for H> plasma
annealing, XPS scans were performed on all samples to determine their reaction to
atmospheric exposure prior to annealing. Once annealed, samples underwent additional

photoemission analysis to study the effect of the H» treatment.

Given that the performance of the TiO> films in atmosphere is of interest, it is important to
understand the surface chemistry of the TiO> when it has been re-exposed to atmosphere
following the H»> annealing step. As the samples are so thin, if the H, exposure causes any
reduction in the films, one may expect partial or full re-oxidizing of the reduced films upon
atmospheric exposure. Therefore, samples were moved to the system load lock where they
were exposed to atmosphere for 5 minutes before being loaded once more to vacuum for a

final XPS scan.

Firstly, addressing the samples post- H> plasma anneal but prior to exposure to atmospheric
conditions as seen in Figure 3.13, the Ti 2p peak showed the presence of the Ti** state at 457
eV for all process along with the aforementioned Ti** and Ti*" states at the previously
mentioned binding energies which dominate the spectra. In all cases Ti*" is the dominant

species followed by Ti*" and then Ti*".
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Figure 3.13 High resolution XPS scan of the Ti 2p region showing all stages of treatment for
a TTIP plasma grown sample.

Following subsequent exposure to atmosphere all samples see a drastic reduction in Ti*" and
Ti components with their composition being made up almost entirely of Ti*'. This is key
information from an in-situ perspective as it shows the true state of the titania films in
atmosphere following plasma annealing and the significant degree of re-oxidation upon
atmospheric exposure. An example of the effect of annealing treatments is shown in Figure
3.13 where TTIP plasma grown titanium oxide films at all stages of treatment show the
change in state of the Ti 2p state for each stage. The remaining growth processes at all stages

of treatment are shown in Figure 3.14 and shows that PEALD grown plasma annealed
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samples remain at higher binding energy compared to the as deposited and air annealed
samples due to the main formation of silicates having taken place during film growth rather

than annealing.
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Figure 3.14 Ti 2p core level spectra for all growth processes and treatment stages aligned to
the Si 2p peak at 99.4 eV.

Along with plasma annealing in vacuum, layers grown via all processes were exposed to an
atmospheric anneal and were also analysed using XPS. This annealing treatment results in
Ti existing predominantly in the Ti** state with TD-T and TT-P exhibiting marginal
contributions of Ti*" and TT-T presenting Ti*". This is in line with what is to be expected, the

plasma anneal being the reducing environment causes the formation of oxygen vacancies
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resulting in the Ti** and Ti?>*. Annealing in atmosphere results in the Ti film moving towards
a more stoichiometric state, which occurs due to the formation of a significant contribution
of silicate which causes the BE to decrease relative to what would be expected for a typical

Ti*" dominated film.
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Figure 3.15 XPS high resolution spectra of the Si 2p region showing the evolution of the
oxide peak with each stage of sample treatment with bare SiO2 shown for reference.

Figure 3.15 shows typical XPS spectra for the Si 2p core level of titanium oxide films in their
as deposited state, post plasma annealing and post air annealing stages. The presence of
titanium silicates within the films shown in Figure 3.15 is evident from the shift in binding

energy position of the oxide peak which move from higher to lower energy starting from
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approximately 103.8 eV in the case of bare SiO,. The air annealed sample showed the
strongest silicate contribution, with XPS fitting of this peak showing the silicate contribution
to be centred at a lower value of approximately 103 eV which is in line with literature values
33 Briefly looking again to films deposited in a cycle by cycle regime with photoemission
analysis performed between batches of ALD cycles, Figure 3.16 shows the change in binding
energy separation of the Si 2p bulk and oxide peaks as a function of deposition cycles and
includes the post plasma and air annealed sample binding energy separations for all processes.
This binding energy shift is also observed for sequential depositions as is seen from Figure
3.5 (b) where the shift of the Si*" oxide peak to lower BE as a function of ALD cycles and
can be attributed to the formation of interfacial Ti-Si-O bonds during the deposition of TiOx,

which have a lower binding energy than bulk SiO, **,
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Figure 3.16 : For all four growth processes the binding energy separation of the silicon oxide
and bulk peak positions is shown as a function of increasing number of cycles for sequentially
grown samples as well as positions for continuously grown 2 nm films following post
deposition annealing in vacuum and ambient air conditions.

In the case of TTIP via both PEALD (Figure 3.8) and TALD (Figure 3.7), XPS core level
spectra clearly show the presence of Ti 2p3» and Ti 2p;2 peaks after the first half cycle. For
TDMAT both processes (PEALD Figure 3.6 and TALD Figure 3.5) show the presence of the
Ti 2p12 peak whereas the Ti 2p3.» signal-to-noise ratio (SNR) is too low to clearly distinguish
its precise position. However, it confirms that for both precursors and deposition processes
that growth initiates as early as the first reactant dose. Additionally, during nucleation the Ti

2p peak exhibits high binding energy suggesting the dominance of the Ti*" state before
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shifting to lower binding energy with increasing ALD cycles during a sequential growth
investigation. The shift is evident from Figure 3.16 and it is seen to approach a limiting value
in all process following 25 ALD cycles. A similar finding was reported by Methaapanon et
al wherein the shift of the Ti 2p peak was shown for TiCls samples grown via TALD with
an approximate shift of the peak of 0.5 eV **. In the case of the TDMAT and TITP precursors
investigated here we observe that for samples grown via PEALD the Ti 2p peak shifts by
~0.85 eV with TALD samples shifting by ~0.43 eV similar to that shown in the afore
mentioned literature value. The behaviour of both the Si2p and Ti2p peaks during early stage
depositions can be explained by Si-O-Ti silicate bonds which form at the Si — Ti interface **.
The binding energy positions of both peaks reduces from that of the stoichiometric 4+ oxide
in both cases, in line with the reduced electronegativity of silicon and titanium when
compared with oxygen. The behaviour is consistent with that in Figure 3.16 where the
saturation of the BE separation is shown at ~ 25 cycles as well as with Figure 3.17 where at

25 ALD cycles the shift in BE of the Ti 2p3/2 also stabilises.
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Figure 3.17 Shift of the Ti 2p3/2 peak binding energy position from 1-25 ALD cycles.

In the case of the O ls spectra shown in Figure 3.18 three discrete chemical states were
identified. For all deposition processes in their as deposited state Figure 3.18 (a), the
dominant peak corresponded to Ti - O bonding centred at approximately 531 eV. Plasma
enhanced ALD processes yield a slightly lower binding energy, likely due to the formation
of more titanium silicate and silicon suboxides than the thermal processes.

The peak observed in the O 1s spectra at 532 eV is attributed to remaining SiOx contribution,
which is in line with prior reports 2° *°. Following H» plasma annealing Figure 3.18 (b) the
oxygen peaks are observed to converge and align to 531 eV, whereas following air annealing

a shift of all O 1s peaks to lower binding energy is observed. This is consistent with the Ti
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2p spectra highlighted earlier, in that the reducing environment of the vacuum plasma anneal
causes the creation of oxygen vacancies in the film which results in the Ti** and Ti*" states.
Whereas in the air annealing treatment Figure 3.18 (c) the abundance of oxygen in the
atmosphere allows for the conversion of the film to Ti*'. In the as deposited state not all
processes showed their O 1s to be precisely aligned to O in TiO2 and only after annealing in

air did they conform suggesting incomplete reaction during the ALD deposition process.
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Figure 3.18 O Is spectra of (a )as deposited, (b) plasma annealed and (c) air annealed
samples showing the shift in oxygen binding energy as a function of their annealing
environment.
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3.3.3 Photoelectrochemical Testing

Following verification of film thickness using ellipsometry and XPS, 2 nm thick TiO; films
were subjected to PEC testing to study the influence of ALD process parameters and post
deposition annealing treatments on their electrical performance. A thickness of 2 nm has
been widely identified as being an optimal thickness for photoanode performance
¢ 36

enhancement °°. Chronoamperometry tests were carried out using an applied voltage of 1 V

vs Ag/AgCl which corresponds to 1.67 V vs the reversible hydrogen electrode (RHE), over
a period of 100 seconds. Linear sweep voltammetry tests were carried out from 0 —4.17V vs
RHE. Figure 3.19 shows the voltammograms for all deposition processes which corresponds

to Figure 3.20 by displaying the current density measurements with matching data symbols.
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Figure 3.19 Linear sweep voltammetry measurements for all processes and treatment stages
(a)TDMAT PEALD, (b) TDMAT TALD, (c) TTIP PEALD and (d) TTIP TALD.
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As a means of data simplification for the display of the peak performance of all sample
processes and stages of treatment, Figure 3.20 shows the current density of each sample at
1.23V vs RHE for all four processes. It is clear from this figure that all growth processes
benefitted greatly from post deposition annealing treatments, with the air annealing showing
the most significant increase when compared to the as deposited samples. Prior to annealing
neither precursor, nor the choice of plasma enhanced, or thermal ALD appeared to show

consistent improvement performance over the others.
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Figure 3.20 Cyclic voltammetry measured photocurrent at 1.23 V vs. RHE as a function of
sample treatment stage. See Figure 3.21 for additional information.
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Examining the TiO> films in their as deposited state shows a significant degradation in
photocurrent over the short 100 second testing period, the extent of this degradation is shown
in Figure 3.21 wherein the amperometric performance all films in their as deposited, post
plasma anneal and post annealing in atmosphere states are shown. This highlights the
necessity for post deposition film treatments to stabilise currents and sustain high current
output over an extended period of PEC operation. Most importantly from Figure 3.21, a
significant improvement in sample stability is seen in air annealed samples when compared
to their plasma annealed counterparts. This a good demonstration of the superior
performance, both in terms of gross current output along with ability to sustain this increased

output, of annealed over as deposited counterparts.

This is followed by the plasma annealed sample which exhibits a high initial output current
however, its output rapidly decreases after just 10 seconds of testing before beginning to
stabilize at approximately 70 uA/cm? The H> plasma annealed sample stability shows
improved performance over as deposited films when comparing start and end current output
as an indication of stability. Although beginning at an initially high current competing even
with that of the plasma annealed sample, the as deposited film showed a sharp decrease in

current density in as little as 20 seconds.
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Figure 3.21 Exemplar amperometric curves from all treatment stages of (a) TDMAT PEALD
(b) TDMAT TALD (c) TTIP PEALD & (d) TTIP TALD illustrating that air annealed samples
exhibit the greatest and most stable current output.

These stability improvements are in line with findings from Hannula ef a/ where they show
vacuum annealing of titania films at 500 °C results in superior performance than is achieved
by similar films which have received plasma annealing, no anneal or annealing at a reduced
temperature of 400 °C . All processes exhibit results which follow this pattern of air
annealed samples outperforming the alternate treatments. It is worth noting that these concise
evaluations offer limited insights into the long-term reliability of the protective films in

question. Their primary purpose of these PEC stability tests within this work lies in
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comparing the initial phases of each respective film rather than establishing extended

reliability and stability benchmarks.

This PEC testing illustrates the performance enhancements obtained through applying post
deposition treatments, with the air annealing of all samples producing the highest current

output for all deposition processes.

163



3.4 Discussion

Overall, H> plasma annealing results in an almost 3x increase in photocurrent over as-
deposited samples and a 4x increase in the case of air annealing. In the context of the XPS
analysis in this work, we have shown significant differences in the spectra of all elements
following annealing. In the context of plasma annealed films, the main observation is the
presence of a 2+ and 3+ component in the Ti 2p spectra indicating the presence of oxygen
vacancies in the films. Improved charge transport through insulating and semiconducting
films is often linked to oxygen vacancies in the material. Density functional theory
calculations, performed using Quantum Espresso*, show that removing an oxygen atom from
the TiO; unit cell yields an increase in Ti d and O p states approximately 0.5 eV above the
water oxidation energy, shown in Figure 3.22, which would explain the increased
photocurrent observed in Figure 3.21 for the H> plasma annealed samples which causes a
reduction of the TiO,. XPS valence band spectra (not shown) confirm an increased density

of states approximately 2 eV above the Fermi energy.
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Figure 3.22 Density functional theory calculations produced using Quantum Espresso show
that the removal of an oxygen atom from the TiO: unit cell yields an increase in Ti d and O
p states approximately 0.5 eV above the water oxidation energy.

However, this does not explain why air annealing should further increase the photocurrent,
as we have shown that air annealing yields stoichiometric TiO2 with no mid-gap states

present.

The main difference in the film chemistry between the plasma and air annealed samples can
be concluded from an analysis of Figure 3.15 and Figure 3.16. There is a significant increase
in titanium silicate growth following atmospheric annealing, and the binding energy
separation between the silicon bulk and oxide peaks reduce by approximately 0.2 eV. The
binding energy position of the Si 2p oxide peak is similar to that of films grown by plasma

enhanced ALD with no annealing treatment.

From this we can conclude that we see more titanium silicate growth during PEALD than

thermal ALD, but an atmospheric anneal results in significant silicate growth regardless of
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the deposition process. When comparing the area of the bulk and oxide peaks for the air
annealed sample in Figure 3.15, the relative areas are consistent with what one would observe
for an SiO; film of approximately 2 nm, suggesting that there is almost complete conversion

to titanium silicate.

