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Abstract

The search for alternative fuel sources has become more prevalent in recent years due to increasing
energy demands as well as the detrimental effects fossil fuels have on the environment. Solar water
splitting using semiconductor photoelectrochemical cells has long been viewed as a potential

means of large-scale Hz production from renewable resources.

A study was carried out to test the corrosion resistance performance of thin TiO layers deposited
by means of atomic layer deposition under oxidative conditions. Despite Silicon being considered
one of the most promising semiconductors for use in photoelectrodes, its instability in aqueous
solutions is one of its main limiting factors. TiO- film (~6 nm) were deposited on the anode surface,
using atomic layer deposition and plasma enhanced atomic layer deposition (ALD), to act as
corrosion protection and to passivate the electrode surface along with a 5 nm Nickel over layer to
act as an oxygen evolution catalyst. The longevity of these photoanodes was the main focus of this
work employing the techniques of cyclic voltammetry and chronoamperometry to evaluate
electrochemical performance. Electron microscopy SEM was carried out, before and after the
anodes underwent electrochemical testing, to gain insight into any surface degradation and
morphological changes of the TiO> and Ni layers that may influence charge transfer and
performance. Comparisons were drawn between photoanodes prepared by ALD and plasma
enhanced atomic layer deposition (PE-ALD) to give a clearer picture of the limiting factors of
charge carrier mobility and photoactivity. The estimated ratio of Ti** to Ti** and hence the oxygen
vacancies, played an important role in the overall conduction of the device along with the %
composition of impurities present due to incomplete reactions in the deposition process. This was

tested by producing films with different oxygen doses during the deposition stage.
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Thesis motivation

As technology advances and population grows, the global energy demands are increasing while
the fossil fuel reserves are depleting. The burning of these fuels also produces carbon dioxide,
methane, nitrous oxide among others, which has a detrimental effect on the environment as well
as the protective layers of the atmosphere. The ultimate goal is to reduce dependence on non-
renewable fuel sources and shift the global energy supply to a more sustainable models. Hydrogen
has long been a candidate for an alternative fuel source due to its abundance in the atmosphere in
the form of H20 and within the earth’s crust in the form of fossil fuels such as natural gas, CHa.
Hopes for hydrogen powered vehicles were high in the 00’s with some scientists predicting as

much as 1.8 million Hz vehicles sold by the year 2020 [1].

Currently, the majority (up to 95%) of the world’s hydrogen is produced from fossil fuels by the
oxidation of methane in a process called steam reforming [2]. The electrolysis of water is another
alternative means of obtaining molecular hydrogen but requires mass amounts of energy to
produce on a large scale. This has lead researchers around the world to pursue a cost effective and
more renewable method of water splitting. In order to reduce production costs, researchers turned
to solar-to-hydrogen systems which take advantage of the photovoltaic effect and use direct
sunlight to aid or completely power this water splitting process. However, current materials
demonstrated to initiate and maintain the dissociation of water are rare and expensive leading
researchers to scale down the quantities required or find alternatives. The efficiencies of these
systems depends on a lot of factors, for example, the stability of materials used, the electrolyte and
amounts of sunlight available. Regardless of its abundance and relative safety, hydrogen cannot
compete with fossil fuels due to the precious or noble metal catalysts and large amounts of energy
required to produce it on a mass scale [3]. In order to make hydrogen readily available, a cheaper

hydrogen harvesting alternative is required to properly realise the potential of hydrogen power.

Silicon is considered a promising material in the field of photoelectrochemical hydrogen
production. Due to its high abundance and desirable bandgap (~1.12eV). This bandgap allows Si
to absorb a wide range of the solar spectrum which is beneficial when trying to obtain a high

photovoltage yield. However, Si on its own cannot be used in photoelectrochemical cells on its



own due to its instability in aqueous solutions. Thin layers of metal oxides such as TiO2 have been
known to act as a protective and even catalytic layer when deposited on top of Si at the interface
between the Si and the aqueous electrolyte. The aim of the following work is to gain more insight
into how TiO2 performs as a protective layer under oxidative conditions within a

photoelectrochemical cell.