While it may sometimes be the case that plasma enhanced processes may proceed
satisfactorily with low remnant precursor incorporation and therefore low carbon
incorporation within the deposited film this may not always be the case as was observed
within this work, with the temperature used for plasma enhanced processes being marginally
elevated versus that of the thermally grown counterpart. It has been previously reported
within the literature that plasma enhanced processes may suffer from poor growth nucleation
at lower temperature which is contradictory from the expected outcome and has been shown
within the literature and within this work *’. Furthermore, precursor molecules are highly
complex, and their reaction mechanisms vary widely even for those engineered to yield the
same resultant compound. For example, this is well highlighted by Astanasov et al wherein
TiO; films are prepared via thermally enhanced ALD using TTIP and TiCls precursors using

H-O as the co-reactant >®

. Within this report it is shown that their precursor materials exhibit
opposing growth characteristics with TiCls showing a decrease in GPC as a function of
increasing deposition temperature while the opposite is true for TTIP. This shows the
complexity of the ALD deposition process and high degree of variability of behaviour of the
technique from process to process and makes characterising precursors and deposition

processes before performing investigations important rather than relying on theoretical

assumptions of potential deposition characteristics and dependencies.
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Therefore, during early testing and precursor characterisation it was deemed that plasma
enhanced processes benefitted from the higher temperature of 270 °C such as to ensure no
precursor condensation was occurring which would be contributing to excessive carbon
incorporation which is undesirable particularly for PEC testing purposes and as such a
temperature at the higher end of the ALD temperature window for PEALD processes was
selected *’. This temperature selection is within the range suggested in the literature with Lee

et al reporting on a PEALD TTIP deposition temperature window of up to 300 °C *’.

From Table 3.1 presented earlier it can be seen that the deposition recipes varied across all
precursors and deposition methods. This was necessary in order to obtain acceptable and
comparable film stoichiometry, quality and thickness which required modifications of the
deposition parameters for all. It is deemed more vital within this work to prepare films of
comparable nature rather than assessing the films based on identical growth parameters
regardless of the implications on the overall films produced. Precursors were under
examination for their performance as protective layers rather than for their performance at
an exacting set of deposition parameters which all must satisfy as such is not the nature of

the technique and therefore recipes varied across all processes.
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3.5 Conclusion

The presented results detail an in-sifu study on the deposition of amide and alkoxide based
precursors grown via PEALD and TALD processes, in contrast to some previous literature
reports which detail only the comparison of two precursors for a single growth process or
vice versa. Characterisation of these deposition processes with in-situ XPS allows for unique
understandings of film chemistry in their as deposited states without the added complexity
of film contamination via atmospheric exposure while sequential growth of all processes
allowed for precise monitoring of film nucleation.

The primary variations in stoichiometry of deposited films between the plasma and air
annealed sampled showed a significant increase in the growth of titanium silicate in samples
which received the air annealing treatment. This is highlighted by the reduction in the Si bulk
and oxide binding energy separation by approximately 0.2 eV. The relationship between the
development of titanium silicate and enhanced photoelectrochemical effectiveness and
stability indicates that achieving maximum photocurrent from silicon photoanodes, which
are shielded by ultra-thin films, necessitates a high-temperature annealing process that allows
for the transformation of the mixed phase material into titanium silicate. Furthermore, after
undergoing such a treatment, films produced using both precursors and through both atomic
layer deposition (ALD) techniques become chemically indistinguishable. The application of
post deposition annealing treatments were revealed through photoelectrochemical testing to
enhance both current output and stability under test conditions. Of the annealing treatments,
air annealing at 500°C for 1 hour yielded both the most stable and efficient titania films
grown from either precursor material and deposition process with plasma grown films

showing only marginally higher current outputs versus thermally grown films.
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4 Plasma Enhanced Atomic Layer Deposition of Nickel and Nickel

Oxide on Silicon for Photoelectrochemical Applications

4.1 Introduction

Nickel oxide (NiO) has attracted a great deal of attention for its use in PEC water splitting
as well as a hole transport layer (HTL) for perovskite solar cells (PSCs) thus warranting
additional understanding of its growth chemistry and performance characteristics 2. The
effect of post deposition annealing treatment parameters and their implication on film
properties and subsequent performance is also of interest in such fields ®. Interest in NiO in
the fields of PSCs and PECs stems primarily from its ability to provide enhanced device
stability, decreased absorption losses and its ease of deposition commonly achieved using
plasma enhanced atomic layer deposition (PEALD) . Furthermore, its suitably wide bandgap
of 3.4 — 4eV for light transmission coupled with suitable energy level alignment which
facilitates hole transportation makes this transition metal oxide one of relevance within the
field °.

NiO is highlighted within the literature as having potential to be implemented in PEC water
splitting setups as a surface coating for n-Si photoanodes typically being applied for its
electrocatalysts properties as detailed by Sun et al. however, He et al also report on the
application of NiO for its potential as a protective layer in which thin films were deposited

) &7. As mentioned earlier within the Introduction section,

via pulsed laser deposition (PLD
Si is not the only photoelectrode substrate material of interest with others such as GaN also

under investigation with NiO also being applied to this alternative as reported by Kang et al

wherein NiO cocatalyst was applied via chemical vapor deposition (CVD) to doped GaN 3.
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NiO has also been deposited in non-planar form as reported by Babar et al wherein NiO
nanoflakes were spray-coated onto FTO glass slides °.

While a great many studies have been reported on the application of NiO for its application
in water splitting PEC systems, the majority detail its efficacy purely with regard to its
performance as an electrocatalyst with few exploring its potential as a protective film such
as to protect the underlying photoelectrode rather than purely seeking to enhance gross
photocurrent output. Furthermore, fewer still offer detailed analysis with a focus on in-situ
cycle-by-cycle early-stage nucleation studies to gain in-depth information on the growth
kinetics and the development of the very crucial interfacial region between the underlying
substrate and any applied coating. This chapter details an in-line x-ray photoelectron
spectroscopy (XPS) analysis of the growth of bulk ALD grown Ni films with additional focus
on the nucleation of ultra-thin (ca. 2nm) Ni films on Si using Bis(cyclopentadienyl)nickel(II)
or nickelocene (NiCp2) as the chosen precursor. Films were grown via PEALD. The effect
of various growth parameters such as deposition temperature, reactant and co-reactant dose
times are detailed.

Films are characterized using in-situ XPS to avoid undesirable and often misleading effects
of atmospheric contamination of deposited films. Nucleation of NiO was studied through a
sequential growth experiment which involved performing a half cycle of ALD followed by
XPS scanning. This was repeated for every half cycle up to 5 ALD cycles in total then
proceeding with regular full cycles for the remainder of the film deposition. This approach
allowed for the analysis of the early-stage growth at the Ni-Si interface during the first 5

cycles.
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Argon milling was also utilized to study and confirm the composition of deposited NiO films.
Analysis of the impact of post deposition plasma annealing treatments on film stoichiometry
and electrochemical performance is shown in addition to that of plasma annealing steps
interspersed within the film growth recipe in so-called ‘supercycles’.

The effect of applying post deposition annealing treatments to deposited films as well as the
optimization of the deposition recipe used in the study are also presented. There is little to
be found in literature reports on the performance of Ni- metal in water splitting applications
and as such this has been explored to determine its efficacy. Deposited oxide and metal films
are tested under simulated sunlight conditions to study their performance as water splitting

photoelectrodes.
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4.2 Experimental

4.2.1 ALD of NiO

n-Si (100 p = 5 — 9Qcm?) N(Phos) doped reclaim grade wafers were purchased from PI-
KEM Ltd. The 4-in. diameter Si of centre thickness from 425 — 550 um were cleaved into
2.5 x 2.5 cm? squares before being loaded into the ALD system in their as received state
after being blown with N> to remove Si particles created during the cleaving. NiO deposition
was performed via PEALD in the Oxford Instruments FlexAl ALD Reactor using
Bis(cyclopentadienyl)nickel(I) (nickelocene STREM 99%) and a 300 W Oz-plasma as the
reactant and co-reactant species respectively, with N> as the carrier gas. A 300 W hydrogen
plasma of varying duration was applied for mid-recipe and post deposition annealing where
required. Substrate temperatures of 200, 250 and 300 degrees were applied to determine the
ALD window for nickelocene in the reactor.

Reactant dose lengths of 0.25 — 5 seconds were investigated to establish precursor dose
saturation while O-plasma steps of 1-15 seconds were similarly tested. Growth per cycle
(GPC) rates were also determined using these investigations. These saturation curves and
GPC rates combined with ALD tool manufacturer suggested parameters and literature reports
aided in the selection of final process parameters used for subsequent sequential and
continually grown films. A form of sequential ‘supercycling’ was carried out in an effort to
explore methods of depositing Ni-metal. The supercycle involved 4 standard ALD cycles of
reactant and co-reactant using the parameters shown in Table 1, followed by a 5-minute 300
W Hz-plasma anneal. The precursor bottle, manifold, lines, and chamber walls were set to

90, 65, 75 and 120 °C respectively.
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This series of 4 deposition and 1 annealing step was continued for a total of 20, 40, 80 and
finally 120 cycles with XPS scanning performed between these steps to study the film
formation during its growth. The same was performed with XPS scanning only following the
full 120 cycles. A deposition of 250 cycles with identical parameters to those used in the 120
supercycle process was carried out however cycles were completed in 50 supercycle batches
with 15 minutes of plasma annealing performed following each 50 cycles and scanned after
each annealing step. Again, the same 250 cycles process was subjected to the same total
amount of annealing of 75min at the end of the deposition to compare the effect of the same
amount of time of anneal at the end of deposition versus interspersed in the deposition and

its effect on the resulting films.

Table 4.1 ALD process parameters used for the deposition of thin films in this study.

Variable (s) Value
Precursor Dose 5
Precursor Purge 4

Gas Stabilization 6
Co-reactant Dose 10
Co-reactant Purge 1
. 250
Deposition Temperature °C

4.2.2 Characterisation Techniques

In-line photoemission analysis was performed on films post deposition as well as post plasma
annealing treatments and photoelectrochemical cell testing. XPS allowed for the
determination of film composition as well as a method of real time thickness approximation.

XPS was carried out using a Scienta Omicron (Monochromated Al Ka source 1486.74 eV,
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6.5%x 1077 Pa base pressure) with a 128 channel Argus CU detector. As discussed
previously, the XPS is coupled via vacuum held robotic wafer transfer system allowing for
sample transfer between XPS and ALD in less than 1 minute without the need for vacuum
break and unwanted contamination of wafer surfaces. Wide energy survey spectra as well as
high resolution narrow window spectra were taken with step sizes of 1 and 0.1 eV
respectively. Analysis was performed using A Analyser peak fitting software with a Shirley-
Sherwood background and Voigt profiles applied '°. All spectra were shifted such that the Si°
2p3/2 component was placed at 99.4 eV binding energy (BE)!! 13 .

Thickness values were approximated mathematically using the Thickogram method !4, which
by measuring the suppression of the substrate peak as a function of the deposition of an
overlayer and knowing material properties such as electron mean free path allows for
thickness approximations. The method was derived to compare peak intensity of a substrate
and overlayer peak for a given take off angle which when combined with the effective
attenuation lengths (EAL) of the materials in question allows for the determination of the
thickness of the overlayer based on the mean free path of the substrate electrons in the
overlayer material. EAL values were obtained from the NIST EAL database with the XPS
relative sensitivity factors being taken from the database of empirically derived atomic
sensitivity factors '°. In order to verify the accuracy of the Thickogram method, film
thicknesses were also measured using an ex-situ ellipsometer, which showed that
Thickogram obtained thickness approximations were satisfactory. Spectroscopic
ellipsometry was carried out using a Woollam XLS-100 multi-wavelength system. XPS scans
were carried out after 0, 2 4,6,8,13,18,23 and 33 minutes of milling using a Focus GmbH

FDG 150 Ion Source at 3.5 keV and a pressure of 3 X 10™>Pa.
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Photoelectrochemical cell testing of films in order to measure the comparative chemical
stability and photocurrent output of the deposited films was carried out in the Redoxme AB
MM 15 ml double sided photoelectrochemical cell (PEEK constructed body, in 3 electrode
configuration) with Pt counter electrode (99.9%) and a Ag/AgCl (1 mol/KClI) reference
electrode. The electrolyte solution used was a 0.5 M phosphate buffer solution (pH 7.4) with
the electrodes being irradiated with 1000 Wm™= AM 1.5 G simulated sunlight supplied by an
Oriel Instruments xenon arc lamp. Samples were irradiated in the PEC cell in a top-down
configuration with 1 cm? of exposed sample surface. I-V linear sweep voltammetry PEC tests
were performed to determine the photocurrent density of deposited films to screen their
effectiveness as photoanode materials with this test sweeping from -0.7 — 3.5 V vs Ag/AgCl.
Samples were also subjected to chronoamperometric testing at 1 V vs Ag/AgCl for 1000

seconds such as to determine the chemical stability of films under PEC conditions.
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4.3 Results & Discussion

4.3.1 XPS Characterisation

4.3.1.1 Cycle-by-Cycle Growth Chemistry

XPS was carried out on Ni films at all stages of deposition and treatment from as deposited,
post plasma annealing, and following exposure to atmosphere such as to investigate the state
of Ni films in these environments before any photoelectrochemical testing. Prior to
depositing Ni films for characterisation and later PEC testing, an investigation into acquiring
optimal deposition parameters for the ALD FlexAl system such as the NiCp» dose time was
performed. The saturation point was determined using a combination of ex-situ ellipsometry
alongside the complementary Thickogram method of thickness approximation through
monitoring the ratio of the Ni 2p overlayer peak with that of the substrate Si 2p peak
analyzing its rate of attenuation as a function of increasing ALD cycles and therefore
overlayer film thickness. An initial substrate temperature of 250°C was chosen for
characterisation studies which is within the ALD window for PEALD of NiO from
nickelocene and O> plasma and provided a suitable starting temperature for nucleation
studies '®!8, This temperature was used during the acquisition of reactant and co-reactant
saturation curves as shown in Figure 4.1, such as to characterise the nickelocene precursor
on the ALD system being that variations in chamber geometry between ALD systems can
influence film growth rates. It can be seen from Figure 4.1 that film thickness increases
sharply with increasing reactant dose time up until 3 s wherein the growth rate begins to
diminish. Based on the dose saturation curve and owing to relatively low levels of carbon
incorporation within deposited films of approximately 4%, reactant and co-reactant dose

times of 1 s and 10 s respectively were chosen for all further film depositions.
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Figure 4.1 Nickelocene reactant dose time saturation curve for 100 cycle processes from 0.25
— 5 s doses, with the co-reactant dose time set at 10 s. Error for these ellipsometry thickness
measurements was determined through calculating the standard error of the mean value of
three individual measurements for each sample.

The co-reactant dose of 10 s selected based on ALD recipes within the literature as well as
saturation studies performed within this work as shown in Figure 4.2 and was shown to yield
a suitable growth rate, film stoichiometry and efficient sample processing time '°. The film
growth rate as a function of increasing O2 plasma coreactant dose duration is not the typical
plateau which is often observed in ALD precursor recipe characterisation studies this is due
to an effect called soft saturation 2°. For both the nickel and plasma coreactant dose
saturations the measured experimental results seen in Figure 4.1 and Figure 4.2 are in line

with those expected based on reports within the literature %1723,
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Figure 4.2 O2 plasma co-reactant characterisation showing soft-saturation behaviour. Error
for these ellipsometry thickness measurements was determined through calculating the
standard error of the mean value of three individual measurements for each sample.

To gain further insight into the early-stage growth kinetics of the Ni deposition process,
sequential PEALD depositions were performed and analysed throughout the process at
regular intervals using XPS. These measurements focused on the Si 2p, O 1s, Ni 2p32 and C
Ls core levels such as to closely monitor the film growth and to identify any evidence of
additional oxidation states or silicides in the case of the Ni peak. The formation of oxidation
states is of particular relevance due to the hole transport to the electrode surface relying
heavily on the interfacial chemistry between the overlying Ni protective layer and underlying

Si substrate.
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The characterisation of the precursor within the ALD system allowed for the investigation of
the nucleation of NiO thin films for a variety of substrate temperatures consisting of 200,
250 and 300 °C. Guided by literature reports and combined with investigations within this
study of both higher and lower substrate temperatures, 250 °C was found to be the optimal
deposition temperature. This is based on growth per cycle deposition rate as well as
stoichiometry evaluations finding remnant carbon incorporation to be sufficiently low in the
sub 5% following variations in recipe parameters to reduce this and was therefore chosen for
the remainder of the depositions performed throughout.

The films used in the investigation of nucleation were grown via sequential deposition. This
consisted of performing half-ALD cycles of alternating reactant and co-reactant up to a total
of 5 full ALD cycles with in-situ XPS scanning after each half cycle. An additional 5 full
ALD cycles were performed on the existing 5 to bring the sum to 10 cycles with XPS
scanning performed at this stage as well. Cycles were then performed in batches of 10 full
ALD cycles at a time with XPS scanning after each batch until the final total of 100 cycles
was reached.

An example of these nucleation studies is shown in Figure 4.3 and Figure 4.4. It can be seen
from Figure 4.3 that the sample shows measurable quantities of Ni following 3 full ALD

cycles from the elemental compositions obtained using XPS.
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Figure 4.3 Elemental compositions of 250 °C grown sample substrate with inset enhanced
view of the initial half cycles.

These compositions were calculated using XPS measurements, an example of which seen in
Figure 4.4 which confirms this with the evolution of the Ni 2ps» peak as a function of
increasing ALD cycles. Sequentially grown films allowed for the determination of growth
per cycle (GPC) rates for the deposition recipe used which later facilitated accurate

deposition of a desired film thickness.
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Figure 4.4 High resolution narrow energy region XPS spectra showing sequential growth of
NiO with evidence of nucleation delay verified with growth undetectable before 3 ALD cycles
with area highlighted indicating BE shift of Ni peak from early thru to final ALD cycle.

XPS analysis of the sequentially grown Ni film shows the first detectable Ni 2p signal
appeared at 856.1 eV following 3.5 ALD cycles and shifts gradually to lower BE over the
course of the deposition to the position of NiO at 854.2 eV illustrated in the yellow window
in Figure 4.4, a BE position which is consistent with literature reports *’. This BE shift
over the course of the film deposition is indicative of the complex interaction between the
first few monolayers of Ni-containing species with the underlying Si substrate. A similar
effect is observed in the Si 2p peak with the oxide BE position starting out at 103.6 eV for
bare untreated reference Si substrate which, over the course of the deposition shifts to the

lower BE position of 102.9 eV at the peak maximum. This shift of the oxide component in
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the Si peak is a further indication of the strong interactions between the Si and Ni. The
formation of suboxides at the Si/Ni interface results in the suppression of the bare Si oxide
peak as a function of ALD cycles as the presence of these suboxides, silicates, or silicides
becomes dominant in that BE region. The extent of the BE shift of the oxide component of
the Si 2p peak is illustrated in Figure 4.5 (a) wherein normalized XPS spectra of a bare Si
reference sample is compared to that of 100 cycles of NiO as well as the tracking of the BE
shift over the full course of the sequential deposition. Figure 4.5 (b) tracks the BE shift of
the Si oxide component as a function of ALD cycle with the inset showing a detailed view
of the early half cycles where we observe the BE of the oxide decreasing following each co-
reactant pulse while the reactant dose causes the BE to increase relative to the previous co-
reactant half cycle. While counterintuitive, this suggests that NiCpz doses promote a reaction
at the interface which causes the breaking of some Ni-O bonds, with the released oxygen
bonding to Si. It is possible that this is accompanied by the formation of Ni-Ni bonds, but
the Ni2p signal is too weak to confirm this. Subsequently, during the oxidation step the
donation of oxygen to nickel and reduction of the silicon oxide appears to be occurring. The
similar electronegativity of Si and Ni and the instability of the respective suboxides support
the hypothesis that oxygen is routinely transferred between the elements. This result was

observed for all substrate deposition temperatures of 200, 250 and 300 °C.
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Figure 4.5 (a) Normalized XPS spectra of bare reference Si substrate vs 100 cycles of NiO
(b) Si 2p oxide BE as a function of Ni ALD cycles.

The evolution of the O 1s peak is depicted in Figure 4.6 as a function of increasing number
of ALD cycles for the same sequentially grown samples. In the O 1s spectrum the two
primary peaks observed are at approximately 533 eV corresponding to oxygen present in the
substrate and 529 eV as a result of the oxygen in NiO. The intensity of the O 1s peak
corresponding to SiOx can be seen to rapidly decrease as it is attenuated as early as the first
half ALD cycle and then increase, while shifting to lower BE, indicating significant
restructuring at the interface with the substrate. At lower BE, the NiO contribution is seen to
increase steadily throughout the deposition, becoming measurable after approximately 10

full cycles.
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Figure 4.6 Ols XPS high resolution spectra as a function of increasing ALD cycles for
sequentially grown NiO at 250 °C substrate temperature.

4.3.1.2 Post Deposition Annealing to Form Metallic Ni

Films were removed from vacuum and stored in atmosphere before being rescanned to
determine the extent of atmospheric contamination, prior to being subjected to a series of
plasma annealing stages in an effort to reduce the film to Ni-metal. A 20 and 40 minute 300W
H; plasma anneal was carried out at 250 °C with in-sifu XPS analysis performed before and
after. Samples were removed from vacuum and exposed to atmosphere then reloaded for
XPS analysis one final time to determine the extent of sample contamination and

susceptibility to carbon incorporation and re-oxidation post plasma annealing.
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Figure 4.7 High resolution normalized XPS spectra for all stages of treatment on the same
sample (a) Ni 2p (b) Si 2p. In (b) the BE positions of the Si’ and Si** are shown for reference.

Figure 4.7 shows the XPS spectra throughout all stages of treatment. High resolution spectra
of the Ni 2p peak verifies the presence of NiO with the peak centered at 854.2 eV as expected
shown in Figure 4.7 (a). Films subjected to H> plasma annealing for 20 minutes are largely

reduced to metallic nickel as shown in Figure 4.7 (a) with the Ni 2p3. BE centered at 852.9
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eV separated by 18 eV from the Ni 2p;» component at 870.1 eV. The Ni metal 2p3/,> peak is
observed at 852.9 eV which falls within the literature range of 852.7 eV + 0.4 eV 8%,
Following the 40-minute H> anneal there are no significant improvements in the reduction
of the film seen compared to the 20 minute process but rather results in a considerable etching
effect on the film shown by the reemergence of the Si 2p peak following this treatment.
Additionally, the 40-minute annealed sample appears to reintroduce the presence of the NiO
component seen in the as deposited state at 854.2 eV and 861.2 eV which may suggest that
although receiving an extended plasma annealing stage, 20 minutes was not sufficient to
reduce the bulk film in its entirety. It is clear from the 20-minute plasma annealed sample
that there are remnants of the NiO features in the Ni 2p32 component still present which
further indicates that the film was not fully reduced, potentially suggesting that some fully
or partially oxidized nickel remains deeper within the film with only the surface of the Ni
film being reduced fully. The 40-minute annealed sample is seen to uncover these buried
features through removing the overlying metallic Ni through film etching, which is
confirmed as mentioned by the reappearance of the Si film upon completion and uncovering
the underlying Ni silicate which appears more stable and therefore more difficult to reduce
due to it remaining even following the extensive plasma annealing.

Figure 4.7 (b) shows the high-resolution spectra for the Si 2p region as a function of sample
treatment over the course of the plasma annealing investigation, with that of a bare Si sample
included for reference. All data has been shifted to align the bulk to 99.4 eV . It is clear
when looking at the as deposited film as well as that of the film post-exposure to atmosphere

that there is a significant shift of the higher BE oxide peak to a lower BE suggesting the
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presence of additional Si oxidation states as seen from the deconvolution shown in Figure

4.8.
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Figure 4.8 High resolution XPS spectra and peak deconvolution for various stages of sample
treatment for the 250 degree substrate temperature sample.

Beginning from bare Si with the expected single 4+ oxidation state at 103.8 eV, the silicon
oxide component in the as deposited film is seen to be dominated by 3+ and 2+ oxidation
states at 102.5 eV and 101.3 eV respectively with that of the 4+ being diminished almost into
the noise. Upon exposure of the film to atmosphere, the peak intensity as a whole is
diminished due to carbon contamination on the films with the 4+ seen to be suppressed and
the increased contribution from the 1+ state at approximately 100.6 eV. 20 minutes of plasma

annealing is sufficient to remove this 1+ oxide component and only that of the 2+, 3+ and 4+

192



components are observed. The 40 minute anneal, further reduces the contribution of 2+ oxide
with the film now dominated by the 4+ and 3+ states. Robust deconvolution of XPS spectra
of Ni is found to be highly complex owing to the numerous satellite features present within
the peak envelope in addition to their tendency to overlap one another making indisputable
assertions on their identification difficult. This is reflected within the literature with many
reports presenting deconvolution of the Ni 2p 3, region solely with little or no analysis of
the Ni 2p;» region ?°. Furthermore, general consistency within the literature on the quantity
of fit peaks within the envelope is lacking and there appears an acceptance of deviation of
the data set and the fit envelope with it being cited as a result of the fit complexity of the Ni
region *°2, As such, it is more reasonable to analyse XPS spectra of this region qualitatively
rather than quantitatively due to the inherent unreliability. However, Grosvenor et al present
perhaps the most complete assessment of the fitting of the Ni region which was the basis and
reference source utilized in this work for a satisfactory example of a Ni 2p32 deconvolution

as seen in Figure 4.9 showing only marginal deviation of the fit envelope from the data set

33
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Figure 4.9 High resolution spectra of Ni 2p 3/2 peak showing deconvolution fit for NiO in
its as deposited state.

Figure 4.10 shows deconvolution of high-resolution spectra for the remaining stages of

sample treatment associated with the sample shown in Figure 4.9 above.
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Figure 4.10 Ni 2p XPS spectra showing peak deconvolutions for all stages of sample
treatment with yellow highlighted region indicating the presence of the lower binding energy
component associated with silicide formation.

4.3.1.3 Comparison Between Depth Profiling by Ar Milling and Cycle-by-cycle

Growth

Ar ion bombardment in conjunction with XPS is regularly employed as a method of depth
profiling deposited thin films. In order to compare the depth profile information that our
cycle-by-cycle approach yielded with the more traditional method, we carried out slow Ar
milling coupled with XPS depth profiling on the same films. Figure 4.11 (a) & (c) show XPS

high resolution Ni2p spectra for a NiO film before and after slow Ar milling totalling 33
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minutes. The data appears to show an overlayer of NiO, with metallic nickel metal
underneath, with the predominant peak appearing at approximately 853 eV, the BE expected
with Ni-metal rather than the 854 eV which is consistent with NiO. Ar milling was performed
in short, repeated exposures to a total time of 2, 4, 6, 8, 13, 18, 23 and 33 minutes, with in-

situ XPS analysis after each. Figure 4.11 (d) shows the BE shift from a higher to lower BE

as a function of Ar milling time, indicating a greater metallic contribution as a function of

time.
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Figure 4.11 (a) & (c) XPS high resolution spectra argon milled NiO in its as deposited and
post 33 minutes of sputtering respectively (b) Elemental compositions as a function of argon
milling (d) Contour plot showing film conversion from nickel oxide to nickel metal as a
function of increasing argon milling.