Thin films are usually employed in order to allow the charge transport from the electrolyte through
the thin film and also to allow the impinging light to penetrate the TiO2 and reach the underlying
Si. photoelectrochemical tests will also be carried out on films of different thickness to determine
the nominal oxide thickness for the two mentioned conditions of a) charge transport and b) light
penetration. Charge transport through the TiO2 can heavily depend on phenomena such as oxide
vacancies or site defects within the material. For this reason, TiO2 deposited using varying oxygen
concentrations is another area of interest and will investigate the degree to which oxygen vacancies

plays a role in the resistivity of the protective layer.

The stability and charge transport ability of the TiO2 passivation layer are the main focus of the
following work and so electrochemical testing such as cyclic voltammetry and

chronoamperometry will be employed to investigate this.

Initially, the focus of this study was meant to be on the performance of Ruthenium oxide as a
catalytic layer for p+n photoanodes. This work commenced at the start of 2020 and was thus
interrupted promptly by Covid-19. Due to the restrictions, There was little to no access to the lab
until the following year in April 2021. Even at this time, access was still restricted and as is the
nature with the Ru(EtCp). precursor it had seemed to be decomposed within the container. Supply
issues and time restraints meant that the focus of the work would switch to TiO2 instead, along

with the study of the different types of underlying silicon.



Chapter 1

1. The Photoelectrochemical Cell

1.1 Hydrogen as fuel source

As technology advances and population grows, global energy demands are increasing while the
fossil fuel reserves are depleting. The burning of these fuels also produces carbon dioxide,
methane, nitrous oxide among others, which has a detrimental effect on the environment as well
as the protective layers of the atmosphere. The ultimate goal is to reduce dependence on non-
renewable fuel sources and shift the global energy supply to a more sustainable models. Hydrogen
has long been a candidate for an alternative fuel source due to its abundance in the atmosphere in
the form of H2O and within the earth’s crust in the form of fossil fuels such as natural gas, CHa.
Hopes for hydrogen powered vehicles were high in the 00’s with some scientists predicting as
much as 1.8 million H. vehicles sold by the year 2020 [1]. While pressurized hydrogen can be
dangerous and can be explosive when in contact with a naked flame or spark, one of the advantages
it has over petrol or diesel is that it is lighter than air. This can allow it to simply be purged into
the atmosphere in a case of emergency while also not pooling around the vehicle as in the case of
liquid carbon based fuels. Electricity produced using intermittent renewable sources like wind and
solar can also use hydrogen production as a medium for storage which can then be used at a later
date [1] . Currently, the majority (up to 95%) of the world’s hydrogen is produced from fossil fuels
by the oxidation of methane in a process called steam reforming [2]. The electrolysis of water is
another alternative means of obtaining molecular hydrogen but requires mass amounts of energy
to produce on a large scale. This has lead researchers around the world to pursue a cost effective
and more renewable method of water splitting. In order to reduce production costs, researchers

turned to solar-to-hydrogen systems which take advantage of the photovoltaic effect and use direct
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sunlight to aid or completely power this water splitting process. However, current materials
demonstrated to initiate and maintain the dissociation of water are rare and expensive leading
researchers to scale down the quantities required or find alternatives. The efficiencies of these
systems depends on a lot of factors, for example, the stability of materials used, the electrolyte and
amounts of sunlight available.  Regardless of its abundance and relative safety, hydrogen cannot
compete with fossil fuels due to the precious or noble metal catalysts and large amounts of energy
required to produce it on a mass scale [3]. In order to make hydrogen readily available, a cheaper
hydrogen harvesting alternative is required to properly realise the potential of hydrogen power.

1.2 Photo electrochemical Cell

The first solar cell (photovoltaic) was designed by Edmond Becquerel shortly after his discovery
of the photovoltaic effect in 1839. Solar cells are split into two classes, the first being a
photovoltaic cell which produces electrical energy and a photoelectrolytic cell which uses incident
light to cause a chemical reaction. Both of these devices are types of solar cell with the ability to
convert incident electromagnetic radiation either directly into electrical power or initiate and
sustain a chemical reaction to produce something which and be stored and later converted into
electrical power (in this case hydrogen) [4]. This was first carried out by Fujishima and Honda in
1972, where the splitting of water molecules into oxygen and hydrogen ions by means of a

photoelectrochemical reaction was carried out successfully using a TiO2 photo anode.

The objective of a photo electrochemical cell (PEC) is to convert light energy from the sun into
electrical/chemical energy by means of the photovoltaic effect which is shown in figure 1.3. This
effect can be characterized as light being absorbed by a semiconductor material causing excitation
of an electron, or other charge carriers, to a higher energy state resulting in the flow of a current.
Each semiconductor material is characterized by its definite threshold energy or bandgap energy
Ug which corresponds to the amount of external energy required to promote an electron from the
valence band to the conduction band. The incident light from the sun consists of “quanta” of energy

called photons which only interact with a single charge carrier in the material. It is only when
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photons of light equal to or greater than the bandgap illuminate the material that charge carriers

are promoted to the conduction band and are available to conduct electricity. [5]

1.2.1 Light Absorption

Semiconductors are a class of material which are often characterized by the position of their
energy bands with respect to each other. This separation between the conduction and valence bands
is called the bandgap Eg which is given by:

E; =E:—Ey (1.1)

This bandgap is the lowest change in energy required to excite a charge carrier enough so that it
can be liberated and participate in conduction. For semiconductors, in general, this bandgap is
<4eV which falls within the range of radiation from the sun. The higher the bandgap the more
energy it needs to absorb to excite the electron, but this also means that there will be more energy
available for a reaction. For a semiconductor to absorb light, the incoming photon energy must

either be equal to or greater than the bandgap energy E of the semiconductor:

E; <E) (1.2)
_he (1.3)
E, = 1

Where h is Planck’s constant, c is the speed of light and Z is the wavelength of the incident light.
The sun emits EM radiation across most of the electromagnetic spectrum as can be seen in figure
1.2. The spectral irradiance of the sun is the most intense for the visible range ~ 380-750 nm which
corresponds to 3.26 eV and 1.65 eV respectively. At wavelengths shorter than this, the ultraviolet
region, the intensity of light decreases dramatically and makes up only ~ 8% of the total incident
light. As previously mentioned, this light is not as abundant but because of its smaller wavelength

it has a higher energy and is more energetic than light from the visible spectrum.

12



Ultraviolet spectrum Visible spectrum
has smallest area has medium area

fram)

axl Infrared spectrum
has largest area

Spectral irradiance (W,/m"

I 50 5| 1] Tl 1{KD 125 1500 175 MK

Wavelength (nm)

Fig 1.1: The solar spectrum with the three different regions labelled [94]

To make water-splitting viable, theoretically the bandgap of the semiconductor should at least be
1.23 eV but considering the losses due to kinetics, the bandgap should ideally be greater than 2
eV. In order to access a wider portion of the solar spectrum a 2 photo-electrode system can be
employed, using semiconductors with differing bandgaps . For example, as demonstrated in [6],
by careful selection of the bandgaps a two electrode system can be engineered, here short
wavelength light was absorbed by an n-type semiconductor anode and the longer wavelengths
passed through to be absorbed by a p-type cathode. One of the main small bandgap semiconductors
used in the field is Silicon (1.1 eV) which can absorb wavelengths of up to 1120 nm whereas TiO»,
for example is a wide bandgap semiconductor with a bandgap ranging between 3-3.4 eV
(depending on its morphology) [7]. Combining these two materials and utilizing their best

properties can produce an oxidatively robust and efficient photoanode for water oxidation.
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1.2.2 Semiconductor-electrolyte interface