This analysis is consistent with data from Kenney et al wherein the film is reported to remain

metallic below a thin layer of oxide, even following long duration photoelectrochemical
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testing in a harshly oxidizing environment **. However, both our data and that of Kenney et
al shows no presence of metallic nickel before Ar milling, despite the entire film being well
within the sampling depth of XPS. Our sequential growth studies have shown that the films
under consideration are oxidized throughout the growth process, but Ar depth profiling
suggests the presence of metal. NiO films have been shown within the literature to readily
reduce to metallic Ni upon ion bombardment *>. The reducing effect and preferential
sputtering of oxygen in NiO and other transition metals and oxides such as Fe, Cu, Mo and
V is widely reported with MoOs , V205, Fe2Os and CuO being reported to reduce to MoO: ,
V203 , Fe and Cu respectively ***7. Although an inert gas itself, Ar" induces chemical
reactions within the target material and as a result of the high sputtering yield and volatility
of oxygen it is more likely to escape from a bombarded material than heavier atoms of the
same material. As a consequence of these factors, the material undergoes a gradual reduction.
However, the theoretical mechanisms of preferential sputtering in metal oxides are not well
developed or agreed upon fully in the literature. It has previously been attributed to diffusion
of lattice oxygen alongside sputtering enhanced vaporization and thermal sputtering %
Thermal sputtering being that caused through the momentary temperature spike as a result
of incident ions at the impact site. These impact induced temperature spikes have the
capability to result in a range of effects from disordering, stoichiometry alteration and
primarily the sputtering effect *°. A similar reducing effect observed within this work is
illustrated by Chen et al wherein the reduction of the NiO film observed following as little
as 1000 seconds “°. Malherbe et al present a detailed comparison between theoretical and
experimental data on the effects of sputtering of oxides wherein it is reported that although

as mentioned above the process of sputtering is rather complex a broad consensus agree that

197



there are two primary mechanisms which result in the preferential sputtering which are
surface binding effects and mass difference effects *'**. Malherbe goes on to conclude that
the preferential sputtering of oxides may be reasonably quantitatively explained by
Sigmund’s equation for cascade sputtering which shows that the dominant effect for the
preferential sputtering effect is due to the mass difference between the metal and oxygen
atoms *2. The preferential sputtering effect is further discussed and developed by Mende et
al wherein Monte Carlo simulations are compared to XPS obtained experimental data further
verifying this process . Moreover, Betz and Wehner provide a comprehensive overview of
sputtering by particle bombardment with a key finding relevant to this thesis being the
assertion within this overview that multicomponent solids do in fact show preferential
sputtering with sputtering yields of various species within a target material being
disproportionate to their atomic concentrations *4.

Figure 4.11 (b) tracks the elemental composition of the Ni film as a function of Ar milling
time with values calculated using XPS. This shows the rapid removal of carbon during initial
milling stages with the Ni simultaneously increasing during early milling steps due to a
reduction in its attenuation by overlying carbon. Following the first 8 minutes of milling the
Ni signal is seen to diminish due to the etch back of the Ni film. The Si peak is seen to
increase consistently as the Ni film is milled away exposing more of the underlying substrate,
consistent with reports from Kenney et al **. Oxygen is seen to increase initially as C-C bonds
are removed uncovering the underlying NiO before the O in the NiO is preferentially
removed leaving behind Ni-Ni bonds with the remaining O being from SiO> and the
interfacial region of the Ni and Si. This comparison between live ‘during growth’ depth

profiling and traditional Ar milling shows the risks in making assumptions about film
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chemistry using the latter approach. The XPS findings which support the theory of
preferential oxygen sputtering have been verified by computationally using SRIM (Stopping
Range of Ions in Matter) software commonly applied in the simulation of a range of ion
based sample effects from ion stopping and range within targets, ion implantation, ion
transmission and crucially to this investigation it yields simulations on the effects of ion
sputtering *°. An exemplar simulation using the above mentioned SRIM software is shown
below Figure 4.12 highlighting the preferential sputtering effect of O vs Ni as indicated by

the atoms/ion sputtering yield of O being 3.66 atoms/ion compared to the 2.26 atoms/ion of

Ni.
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Figure 4.12 SRIM simulation illustrating preferential sputtering effect of argon ion
sputtering..

4.3.1.4 Ni Metal Growth by Annealing vs. Supercycles

The majority of investigations into Ni with regard to water splitting applications detail only
the performance of NiO 264650 Therefore, we investigate the effect of Ni-metal in water

splitting with metallic films deposited via supercycle depositions. It was observed through
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earlier investigations within this work that NiO films are readily reduced to Ni-metal through
the application of H> plasma annealing post deposition. However, we endeavoured to grow
metallic Ni rather than forming it through the application of this post deposition annealing.
We compare the performance of metallic Ni films deposited in the traditional cycle by cycle
ALD regime with a post deposition H> annealing applied along with so called supercycle
depositions with H, plasma annealing stages interspersed within the ALD deposition process.
This supercycle regime was explored in order to ensure all unreacted remnant carbon-
containing ligands were removed throughout the growth of the film. An additional motive
for the investigation into supercycle depositions was to compare the reduction of films via
post deposition anneals of the bulk film as opposed to the reduction of several monolayers

at a time and the effect, if any, of this on film stoichiometry.

(a) (b)
2500 - —— 120 Supercycles . 10000 - —— 120 Supercycles
—— 120 Post Anneal —— 120 Post Anneal
2000 | — 250 Supercycles J 8000 1 — 250 Supercycles
= —— 250 Post Anneal = —— 250 Post Anneal
8 s
<. 1500 - = 6000 |
5~ =
wv wv
= { oot
3 1000} 2 4000}
£ =
500 - 2000 K
0 . . . . — Ok ; : ; . . . =7
106 104 102 100 98 885 880 875 870 865 860 855 850
Binding Energy (eV) Binding Energy (eV)

Figure 4.13 XPS high resolution spectra showing the 4 supercycle samples in their as
deposited state (a) Si 2p (b) Ni 2p 3.

The 120 supercycle and 120 post anneal samples yielded 2.9 nm and 3.2 nm respectively
while the 250 supercycle and 250 post anneal yielded 5.6 nm and 6.4 nm. From Figure 4.13

(a) showing the high resolution spectra for the Si 2p of the 4 variations of the supercycle
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samples, it can be seen that the 120 supercycle sample exhibits the least attenuated Si signal
due to the marginally reduced GPC when compared to its 120 post anneal counterpart.
Furthermore, the 120 cycle samples both show a reduction in the energy separation between
the bulk and oxide peaks of the Si 2p region due to the reduced film thickness resulting in

smaller attenuation of the lower BE oxidation states in the Si region.

The reduced growth rate obtained through ellipsometry measurements is verified in Figure
4.13 (b) which shows the Ni 2p3,» of the 120 supercycle sample to be decreased versus the
120 post anneal sample. The large attenuation difference seen in the Si peak is verified as
being due to the enhanced growth of the Ni film when looking to Figure 4.14 where the Cls
contribution of the 120 supercycle and 120 post anneal samples are approximately equal.
Figure 4.14 shows that as thickness increases the level of carbon incorporation within the
film continues to rise regardless of being deposited with interspersed plasma annealing steps

or waiting for complete deposition before a final annealing stage.
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Figure 4.14 High resolution XPS spectra for the C Is region of all 4 sample deposition
variations with 250 cycle samples seen to retain larger contributions of carbon within the
deposited film.

Figure 4.15 (a) shows the high-resolution spectra for the Ni 2ps.> region wherein both the
250 supercycle and 250 post anneal samples are seen to form strong lower BE peaks
consistent with the presence of Ni-metal. It also shows a similar trend for both of the 120
cycle samples with the post anneal variant in both cases demonstrating both enhanced growth
and marginal but measurable shift to lower BE. Figure 4.15 shows XPS spectra for the 250
supercycle and post anneal samples following exposure to atmosphere, wherein a rapid

attenuation of the Ni 2p 3. peak is observed alongside the partial conversion of the films
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from Ni-metal to NiO through the oxidation of the film with the post annealed sample

showing greater resistance to oxidation due to its greater thickness.
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Figure 4.15 XPS high resolution spectra showing the 250 supercycle and post anneal
samples in their as deposited states alongside spectra obtained following brief exposures to
atmosphere (a) Ni 2p 3/2 (b) Si 2p.

In summary of the results presented within this Chapter, firstly the characterisation of the
NiCp2 precursor was performed with optimum deposition parameters of substrate
temperature, precursor dose and plasma dose times identified. Nucleation studies were
performed with these optimized parameters and a clear reduction of the silicon bulk-oxide
binding energy separation as a function of increasing ALD cycles was observed indicative of
the formation of nickel silicate over the course of the deposition. These sequential
depositions allowed for the determination of film chemical composition as function of
growth showing the onset of nickel growth following 3 ALD cycles with carbon
incorporation within the film seen to be steady at > 5%. During film characterisation and
depth profiling of deposited NiO films the mechanism of preferential sputtering of the NiO
film removing oxygen thus converting the film to a more metallic state was observed and

developed. Efforts made to deposit metallic nickel a material not often studied within the
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field for its PEC protective capabilities with the post deposition annealing treatment being

shown to yield more metallic nickel versus mid deposition annealing.

4.3.2 Photoelectrochemical Testing

Time degradation PEC testing allows for the investigation of the stability of films under
water oxidation conditions using an electrolyte solution of 50:50 deionized water to
phosphate buffer. Figure 4.16 shows the degradation measurements for the Ni based films
produced in this work with an applied voltage of 1 V vs Ag/AgCl equivalent to 1.65 V vs
RHE and contrasts the application of a post deposition anneal versus the supercycle
deposition with shorter plasma annealing stages carried out during the deposition itself. It
can be seen that the application of the annealing treatment at the end of the ALD deposition
is preferable in terms of gross initial photocurrent output. However, although achieving
significant photocurrent output, both post deposition annealed samples show a sharp decline

over the course of the PEC test duration.
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Figure 4.16 Chronoamperometric (time degradation; 1V vs Ag/AgCl applied)
photoelectrochemical cell testing of supercycle grown Ni films contrasting continuous (thru)
growth followed by plasma annealing with the supercycle method of interspersed plasma
annealing stages during deposition. 120 Super: 120 total ALD cycles with interspersed
annealing stages. 120 Post Anneal: 120 total ALD cycles with the annealing step performed
at the end of the deposition. Dark and light current testing of a 5 nm and 2 nm NiO sample
is also illustrated for comparison.

The supercycle samples exhibit drastically reduced photocurrent output compared to the post
deposition annealed samples. This result suggests film stability is not improved through the
application of the annealing treatments throughout the deposition in the supercycle regime..
For reference and comparison, additional degradation measurements of 2nm and 5nm NiO
films are also shown being that the 120 and 250 cycles are in the thickness range of 2nm and
Snm respectively. It is clear that NiO films perform better in terms of gross photocurrent

output alongside improved film stability at both thicknesses through beginning and finishing
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degradation testing with current output higher than that exhibited by the supercycle, or post

anneal samples a result not previously seen within the literature.
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Figure 4.17 XPS high resolution spectra showing the 4 supercycle samples following
photoelectrochemical cell testing (a) Si 2p (b) Ni 2p 3/

Figure 4.17 shows the XPS high resolution Si 2p and Ni 2p3/2 spectra for the supercycle and
post anneal samples following testing in the PEC cell. This testing and results from Figure
4.17 (b) showing conversion from metal to oxide further verifies the inaccuracy of a previous
report on the effects of Ar sputtering and the protection offered by a metallic overlayer to
underlying NiO 4. Furthermore, it can be seen from Figure 4.17 (a) that the application of a
post deposition Hz anneal yields a reduced Si 2p bulk-oxide energy separation through the
additional presence of sub oxide states compared to that seen in the supercycle deposited
films. From Figure 4.17 (b) it is clear that PEC testing results in the complete oxidation of
the Ni films. This result is most clear from the 250 cycle samples which exhibited highly
metallic peak profiles in Figure 4.13 when deposited however cell testing converts the film

to NiO. Figure 4.15 (a) shows that a highly metallic film even when exposed to atmosphere
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begins oxidizing although not entirely. Only upon being tested under the harsh electrolyte
environment of the PEC cell does the film entirely convert to NiO oxidizing throughout the
film as can be seen clearly in Figure 4.17.

The results shown in Figure 4.16 showing the superior photoelectrochemical performance of
samples which were exposed to a post deposition annealing treatment as opposed to the
supercycle deposition regime is further verified in Figure 4.18 below which shows the linear
sweep voltammetry measurements performed on such supercycle and post deposition anneal
samples. It is observed that for both the 120 and 250 cycle depositions, samples which
received an annealing treatment after the deposition was complete yielded higher
photocurrent density than those subjected to the anneals interspersed throughout the
deposition in the supercycle deposition regime.