A quantity of huge importance when it comes to semiconductors and PEC is the Fermi level. This
Fermi level Ersignifies the energy level where the probability of charge occupancy is exactly 0.5.
For intrinsic semiconductors this level would lie directly in the middle of the CB and VB because
the number of holes and electrons is equal. In the case of doped semiconductors, this leads to a
shift in the Fermi level depending on which dopant is present. An n-type semiconductor would
have electrons as its majority charge carrier which would shift the Fermi level towards the
conduction band while for a p-type semiconductor the shift would be towards the valence band
edge as seen in figure 1.2. Figure 1.2(a) shows the energy level band diagram for a semiconductor
(left) and a redox electrolyte (right) isolated from each other with respect the vacuum level. The
represents the electron affinity while the ¢ represents the work function of the material. The two
distribution functions re and ox on the right signify the density of ionic energy available for
reduction and oxidation which overlap at the redox Fermi potential ECredox. When a semiconductor
is immersed in an electrolyte, the Fermi levels will sync up and match each other. In order for the
interface to equilibrate a flow of charge from the higher Fermi level material to the lower is
required which causes “band bending” within the semiconductor material. The before and after
contact band diagrams are shown below in figure 1.2(b) and (c) for an n-type and p-type
semiconductor respectively. This band bending results in a built in voltage in the system called
Vsc as can be seen on the right hand side of the diagram. The excess charge does not lie on the
surface but instead extends into the electrode to create an area called the space charge region/layer
which has an associated electric field. This charge transfer results in charge of opposite signs
accumulating at and near the interface. The nature of this charge distribution causes band bending
within the electrode. For p-type semiconductors, an accumulation of excess positive holes gather
at the interface which in turn is compensated by an accumulation of negative ions in the electrolyte.
[8] The built in electric field, otherwise called the depletion region is characterized by the width
that the field penetrates into the semiconductor called the depletion width w which can be

determined using the equation:

2¢&,¢€ k,T
w=je”(vsc—7) (1.4)
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Figure 1.2: (a) the energy band diagram of an isolated semiconductor (left) and a redox
electrolyte (right) (b) an energy band diagram of a semiconductor-electrolyte interface before
(left) and after (right) reaching equilibrium for an n-type semiconductor and (c) energy band
diagram before and after equilibrium for a p-type semiconductor [9]

Where g, and ¢, are the dielectric constant of vacuum and the material respectively, e is the
electron charge, V.. is the total amount of charge in the depletion region, Np is the donor density,
k; is Boltzmann’s constant and T is the temperature. From equation 1.4, it can be determined that
the depletion layer width is dependent on the donor density. The applied voltage also plays a part
in this with increasing the applied voltage resulting in increasing band bending. Each system will
also have a flatband potential which is the potential that is applied in order for there to be no band
bending [9].
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1.3 PEC Operating principle

A PEC consists of 3 main components a cathode and anode which are connected by a metal wire
and an electrolyte to carry the current between both electrodes. Initial development of a solar cell
operating on the photovoltaic effect was credited to Alexander-Edmund Becquerel in 1839 when
he discovered current flowing when a silver chloride coated electrode was illuminated by sunlight.
He predicted that this current resulted from a chemical reaction at the electrode/electrolyte
interface [10]. This phenomenon was first used in the electrolysis of water by Fujishima and Honda
in 1972 where the splitting of water molecules into oxygen and hydrogen ions by means of a photo
electrochemical reaction was carried out successfully. These early PEC cells used a simple
semiconductor-liquid junction which had a critical dependence on the stability of the
semiconductor material, due to constant oxidation/reduction, and the power conversion
efficiency, which was also heavily dependent on the properties of the constantly changing
semiconductor interface in the redox reaction environment [11] [12]. The PEC cells developed
which used the photovoltaic effect can be split into two main categories, p-n junction and Schottky

junction solar cells both of which primarily use silicon as a semiconductor.

The five main process which occur within a PEC are light absorption, charge separation, charge

migration, charge recombination and redox reactions which can be seen in figure 1.3(a).
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Figure 1.3: Schematic of (a) a photoelectrochemical cell utilizing an n-type photoelectrode which
illustrates the five main elements that constitute the water splitting process () absorption (Il) charge
separation (I11) charge migration (IV) charge recombination and (V)redox reaction and (b) the
photocurrent density-voltage sweep of an n-type photoanode [98]