These results indicate that the application of plasma annealing stages during the ALD
deposition process are less effective than carrying out this treatment once the deposition has
been completed. This is evident from the enhanced photocurrent of the post deposition
annealed sample to those annealed during the deposition shown in Figure 4.16 and Figure
4.16. From Figure 4.17 a lower binding energy separation between the silicon oxide and
silicon bulk is observed consistent with the presence of suboxides and silicate which could
be providing vacancies within the film which promote the tunneling of holes to the film
surface which although being key to maximizing photocurrent could also be facilitating
oxygen diffusion causing poor reliability. This formation of suboxides and silicate by means
of post deposition annealing is consistent with earlier findings in Chapter 3 which observed

a similar effect of titanium silicate acting to enhance the film performance.
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Figure 4.18 PEC linear sweep voltammetry measurements showing the outward voltage
sweep for both the post deposition anneal and supercycle samples for 120 and 250 total ALD
cycles.
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4.4 Conclusions

Results presented within this chapter show an in-situ study of the PEALD of NiO. The in-
situ XPS characterisation of the deposition process and parameters allows for unique
understanding of the film chemistry in their as deposited states without the additional
complexity of adventitious atmospheric contamination. The growth and study of films
deposited in the sequential regime allowed for detailed understanding of the cycle-by-cycle
growth of the films in addition to accurately monitoring film nucleation delay. The PEALD
process was optimized for the ALD system used within this study. It was shown to yield the
desired NiO films with remnant carbon ligand incorporation observed which was deemed a
result of incomplete reactions during the process, a result which without in-situ XPS analysis
would have previously been labelled as a result of atmospheric contamination.

The application of post deposition plasma annealing on film stoichiometry was studied using
H: plasma. It showed NiO can be only partially reduced to metallic Ni following an extended
20-minute exposure. Supercycle ALD depositions were employed in an effort to produce
pure metallic Ni films from the outset such as to eliminate the requirement for post deposition
treatments which were proved ineffective. However, PEC testing shows these supercycle
deposited films yield enhanced film stability for water splitting applications compared to
films NiO films which had been treated post deposition. Claims of previous reports on the
effects of Ar milling on NiO thin films are explored and found to be inaccurate. Ar milling
is shown within this work to reduce NiO to Ni metal due to the preferential sputtering of
oxygen from the film, this result has previously been mistaken to show the capping and
protective capability of a 2nm film against the oxidation of a metallic film upon atmospheric

exposure.
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5 Investigating the Passivating Performance of Nitrides for
Photoelectrodes through the deposition of CoN

5.1 Introduction

This chapter examines the growth of cobalt nitride (CoN) via atomic layer deposition (ALD).
CoN is a material which has been investigated for a wide range of applications from adhesion
promotion for copper interconnects in the backend of complementary metal oxide
semiconductors (CMOS) processes to the study of inexpensive and non-rare earth materials
for magnetic applications 2.

With oxides having been typically the go-to as photoelectrode candidate materials for some
time, nitrides and carbides have begun to gain growing interest for their potential application
in water splitting >*. This is due to transition metal nitrides (TMNs) exhibiting desirable
characteristics such as high conductivity, resistance to corrosion, and stability over a range
broad pH range >~". CoN is recognised as a material of interest in water splitting which is
capable of catalysing the oxygen evolution reaction (OER) as part of the water splitting
process having shown impressive performance when compared against current benchmarks
within the field ®!7. However, as has been discussed throughout this work, it is the corrosion
of the photoelectrodes in either the HER or OER processes which acts to severely hinder
PEC water splitting performance and as such, protective films must be implemented.

PEC water splitting is long since highlighted within the literature as a promising route to
producing green hydrogen with Pt and Pt-based electrocatalysts being among the best

performing materials to this end. However, Pt is a costly material to used especially when

considering large scale adoption of water splitting and as such the screening and development
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of low-cost HER catalyst materials such as transition metal compounds (TMCs) and
transition metal nitrides (TMNs) 21, TMCs such as phosphides, sulfides and nitrides have
been the subject of a growing amount of research to replace the more costly counterparts
such as Pt helped by their earth abundant, comparably lower cost environmental benignity
22 Among the TMCs, TMNs have gained increased awareness due to their 3 d electron
numbers 2*27. Cobalt nitrides have been shown to exhibit excellent electrical conductivity in
addition to being highly resistant to corrosion 2278,

Various forms of cobalt nitrides in their binary states such as CoN and CoxN have been
highlighted theoretically as well as experimentally to show impressive performance in OER
applications with their application as HER catalysts scarcely reported. This being said, Wang
et al reported on the enhancement of the HER performance of CosN nanosheets via doping
using V, W and Mo #+%,

Due to the potential highlighted within the literature for nitrides to be applied on
photoelectrodes and with the lack of reports detailing the performance of CoN specifically
focusing on detailed analysis of undoped planar ALD grown films *. To this end, it was
deemed worthwhile to perform a systematic investigation of this material’s growth
characteristics through to testing its PEC performance as a protective layer for the p-Si
cathode responsible for the HER. The application of in-situ characterisation by the coupled
XPS system allows for unique insights into the ALD deposition of cobalt nitride with XPS
more specifically HAXPES findings rarely reported on this material for application in PEC
water splitting.

Regardless of application from CMOS processors to PEC water splitting thin films, each

requires a high degree of control over material properties such as stoichiometry and thickness,
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and growth techniques such as ALD are particularly suitable, offering a pathway to control
the films properties such that they can be tailored to individual applications.

Growing cobalt nitride through ALD processing is an interesting field of study. As illustrated
by van Straaten et al.>* in earlier work, the electrochemical potential of cobalt nitride is close
to 0 kJ/mol suggesting the metal should be more stable than the nitride. Using cobaltocene
(CoCp») as the cobalt precursor and NH3 plasma as a co-reactant, their work showed that the
formation of nitride or metal was dictated by the processing temperature, with chiefly CooN
formed at temperatures below 260°C and metal above 350°C and a mixed phase material at
intermediate temperatures. Argon sputtering of the films and subsequent x-ray photoelectron
spectroscopy (XPS) showed bulk nitrogen concentrations of approximately 20% at low
temperatures and little to no carbon incorporation. Reif et al.* also studied cobalt thin film
growth by PEALD, employing cyclopentadienylcobalt dicarbonyl [CpCo(CO)2] as the cobalt
precursor, investigating H>, N>, NH3 and argon plasma doses. Their work shows that an
optimised H2/N> plasma yielded films with approximately 20% nitrogen and very little
carbon incorporation from the precursor ligands, while the use of an NH3 plasma yielded
films with 30% nitrogen but also 30% carbon. Their work however, does not discuss
optimisation of the NH3 plasma process to reduce carbon incorporation, with all experiments
are performed at relatively low temperature (<250°C). From comparison of these two studies,
it appears that a CpCo(CO)> — NH; combination results in films that are carbon rich while
CoCP>-NHj3 yields cleaner films.

In this chapter the growth of cobalt nitride using CoCp: as the cobalt precursor and NHj3
plasma as the co-reactant is investigated. An in-situ XPS study of the CoCP2-NH3; PEALD

growth process is presented at temperatures from 200°C - 400°C. Films are grown in the
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ALD-XPS system and transferred by a robotic handler to an XPS chamber to allow for a
cycle-by-cycle analysis of the growth chemistry without atmospheric exposure. As
previously stated, this in-situ approach offers a clear understanding of the ALD process
which is not complicated by the effects of contamination from atmospheric carbon and
oxygen. Combining this analysis with synchrotron-based hard X-ray photoelectron
spectroscopy (HAXPES) studies of the resulting films gives an understanding of the bulk
properties without the need for physical removal of material by sputtering. The impact of the
temperature and plasma pulse duration on the film composition is examined, with adaptations
shown to have several effects on the stoichiometry of the resulting cobalt nitride film. It is
shown that rather than displaying saturation, longer plasma pulses severely inhibit the growth
rate at all temperatures. The optimum plasma pulse duration for maximum growth per cycle
is shown to reduce with increasing temperature. Furthermore, the results are similar to those
of Reif and colleagues whereby carbon concentrations of up to approximately 40% are
observed *°. The investigation shows that the only set of process parameters which allow for
reduced carbon incorporation are a combination of high temperature and long plasma pulse
time which are accompanied by an exceptionally low growth rate and yield cobalt rich films.
The ability to form cobalt nitride films that have a homogenous chemical composition is
shown, however these films contain high amounts of carbon-nitrogen bonding throughout

the film.
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5.2 Experimental Details

ALD and XPS analysis was performed in the Oxford Instruments FlexAl ALD system (base
pressure 5x107 Pa) equipped with an inductively coupled plasma source coupled in-vacuum
by a fast-transfer robotic handler to the Scienta Omicron XPS (monochromatic Al Ka X-ray
source, base pressure 6x107” Pa) with a 128 channel Argus CU detector. The XPS pass energy
applied was 100 eV and 50 eV for survey and high-resolution spectra, respectively.

All ALD films were grown on silicon samples of approximately 2 cm?. Prior to entering the
deposition chamber, the silicon was ultrasonicated in isopropyl alcohol for 15 minutes,
before being blown dry with compressed N»>. Upon entering the ALD chamber, samples were
heated to the desired process temperature for 20 minutes, before being exposed to a 5.3 Pa
(40 mTorr), 300 W plasma process that consisted of 3 minutes of O> flowed at 100 sccm
followed by 3 minutes of NH3 flowed at 50 sccm.** By considering the intensities of the Si’

and Si'"2"3*4" in the Si 2p XPS spectra, the residual silicon oxide thickness after this

cleaning process was estimated at 0.8 nm.>®

The ALD process began immediately after the cleaning step, using CoCp2
(Bis(cyclopentadienyl)cobalt(Il), purchased from Merck and heated to 80 °C) as the
precursor and NHj3 as the PEALD co-reactant. An ALD cycle consisted of a dose of CoCpz,
followed by a purge of Ar gas. The chamber was pumped for 6 s before a 4 Pa (30 mTorr),
100 W and 50 sccm NHj plasma step. The plasma was followed by a purge of Ar and 3 s of
pumping before the next cycle began. Aside from temperature, the other variables

investigated were the time duration of the CoCp2 and NH3 plasma steps, which is discussed

in the results section. An example of a typical process is shown in the supporting information
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Table 5.1 with the variables highlighted in yellow indicating those altered for precursor
characterisation purposes.

Table 5.1 ALD process parameters used for the deposition in this study.

Description  [Step Pressure [Rf PowerAr PurgeAr INH3 Table
Time (s) |(mTorr) |[(W) (sccm) (sccm) |(sccm)  Heater (°C)

CoCp2 Dose 3 15 0 20.0 100.0 0.0 200
CoCp> purge 3 15 0 200.0 100.0 0.0 200
Pump 6 0 0 0.0 0.0 0.0 200
NH;  Plasmaq 3 30 0 20.0 0.0 50.0 200
Setup

NH; Plasma 10 30 100 20.0 0.0 50.0 200
Plasma Purge 5 15 0 200.0 100.0 0.0 200
Pump 3 0 0 0.0 0.0 0.0 200

Ellipsometry measurements were performed using the Woollam XLS-100 and analysed using
a Cauchy model. HAXPES measurements were performed at the National Institute of
Standards and Technology beamline 7-ID-2, located at the National Synchrotron Light
Source II, Brookhaven, New York (NSLS-II). To depth profile the samples, photon energies
of 2, 4 and 6 keV were implemented, with a pass energy of 100 eV applied for the 2 keV and
200 eV for the 4 and 6 keV photon energies.

All XPS/HAXPES spectra analysis was performed using the software AAnalyzer.?” All fitted
spectra used a Shirley Sherwood type background and a Voigt type curve profile. Where
possible, all spectra were shifted so that the Si 2p (bulk) peak for the relevant dataset was
located at 99.4 eV,*® with care taken due to the overlap of the Si 2p and Co 3s binding energy

positions.
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5.3 Results

5.3.1 ALD Process Characterisation

Prior to ALD characterisation, an investigation into obtaining an optimal CoCp2 dose time
for the FlexAl system was carried out. Saturation was determined by monitoring the ratio of
the Co 2ps,2 XPS peak intensity to the Si 2s in-situ. The ratio of peak intensity of Co 2ps.2
to the Si 2s was performed due to the Co 3s photoemission peak overlapping Si 2p making
determining the Si 2p peak intensity inaccurate. A saturation point is established through
analysing the rate of Si 2s peak suppression as a function of Co deposition cycles. It was
found that CoCp; saturation occurred between 0.5 — 3 s Figure 5.1 for a 270 °C — chuck
temperature that received a 10 s NH;3 plasma dose. All further investigations implemented a

3 s CoCp2 dose time.

0.003 . ) .

0.002

0.001

ICoZp /|5i25

0.000

05 1 3
CoCP, Dose (s)

Figure 5.1 CoCP:> dose saturation curve for a 120 cycle, 270°C process with a 10s NH3
plasma dose time.
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The same principle of monitoring the Co 2p3» / Si 2s intensity was performed for the
determination of the optimal NH3 plasma dose time. The XPS intensity graphs of the
Icozp/Isias versus plasma dose time at three different temperatures, normalised to the
maximum signal for that temperature, is shown in Figure 5.2. Unlike typical ALD processes,

saturation in growth rate with increasing plasma exposure time was not observed.
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Figure 5.2 NH; plasma dose time saturation curves for 150 cycle processes at three
temperatures with a 3 s Co dose time. The data was obtained through monitoring the ratio
of the XPS intensity of the Co 2ps. peak to the intensity of the Si 2s peak. An ALD window
for achieving optimal cobalt nitride growth was observed, which narrowed with increasing
temperature.

223



As expected, an increasing growth rate is observed initially where longer plasma exposure
times allow for precursor ligand removal and activation of the surface for the next ALD cycle.
However, as exposure time was further increased, it was observed that cobalt nitride growth
was severely inhibited at high plasma dose times, thereby creating a window for NH3 plasma
dosing to achieve the highest growth rates. The drop off in growth rate was more severe at
higher temperature. Following the acquisition of the saturation curves, XPS analysis of the
growth of the cobalt nitride at different stages of the ALD process was performed in order to
understand the growth chemistry. Films were processed at 200°C, 300°C, 350°C and 400°C,
and XPS analysis was carried out immediately after 50, 100, 200, 500 and 1000 cycles in
each case.

To enable easy cross analysis, the four ALD recipes used identical process parameters. As
Figure 5.2 shows, high plasma times resulted in very slow growth for high temperature
processes, resulting in a NHs time of 5 s being chosen for all temperatures. Estimations of
the growth rate for each ALD process temperature were obtained through ellipsometry, with
films analysed ex-situ after 1000 cycles. Figure 5.3 shows the thickness and the calculated
growth per cycle (GPC, in nm/cyc) for the four process temperatures. Despite decreasing the
NH;s plasma dose time to encourage reasonable growth at high temperatures, the GPC clearly

scales inversely with temperature.
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Figure 5.3 Ellipsometry thickness measurements of a 1000 cycle ALD recipe for 4 different
process temperatures. Their growth rate in nm/cyc is also shown.

The XPS spectra of the Co 2p for the four ALD process temperatures are shown in Figure
5.4. Both the 200°C (a) and 300°C (b) depositions have peak maxima located at
approximately 781 eV at all stages of the process, which is associated with cobalt nitride.
The Co 2p spectra for the 350°C process (c) has a peak maximum at approximately 781 eV,
attributed to cobalt nitride, and a lower binding energy component at 779 eV, which is
associated with metallic cobalt *>*°, This result supports previous work which showed that a
blend of cobalt nitride and Co® is formed during ALD processes at 350°C.>* Our results show
however that only Co® is present for the first 200 cycles, with cobalt nitride forming at 500+

cycles. At 400°C, the growth of Co® is observed with no other Co oxidations state observable
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in the chosen cycle range. The position of the main Co 2p3/> peak at approximately 778.5 eV,

in addition to the asymmetry of the spectra, confirms the growth of metallic Co.*!
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Figure 5.4 XPS Co 2p spectra for the four ALD process temperatures at different stages of a
1000 cycle process, (a) 200°C, (b) 300°C, (c) 350°C and (d) 400°C. CoNy is visible for the
200°C and 300°C process. The 350°C process consists of Co” only until approximately 500
cycles, where a CoNy and Co” blend is formed. The 400°C yields Co’ only.

Clear N s signals are observed in Figure 5.5 for all processing temperatures, despite only

Co" being visible for the 400°C process in as seen in Figure 5.6 (d). The maxima for each
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process are located at approximately 399 eV, however the broad and asymmetric peak profile,

suggests that more than one chemical state of nitrogen is present in the film.
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Figure 5.5 XPS N Is spectra for the four ALD process temperatures at different stages of a
1000 cycle process, (a) 200°C, (b) 300°C, (c) 350°C and (d) 400°C.A broad nitrogen peak is
visible across all four deposition temperatures.

ALD grown films of cobalt nitride have typically exhibited a high concentration of carbon
impurities 3>*2. These results show similar behaviour, with XPS spectra of the C s region

revealing significant carbon incorporation after 1000 cycles in the temperature range of 200
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— 350 °C. Figure 5.6 (a), (b) and (c) for the 200°C, 300°C and 350°C ALD process
respectively show that the carbon exists in two main states, a lower binding energy
component associated to C-C type bonding, and a higher binding energy component which
is attributed to C-N bonds (all oxygen in the spectra is associated with the SiO; interlayer).

Notably there is no evidence of carbidic carbon in the films.

— 1000 cyc 500 cyc — 200 cyc
C 15 100 cyc 50 cyc
15 |- (a) 1 (b) N
| 200°C | 300°C

Intensity (k cts/s)
o S

o 15 (C) T (d) 7]
P (o]

£ 350°C - 400°C

-

=10} i) |
3 W

b= AN NN A A AN

2 - WMWNMWW

(] AN A A A A AN g A
E 51 WAMAA A ARt T A e A A A

295 289 283 277 295 289 283 277

Binding Energy (eV)  Binding Energy (eV)

Figure 5.6 XPS C Is spectra for the four ALD process temperatures at different stages of a
1000 cycle process, (a) 200°C, (b) 300°C, (c) 350°C and (d) 400°C. Two major components
are visible in the spectra for the 200°C, 300°C and 350°C processes, the low and high
binding energy components are associated with C-C and C-N bonds respectively.
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The ratio of C-C to C-N type bonding favours C-C in the early stage of the ALD process,
however C-N becomes dominant with increasing cycles. Due to the in-situ nature of the
analysis we can confidently identify that the C-C component of the peak is associated with
the carbon from the precursor that has not been effectively removed by the co-reactant
plasma (and not adventitious carbon), with a gradual growth in C-N in the film being
obtained through continued exposure to NH3 plasma. This correlates with the broad spectra
of'the N 1s as seen in Figure 5.5, and is discussed in more detail with the HAXPES analysis.
The XPS chemical compositions of each ALD process for increasing cycle numbers are
shown in Figure 5.7. Carbon, nitrogen, and cobalt were the only signals considered, with the
oxygen and silicon signals attributed to the substrate only. The compositions were calculated

by applying the relevant atomic sensitivity factors* to the C 1s, N Ls and Co 2p3» spectra.
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Figure 5.7 XPS chemical compositions of the (a) 200°C, (b) 300°C, (c) 350°C and (d) 400°C
ALD process for cycles 50 - 1000.

The carbon concentration in the film is seen to be relatively steady throughout the ALD
process at all temperatures, with the sample processed at 200°C Figure 5.7 (a) containing the
highest amount of incorporation. This decreases with increasing temperature, with carbon
incorporation at 1000 cycles being 47%, 42%, 31% and 21 % for the 200°C, 300°C (b),

350°C (c) and 400°C (d) respectively. In contrast to this behaviour, cobalt in the film tends

230



to increase with increasing temperature — at 1000 cycles, the concentration of cobalt is 11%,
16%, 24% and 17% for the 200°C 300°C, 350°C and 400°C (d) respectively, although it
should be noted that this coincides with dramatic decrease in growth rate as shown in Figure
5.3. The cobalt concentration appears to act oppositely to the nitrogen concentration — there
is a slight increase of nitrogen at the expense of cobalt with increasing ALD cycles at 200°C
and 300°C, while decreasing amounts of nitrogen can be linked with increasing amounts of

cobalt concentration at 350°C and 400°C.

5.3.2 Characterising Optimised Films

Further analysis is now focused on the characterisation of cobalt nitride films grown at 200°C
and 300°C, as it was observed from Figure 5.4 that higher temperatures yielded films with
increasing amounts of Co®. Thick (10+ nm) cobalt nitride films were fabricated in order to
assess the bulk and surface of the ALD films, with 1000 and 2000 cycles used for the 200°C
and 300°C process, respectively. Based on the learnings from Figure 5.2, the optimal
parameters for both processes consisted of a 3s and 10s dose time for the CoCp2 and NHj3
plasma, respectively.

XPS measurements were performed on the cobalt nitride samples immediately after the ALD
process before being removed and exposed to atmosphere to allow for ellipsometry thickness
measurements. These samples were then loaded back into the XPS vacuum chamber to reveal
the effect of atmospheric exposure before being treated with a 2 hour NH;3 plasma (5.3 Pa /
40 mTorr, 50 sccm, 300 W) at the same temperature as the corresponding ALD process, to
assess whether carbon removal to yield cleaner more stoichiometric cobalt nitride films using

such a treatment is achievable.
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The ellipsometry results and XPS chemical compositions for each stage of the process is

shown in Table 5.2. The XPS compositions were calculated from the survey scans shown in

Figure 5.8, for each sample. Each column represents the film at different stages of the process

200/300°C ALD — post ALD, 200/300°C + post atmosphere exposure (atm), 200/300°C +

NH3 — post 2 hour NH3 plasma).

——200°C ALD
o ——200°C + atm
(a) 200°C ——200°C + NH,
T T T T 1
—_— N1
) Co ‘2p . 5
EE‘ - | c1
100 |+ LMM 5 -
U 1
~ | : 0‘15 Co .3'0
> | | ! 1
= l ‘ ' !
»v 50 et ‘ | |
C ! | [ ! |
Q ! ! | |
o | | ! Y
£ | ‘ | :
0k o LT
T T | L R L |
850 650 450 250 50

Binding Energy (eV)

——300°C ALD
—300°C + atm
o]
(b) 300°C ———300°C + NH
150 E T T " T " T T T1T4J
— Co 2,0 N 1s
W ' !
~
w
4
L 100 |
Y
>
x
w -
c 50
Q
]
£
0

850

650 450 250
Binding Energy (eV)

Figure 5.8 XPS survey scans (not shifted for charging) for a 200°C (a) and 300°C (b) ALD
process. Limited oxygen growth is observed once the sample is exposed to atmosphere.

Table 5.2: Ellipsometry and XPS chemical compositions for a 200°C and 300°C ALD
process (1000 and 2000 cycles respectively). Multiple samples were measured via
ellipsometry to obtain a standard deviation.

200°C 200°C + 200°C + 300°C 300°C+ 300°C +
ALD atm NH3 ALD atm NH3
Thickness -—- 18.3+0.32 -—- -—- 13.6 + ---
(nm) 0.51
Co % 12 10 15 17 14 19
N % 44 37 46 45 39 45
C% 43 47 37 37 42 34
0% 1 6 2 0 5 2
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The ellipsometry revealed a GPC of 0.018 nm/cyc and 0.007 nm/cyc for the 200°C and
300°C process respectively. Post ALD, the XPS compositions reveal films that are dominated
by nitrogen and carbon, with negligible oxygen seen in the film. Pre- atmospheric exposure,
the 200°C and 300°C compositions show consistent correlation with Figure 5.7 — a slightly
higher carbon incorporation is observed for the lower temperature process. The oxygen
contribution increases slightly after atmospheric exposure but remains extremely minor to
the overall makeup of the film. The carbon concentration also increases, due to the adsorption
of adventitious carbon, which results in the attenuation of the cobalt and nitrogen signals.
After prolonged NH3 plasma exposure, carbon removal is noted but in a limited capacity.
These results are corroborated by the high resolution XPS spectra of the C 15, N 15, O 1s and
Co 2p spectra for the 200°C and 300°C processes, shown in Figure 5.9 and Figure 5.10
respectively from the supporting information.

Looking to Figure 5.9 (a) showing the C Is high resolution spectra it is clear that there is a
significant increase in a low binding energy component in the post atmospheric exposure
stage which is attributed to adventitious carbon contamination on the sample. From Figure
5.9 (c) a growth in the O Is component is also observed and attributed to absorbed water
from the atmospheric exposure. The N 1Is and the Co 2p spectra in Figure 5.9 (b) and (d)
respectively are seen to remain unchanged following the atmospheric exposure which shows
the stability of the film. Furthermore, the presence of a strong satellite feature is always
observed within the Co 2p spectra irrespective of whether there is oxygen present. The
exposure to extended NH3 plasma treatments is seen to remove the C-C bonding at

approximately 284 eV which corresponds to the adventitious carbon content however it has
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no significant effect in removing the higher binding energy component of the C 1s spectra

which is consistent with the presence of C-N bonding *
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Figure 5.9 High resolution XPS scans (not shifted for charging) of a 200°C ALD process. C
Is (a), N 1s (b), O Is (c) and Co 2p (d) are shown.

It is noted that the peak shape of the N ls and Co 2p spectra remain consistent throughout
each stage of the process, showing that the Co-N and C-N aspects of the film are constant

regardless of exposure to atmosphere and additional NH3 plasma. This is not the case for the

234



C-C associated components of the C 1s, which increase after atmospheric exposure before

decreasing after the additional NH3 plasma treatment.

300 °C ALD ——ALD —— ALD/atm —— ALD/atm/NH,
30 T T T T T

[
o
L
—

I
1s

N
()

N
(]
T
]
o~
o
™7

[any
o
T
1
N
o
T

[
o
T

Intensity (k cts/s)
Intensity (k cts/s)

o
T
1
o
T
1

295 290 285 280 407 402 397 392

Binding Energy (eV) Binding Energy (eV)
I ' I ! I ' I 50 [ T T T I T Tl
_ (c) Ols| | (d) 02p]
\3\ 10 - _\3 a0 L |
< < 30 s
= Pl w\/L :
g sl . % T ]
E Seanatwy A e E 10 -
540 534 528 522 820 800 780 760
Binding Energy (eV) Binding Energy (eV)

Figure 5.10 High resolution XPS scans (not shifted for charging) of a 300°C ALD process.
C lIs (a), N Is (b), O Is (c) and Co 2p (d) are shown. The behaviour of the spectra mirrors
that of the 200°C ALD process shown in Figure 5.9.

Both the 200°C and 300°C samples were analysed ex-situ with HAXPES. The Co 2p and N
s spectra for the different processing temperatures are shown in Figure 5.11. Photon

energies of 2 keV, 4 keV and 6 keV were used, with higher values providing more
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information about the cobalt nitride bulk chemical composition. Varying the photon energy
allows for an unobtrusive method of obtaining depth profile information of the films.
Additionally, using a different photon energy from Al ka simplified the fitting process of the
Co 2p spectra, shown in Figure 5.11 (a-b), due to the removal of the overlap between the Co
2p and the Co LMM Auger line.®’

The curve fit for the Co 2p was applied with caution, due to the presence of strong satellite
features. These satellite peaks, associated with multiplet splitting or shakeup features, are

usually attributed with cobalt oxides,***

with strong satellites indicating the presence of
Co?"*! The Co 2p spectra profiles remained unchanged following the atmospheric exposure
as seen in Figure 5.9 and Figure 5.10, and therefore these satellites are attributed to the Co-
N bonding that is occurring in the film.

For the 200°C process in Figure 5.11 (a) the Co 2p profile was fitted with 5 peaks. The non-
satellite components had a Lorentzian and Gaussian width of 0.1 and 2.5 eV respectively.
Two satellite peaks were fitted in the spectra, located at approximately 786 and 788 eV. The
peak positions, and the Gaussian value of 5.8 eV (correlated to be 2.4 times larger than the
non-satellite peaks) were chosen after fitting and comparison to previous work by Biesinger
et al.*! A minor peak at 784.0 eV was associated with nitrogen-rich cobalt nitride (Co,No,
where z < ®) such as CozN3. A peak at 782.6 eV was associated with CoN. The most
predominant and lowest binding energy peak was associated with the most cobalt-rich
component (CoxNy, where x > y). The position of this peak (highlighted in the figure) was
found to increase slightly with decreasing photon energy, being located at 780.6, 780.7 and

781.0 eV for hv =6, 4 and 2 keV, respectively. The same peak parameters and positions were

applied to the 300°C process in Figure 5.11 (b), with the notable exception of the CoxNy peak.
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The position of this component also increased with decreasing photon energy, however it
occurred at a slightly lower binding energy of 780.4, 780.5 and 780.6 eV for Av =6, 4 and 2

keV, respectively.
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Figure 5.11 HAXPES Co 2p spectra at different photon energies of a 200°C (a) and 300°C
(b) process. The 2ps/» peaks associated with chemical bonds are labelled. N s peaks for the
200°C (c) and 300°C (d) process are also shown. All peaks have been normalized to the Co
2p spectra.

It can therefore be concluded that both ALD processing temperatures produce cobalt nitride
films dominated by a cobalt rich component, CoxNy. The higher binding energy position of

this peak in the 200°C compared to the 300°C process suggests that lower temperature
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processes contain more nitrogen in this component as verified in Figure 5.11 (a,b) showing
a small 4eV shift to higher binding energy. Furthermore, from Figure 5.12 the C-N bond peak
is seen to be more prominent in the 300°C film compared to that seen in the 200°C. These
findings are consistent with previous reports however, conclusions are speculative based on
data obtained and as such remain open to interpretation **. For both temperatures, the binding
energy of this peak gradually shifts to higher binding energy with decreasing photon energy,
suggesting that both films are slightly more nitrogen rich closer to the surface. Additionally,
it is observed that the 300°C process contains significantly more nitrogen-rich cobalt nitride,
CozNo.

The N 1s peaks for the 200°C and 300°C processes are shown in Figure 5.11 (c) and (d),
respectively. The spectra were fitted with a Lorentzian width fixed at 0.28 eV,*® and a
Gaussian value of 0.86 eV. The low binding energy components at 397.5, 398.0 and 398.6
eV are associated with Co.Nw, CoN and CoxNy respectively. The 300°C process results in a
significantly broader peak profile containing larger amounts of Co.N, and CoN, consistent
with the Co 2p fit. For the 200°C process, the CoxNy related peak at 386.6 eV is significantly
higher than the other cobalt containing peaks, which is expected as the CoxNy is more
nitrogen rich than the 300°C process.

Three additional peaks are associated with the N 1s fit, occurring at higher binding energies,
are associated with nitrogen — carbon bonding. The component at 399.1 eV lies within the
agreed ‘pyridinic nitrogen’ range,* while the peaks at 399.8 is associated with pyrrolic
nitrogen.>® The high binding energy peak at 400.9 eV may represent protonated or graphitic
nitrogen, however it is a minor peak in the fit.**->! For both ALD processes, the peak shape

remains consistent regardless of photon energy used, suggesting a film that is chemically
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homogenous within the analysis depth of HAXPES measurements, aside from the slight
increase in nitrogen towards the surface of the film noted in the slight shifting as described
in the Co 2p spectra in Figure 5.11 (a-b).

Figure 5.12 shows the HAXPES C ls spectra for the 200°C (a) and 300°C (b) processes.
While assignment of the different components in the C 1s is complex, it is clear that two
main components are present at approximately 285 and 287 eV. Due to the exposure to
atmosphere, the lower binding energy region can be attributed to adsorbed hydrocarbons, >
as well as precursor that has not been effectively removed by the co-reactant plasma, while
the higher binding energy region is attributed to the various forms of C-N bonding observed

in the N 1s spectra.**! Unlike the Co 2p and N 1s spectra, which display broadly consistent

peak profiles at a range of photon energies, the peak profile of the C 1s changes significantly.
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Figure 5.12 HAXPES Cls spectra of a 200°C (a) and 300°C (b) process. All peaks have been
normalised to the Co 2p spectra.

As the C 1s is the only spectrum to show change with photon energy, it is hypothesized that
the only variation in the film is with the C-C/hydrocarbons contained within the film, which

are found at greater concentration towards the surface of the film due to exposure to
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atmosphere. This correlates well with the data presented in Table 5.2, which showed
increases in carbon upon exposure to atmosphere for both samples. Additionally, by
comparing the intensity of the C-C and C-N associated regions, the 200°C ALD process
yields films with a slightly higher C-C contribution, correlating with the data presented in
Table 5.2, which shows the 200°C process contains more carbon in the entire film.

The Co 2p and N 1s spectra in Figure 5.11 show good correlation with the X-ray diffraction
results in the work by Van Straaten et al.,>* whom demonstrated that CoCP,-NH3 ALD
processes at 260°C and 230°C yield CozN while a 300°C process yields CosN. However, by
depth profiling the films via Ar ion sputtering, the authors noted that minimal carbon is
visible in the film, contradicting the results presented here in Figure 5.12. It is possible that
this difference arises from the destructive aspect of the argon sputtering depth profiling.
Argon ion sputtering is known to reduce cobalt oxides,*>> and the resulting Co 2p XPS
spectra presented after sputtering does not represent cobalt nitride. The depth profiling
technique applied in the current work is non-destructive and may indicate that the argon ion
sputtering resulted in the preferential removal of carbon from the film. We conclude that, like
CpCo(CO)2 — NH3 ALD processes, CoCP2-NH3; ALD processes are impacted by large

amounts of carbon impurities that post treatments have limited effects in resolving.
5.3.3 PEC Testing

Figure 5.13 shows the chronoamperometry measurements comparing the stability of a bare
p-Si reference sample versus that of a CoN protected photocathode. The bare Si sample is
seen to begin at very low photocurrent density before gradually falling off over the course of
the measurements. The CoN sample shows enhanced photocurrent from the outset reaching

almost 0.7 mA/cm? before rapidly decreasing in as little as 40 seconds into the measurement
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so although increasing the overall photoelectrochemical performance, the stability of the
coating remains low and therefore unsuitable for extended use in a real-world application.
This observation of poor stability performance is likely resultant from cathodic
photocorrosion which is the degradation of a material in contact with an electrolyte solution
in the presence of light. The role of the PEC photocathode is the generation of charge carriers
for use in the evolution of hydrogen, however in some instances these charge carriers may
interact with the material itself or even impurities within the electrolyte rather than being
used at the HER site, this leads to cathodic photocorrosion which is an undesirable effect for
water splitting >°. Cathodic photocorrosion has a range of detrimental effects on the
performance of a PEC photoelectrode 7. One such effect is the loss of active surface area
due to the dissolution of the material itself leaving behind a reduced area for reaction to occur
and facilitate the HER reaction. As the material continues to corrode the charge carriers
themselves are impacted with an insulating layer forming on the photoelectrode which
negatively impacts the collection and transport of charge carriers to and from the electrode-
electrolyte interface. The specific mechanisms of this cathodic photocorrosion will vary
depending on the material as well as the experimental conditions and is to be mitigated where
possible to enhance the PEC performance %

This insufficient stability performance is further developed in Figure 5.14. It is to be noted
that the Ni films from chapter 4 and Co films within this chapter exhibit notable catalytic
properties in line with reports within the literature > %2, This is in comparison to bare Si
photoanodes and photocathodes which generally offer poor charge transfer with the
incorporation of these Ni and Co layers appearing to enhance the process as evident from

Figure 5.13.
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Figure 5.13 PEC chronoamperometric testing comparing a bare p-Si reference sample with
a CoN coated sample.

The finding shown in Figure 5.13 of insufficient stability performance of the CoN protective
layers 1s confirmed in Figure 5.14 which shows a series of consecutive chronoamperometric
measurements performed on a new CoN coated samples. Run 1 is seen exhibit the highest
photocurrent density as would be anticipated as the sample is in its most fresh state during
this measurement before performing Run 2 & 3 which allowed for the purging of bubbles
from the system to prevent them influencing the measurement. Though initially relatively
high, this current is seen to very rapidly fall off showing the instability of the film. This is
verified looking to Run 2 & 3 which show less than half of the initial photocurrent density

observed in Run 1 showing that the film has been broken down by this stage with the current
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not all that dissimilar to what is observed for a bare Si sample as was shown in Figure 5.13.
This illustrates the poor stability of the protective films and suggests their unsuitability for

use as protective layers for photocathodes in PEC water splitting applications.
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Figure 5.14 PEC chronoamperometric testing showing the degradation in the protective
ability of a CoN film as a function of additional test cycles.

Figure 5.15 shows cyclic voltammetry plots which have been plotted on the outward sweep
and contains IV curves for both a reference p-Si bare reference sample in addition to a CoN
coated sample with measurements taken in the dark and under illumination. From the light
current sweep of the CoN an onset potential of 0.42 V vs. RHE is observed along with an

increase in photocurrent density as a function of increasing bias potential.
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Figure 5.15 PEC cyclic voltammetry testing plotting photocurrent density as a function of
increasing Voltage vs RHE detailing the performance of a bare p-Si sample in the light and
dark and same for a CoN film with a line highlighting 1.23 V vs RHE.
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5.4 Conclusions

To achieve cobalt nitride growth, an ALD window for NH3 plasma dose time was observed,
with plasma doses above a certain time duration severely inhibiting growth. This window
decreased with increasing process temperature. Optimal growth rates for a range of
temperatures were determined, and it was found that the growth rate decreased rapidly with
increasing temperature. The in situ XPS measurements revealed that films processed at
300°C and under yielded cobalt nitride films though still retaining significant contributions
of remnant unreacted carbon, while a process temperature of 350°C resulted in a cobalt
nitride and metallic cobalt blend. A 400°C process resulted in the acquisition of metallic
cobalt only, albeit at a low growth rate with large amounts of nitrogen still contained in the
film.

The cobalt nitride films contained high levels of carbon, associated with precursor not
removed during the plasma dosing and also carbon nitrogen bonding. A lower ALD
temperature results in higher amounts of remnant precursor ligands in the film. This was an
unexpected result, as previous reports concerning argon ion sputtering of CoCP>-NH3 ALD
processes had suggested minimal amounts of carbon were incorporated into the film. Upon
exposure to atmosphere, increases in the C 1s XPS signal was attributed to adventitious
carbon. The rest of the film Co-N and N-C bonding was unchanged.

HAXPES allowed for a depth profiling technique that was non-destructive, with no concern
over the reduction of the cobalt in the film or the preferential removal of carbon and nitrogen
species. The large satellite features in the Co 2p spectra were attributed to Co-N due to the
lack of oxygen in the film. This work shows that a 300°C ALD process contains larger

amounts of different cobalt nitride chemical states in the film when compared to a 200°C
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process. Both films had a main component associated to cobalt nitride that was cobalt rich
(CoxNy, x >y). From the binding energy positions, it was observed that this CoxNy signal for
the 300°C film has a higher cobalt concentration than the 200°C film. The HAXPES
measurements also reveal that the Co-N and C-N aspects of the film are consistent with depth,
with the only change in the films associated to adventitious carbon at the top of the film due
to atmosphere exposure. This work highlights the current challenges in the growth of cobalt
nitride films using a state-of-the-art in situ characterisation approach and provides insight
into the effect of changing fundamental ALD parameters for the novel CoCP2-NH3 ALD

Pprocess.
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6 Conclusions and Future Work

6.1 Conclusions

This work has presented a detailed ALD study, with the application of a variety of materials
and precursors which have been investigated for the use as thin protective films for
photoelectrode performance improvement in PEC water splitting. This involved the
fundamental investigation and characterisation of each precursor material deposited via ALD
processes to gain insight into their growth kinetics from early-stage nucleation through to
bulk film properties. To this end, films underwent photoemission measurements with the use
of x-ray photoelectron spectroscopy being the primary analysis technique employed to
explore the chemical characteristics of the protective films. A range of other techniques were
applied for further analysis before ultimately subjecting them to simulated PEC solar
conditions to test the effectiveness of the applied thin protective films in protecting the
underlying photoelectrode substrate.

Due to the experimental variability of photoelectrochemical testing set ups utilising a range
of electrolyte solutions of various pH levels among other factors, side by side comparison of
literature reported data is highly complex and inaccurate. Therefore, within this study one
key advantage of exploring a variety of materials in their as deposited states as well as
following post deposition treatments within the same work under identical
photoelectrochemical testing conditions allowed for accurate assessment of the best
performing surface coating. With this in mind, the highest performing coatings from all three
results chapters are presented together within Figure 6.1. From this it is clear that NiO films
within this work were the most effective protective layer offering both the highest onset

photocurrent along with being the most stable of all layers applied so much so that surface
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coatings of Co and Ti become indistinguishable at the lower photocurrent density end of the

scale further highlighting the superiority of Ni films.
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Figure 6.1 Most effective surface coatings from each material compared for their stability
during time degradation testing.

6.1.1 TiO2: Simultaneous Characterisation of TDMAT and TTIP

As one of the most widely studied materials in the field of PEC and wider water splitting
applications as both the photoelectrode substrate material as well as for its catalytic and
protective qualities Chapter 3 goes about the investigation of two of the most common TiO>
precursors comparing TTIP and TDMAT subjecting them to simultaneous scrutiny under the
same conditions to accurately establish the characteristics of these alkoxide and amide

precursors, respectively. This served to remove experimental variance from literature source
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to literature source given that both were deposited in and identical ALD chamber which is
well known to be influential in the deposition of ALD films. The ability to analyse the
deposited films from both precursors using in-situ XPS allowed for a unique perspective into
their stoichiometry which is all too often unavailable within the literature due to few
laboratories possessing the capabilities presented by the ALD-XPS system used within this
work.

The presented results detail an in-situ study on the deposition of these amide and alkoxide
based precursors grown via PEALD and TALD processes, in contrast to some previous
literature reports which detail only the comparison of two precursors for a single growth
process or vice versa. Characterisation of these deposition processes with in-situ XPS allows
for unique understandings of film chemistry in their as deposited states without the added
complexity of film contamination via atmospheric exposure while sequential growth of all
processes allowed for precise monitoring of film nucleation.

The primary variations in stoichiometry of deposited films between the plasma and air
annealed sampled showed a significant increase in the growth of titanium silicate in samples
which received the air annealing treatment. This is highlighted by the reduction in the Si bulk
and oxide binding energy separation by approximately 0.2 eV. The relationship between the
development of titanium silicate and enhanced photoelectrochemical effectiveness and
stability indicates that achieving maximum photocurrent from silicon photoanodes, which
are shielded by ultra-thin films, necessitates a high-temperature annealing process that allows
for the transformation of the mixed phase material into titanium silicate. After undergoing
such a treatment, films produced using both precursors and through both atomic layer

deposition (ALD) techniques become chemically indistinguishable.
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The application of post deposition annealing treatments were revealed through
photoelectrochemical testing to enhance both current output and stability under test
conditions. Of the annealing treatments, air annealing at 500°C for 1 hour yielded both the
most stable and efficient titania films grown from either precursor material or deposition
process with plasma grown films showing only marginally higher current outputs versus

thermally grown films.

Through comparing plasma and air annealed samples, it was found that the stoichiometry of
deposited films varied significantly. Air annealing treatment resulted in a notable increase in
the growth of titanium silicate, as indicated by a reduction in the separation of Si bulk and
oxide binding energy by approximately 0.2 eV. The formation of titanium silicate was found
to enhance the photoelectrochemical effectiveness and stability, suggesting that achieving
maximum photocurrent from silicon photoanodes covered by ultra-thin films requires a high-
temperature annealing process. Interestingly, chemically, the films produced using both

precursors and ALD techniques became indistinguishable after undergoing this treatment.

This in-situ study highlights the importance of analysing films prior to exposure to
atmospheric contamination and the influence of annealing treatments and film composition
in achieving improved performance and stability of titania films grown via ALD. The
findings emphasize the potential of high-temperature air annealing to transform mixed phase
materials into titanium silicate, leading to enhanced photoelectrochemical properties. These
insights contribute to the advancement of titania film deposition techniques and the

development of efficient silicon photoanodes for PEC water splitting and other applications.
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6.2 Nickel: Exploring NiO and Ni-Metal

With the field of water splitting be dominated by the application of transition metal oxides
for the protection of PEC photoelectrodes, work within Chapter 4 looked to develop first a
solid understanding of NiO before moving to explore the performance of metallic nickel, a
less explored material within this field. The deposition of nickel metal involved the
development of a process of deposition called supercycling with the effects of this variant of
ALD explored within. Moreover, through performing further film analysis via depth
profiling of deposited films using the slow argon milling method, findings of some previous
literature reports were found to be inaccurate demonstrating further advantages to the in-situ
XPS analysis performed throughout this work. Following on from Chapter 3 investigating
titania films, Ni thin films were subjected to the simulated PEC solar water splitting testing
to establish their efficacy in preventing the degradation of water splitting photoelectrodes
such as to extend and enhance the performance of these vital PEC components.

Following findings from the earlier study on titania films which suggested the benefits of
depositing thin films via PEALD rather than the conventional TALD, this chapter presents
the results of an in-sifu study on the plasma-enhanced atomic layer deposition (PEALD) of
NiO. XPS characterization of the deposition process provides useful insights into the film
chemistry in its original state, free from atmospheric contamination. By depositing and
studying films sequentially, the growth behaviour and nucleation delay were accurately
monitored, providing a detailed understanding of the cycle-by-cycle growth process of this
precursor material. The PEALD process was optimized for the specific ALD system used,
resulting in Ni films with some residual carbon ligand incorporation due to incomplete

reactions, which was correctly identified through in-situ XPS analysis to be by virtue of
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incomplete surface reactions of the ALD deposition process rather than misattributed to
atmospheric contamination.

The impact of post-deposition plasma annealing on film stoichiometry was also investigated
using H» plasma for this material. It was found that NiO could only be partially reduced to
metallic Ni after an extended 20-minute exposure. Attempts were made to produce pure
metallic Ni films from the outset using supercycle ALD depositions, aiming to eliminate the
need for post-deposition treatments, which proved to be ineffective. However,
photoelectrochemical (PEC) testing demonstrated that these supercycle deposited films
exhibited enhanced stability for water splitting applications compared to NiO films that
underwent post-deposition treatment.

Furthermore, previous claims regarding the effects of argon (Ar) milling on NiO thin films
were found to be inaccurate. This work revealed that Ar milling actually reduces NiO to Ni
metal by preferentially sputtering oxygen from the film. This result had previously been
mistakenly interpreted as the protective capability of a 2 nm film against the oxidation of a
metallic film upon atmospheric exposure whereas this work finds that 2 nm of Ni is
insufficient to prevent the oxidation of the bulk film.

Therefore, this in-situ study sheds light on the PEALD deposition of NiO films and their
characterization using XPS analysis. By accurately understanding the film chemistry and
growth behaviour, valuable insights were gained regarding residual carbon ligand
incorporation, the impact of post-deposition plasma annealing, and the effects of Ar milling.
These findings contribute to the optimization of Ni oxide and metal film deposition processes
and provide crucial knowledge for the development of stable and efficient Ni films for

various applications, particularly in the field of water splitting.
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6.3 CoN: Investigating the Potential of Nitrides in PEC Water
Splitting
In the field of water splitting photoelectrode protection, the majority of existing literature has
predominantly focused on exploring various oxide materials. However, Chapter 5 explores
the efficacy of cobalt nitride as an alternative material for this purpose. Through exhaustive
analysis and in-situ characterization, this study provides valuable insights into the growth
and characteristics of cobalt nitride films, offering a fresh perspective and potential avenues
for advancing the field of water splitting photoelectrode protection.
This chapter focuses on the growth of cobalt nitride films using PEALD process. It was
observed that there is a specific window of NH3 plasma dose time for optimal cobalt nitride
growth, with doses beyond a certain duration inhibiting growth. The optimal growth rates
were determined for various temperatures, revealing a rapid decrease in growth rate with
increasing temperature. In-situ XPS measurements showed that films processed at 300°C
resulted in cobalt nitride films, while 350°C led to a blend of cobalt nitride and metallic
cobalt. At 400°C, only metallic cobalt was obtained, albeit at a low growth rate with residual
nitrogen in the film.
Surprisingly, the cobalt nitride films contained high levels of carbon, associated with residual
precursor and carbon-nitrogen bonding. Lower ALD temperatures resulted in higher levels
of leftover precursor in the film, contrary to previous reports suggesting minimal carbon
incorporation. Upon exposure to atmosphere, an increase in the C 1s XPS signal was
attributed to adventitious carbon as expected, while the Co-N and N-C bonding remained

unchanged.

262



HAXPES (hard X-ray photoelectron spectroscopy) provided a non-destructive depth
profiling technique for this chapter, allowing for further extensive analysis of deposited films.
The Co 2p spectra revealed large satellite features attributed to Co-N bonding. The study
demonstrated that a 300°C ALD process yielded cobalt nitride films with varying cobalt
concentrations compared to a 200°C process. The depth profiling analysis also confirmed
consistent Co-N and C-N signatures throughout the film, with the only change associated
with adventitious carbon on the film surface due to atmospheric exposure being that
HAXPES is performed ex-situ.

Overall, this work highlights the challenges in growing cobalt nitride films using the CoCP2-
NH3 ALD process and provides valuable insights into the impact of changing ALD
parameters. The in-situ characterization approach employed in this study enhances our
understanding of cobalt nitride film growth and paves the way for further advancements in
this field. As was done in the previous Chapters 3 & 4, CoN films were subjected the
simulated PEC testing for the determination of their potential as protective layers. CoN films
were shown to yield enhanced photoelectrochemical performance initially before failing to
remain stable in the harsh PEC electrolyte environment as is crucial to their application a
protective layers. This suggests that CoN films in their as deposited state are unsuitable for
extending the operable lifetime of PEC photoelectrodes despite showing promising

photocurrent density output.
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6.4 Future Work

This work focused on exploring various first-row transition metals in their oxide, metallic,
and nitride forms for their application as protective layers for PEC water splitting
photoelectrodes to extend their usable lifetime in carrying out the HER and OER reactions.
It has been observed that these materials do exhibit enhanced stability and improved
photocurrent output when compared to bare silicon. However, despite these advancements,
their performance still falls short when compared to alternative methods of energy generation
making the potential for widespread development and adoption of this technique for green
hydrogen generation futile. To overcome this limitation, it could be beneficial to investigate
the combination of these and other materials to leverage their unique strengths, thereby
creating a more robust and efficient architecture.

By synergistically combining the advantageous properties of different transition metal films,
it may be possible to overcome individual limitations and achieve an overall superior
performance. For instance, one transition metal film may exhibit exceptional stability, while
another demonstrates superior charge transport characteristics. By integrating these
complementary traits, it is plausible to develop a system which surpasses the limitations of
individual materials and achieves enhanced stability and efficiency.

With this work having focused on examining the nucleation and growth characteristics of
these films in detail, it has provided valuable insights into the field of ALD of thin films. The
application of in-situ X-ray Photoelectron Spectroscopy (XPS) has proven to be extremely
beneficial, as it enables the investigation of the deposited films' chemical signatures without

the interference of adventitious carbon contamination. This approach reveals the true,
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unobscured chemical composition, facilitating a more accurate understanding of the
materials' behaviour and properties.

Looking ahead, it is evident in-situ XPS will continue to play a pivotal role in advancing the
field. Its ability to unveil the intrinsic characteristics of deposited films will contribute
significantly to the development of more precise and reliable fabrication processes. By
eliminating the influence of extraneous factors, researchers can gain a deeper understanding
of material behaviour and further optimize their performance.

In terms of the broader direction of research, the findings within this work suggest that
semiconductor-based photoelectrochemical (PEC) water splitting might not be the most
promising path forward. PEC water splitting imposes numerous demands on photoelectrode
materials, requiring them to fulfil multiple requirements simultaneously such as including
stability, charge transport, charge transport, suitable band gaps and more. Considering these
challenges, an alternative approach involving electrolysis, utilizing externally acquired
renewable energy such as solar or wind energy, appears to be a more realistic and feasible
solution for the large-scale production of green hydrogen.

By leveraging renewable energy sources such as solar or wind power for electrolysis, it may
be possible to overcome the limitations posed by photoelectrode materials and achieve
significant quantities of green hydrogen to meet the escalating demand. This approach allows
for a more focused optimization of materials and systems dedicated to electrolysis, ultimately
resulting in a more economically and environmentally viable method for hydrogen
production.

That being said, the results within this work are based on thin films deposited via ALD and

as such cannot speak for the overall outlook entirely but rather when considering the stringent
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material characteristic requirements, it may be the case that films at least grown via ALD
may not be optimal. There could be potentially greater enhancements achieved through the
application of other thin film deposition techniques such as sputtering or perhaps the
application of PEALD with an applied DC bias such as to produce denser films which may
be more stable in the PEC environment.

In summary, the combination of transition metal films to harness their unique strengths, the
continued utilization of in-situ XPS for accurate characterization, and a shift towards
electrolysis using externally acquired renewable energy sources present potential avenues
for future research in this field. By pursuing these directions, developing more stable,

efficient, and sustainable means of green hydrogen generation could be made possible.
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