Conventional p-n junction solar cells are constructed using either homogenous or heterogeneous
materials with the operating principal being the same. In heterotypic cells, the pn junction is the
boundary area between the p-type and n-type material within the depletion region or “space charge
region” shown in figure 1.4. In equilibrium, the free electrons from the n-type material diffuse
over to the p-type while the p-type holes diffuse to the n-type region, like charges repel creating
a region with an electric field that is free of mobile charges called the depletion region. When
incident light is absorbed by the semiconductor it will dislodge an electron and mobile hole which
then travel to the n-type region and p-type regions, respectively. It is this potential difference which

drives the current produced by the photovoltaic effect.
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Figure 1.4: Schematic of a pn junction in equilibrium with zero bias voltage applied showing
the neutral regions and the space charge region in the middle caused by the interface of n & p
type regions[97]

A Schottky Junction is formed at the interface between a metal and semiconductor and causes the
band-bending which is necessary for charge separation .This separation is due to the differing
energy between the Fermi levels in both the metal and semiconductor. This effect works in a
similar but opposite way for both n-type and p-type semiconductors. In the case of the n-type
material in equilibrium, electrons will begin to flow from the metal and semiconductor causing a
bending of the band structure (figure 1.2). The degree to which this band bends is called the
Schottky barrier height SBH and is a direct measure for the mismatch of energy levels of the
majority carriers between the metal and semiconductor. This name comes from the famous

Schottky-Mott relationship that states:

CDOB,n = Oy — Xs (1-5)

Where owm is the work function of the metal and ys is the electron affinity of the semiconductor.
This working electrode can be the anode or the cathode part of the circuit depending on what the
majority charge carrier of the material is. In a traditional water splitting PEC with a working anode,

incident light excites electrons which can then travel to the cathode leaving behind positive holes.
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These holes are available to combine with oxygen ions in the water to produce oxygen gas while

at the cathode, the electrons combine with hydrogen ions producing hydrogen gas.

Several methods can be used for the photo generation of hydrogen vastly ranging in both price and
complexity of the system. These systems range from separate PV cells with electrolysers, which
separate the photovoltaics from the electrolysis system to wireless configurations that employ
integrated cathode/anode systems where the light absorbing panel is directly submerged in water
and the redox reactions occur at the electrode surfaces[6]. The main advantage of the latter
technique is the cooling effect the electrolyte has on the semiconductor allowing for a constant and
high photo voltage to be produced while simultaneously heating the electrolyte which lowers the
reaction over potential allowing the use of more of the solar spectrum [13]

By evaluating each step of the PEC system namely, light absorption, charge separation, charge
migration, charge recombination and redox reactions one can calculate the cells quantum
efficiency QE which relates the cells produced photocurrent density Jsc, to the incident light
spectrum. Jsc denotes the short circuit current which is the current through the cell when the
potential across the cell is zero. Jsc is due solely to the generation and collection of light generated
carriers and is therefore the maximum current produced by a solar cell. This photocurrent density

can be written as:

Jsc = QJbs(E)QE(E)dE (1.6)

Where q is the charge on an electron, bs(E) is the spectral photon flux density and QE(E) is the
qguantum efficiency and E to E+dE is the energy range of photons which fall on the area of the

anode per unit time. [14]

The photocurrent produced is actually a reverse bias current because electrons flow towards the
cathode while the positive holes flow towards the anode. If a forward bias was applied it would
compensate for the reverse photocurrent which will eventually turn the current flowing to zero,
this is shown below in equation 1.7. The point at which this is achieved is called the open-circuit

voltage or Voc. The ideal diode (Shockley) equation gives:
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(V-JR)
Joark =Jo ((eq KeT  — 1)) (1.7)

Where Jois the Saturation current density, ks is the Boltzmann’s constant, V is the applied voltage
and T is the temperature in Kelvin. The total current in a solar cell can be expressed as the

difference between the current density produced with and without illumination i.e.

Jrotat = Jpark — ]Light(SC) and thus:

qV-JR)
Jrotar = Jo <e KT — 1) = Jsc (1.8)

qV-JR)
Jrotar = Jsc —Jo <e KeT — 1) (1.9)

Where J is the total current density, J, is the saturation current density Kg is the Boltzmann’s
constant and V is the voltage across the diode. Figure 1.7 shows the typical Current voltage

characteristic for a solar cell. Solving equation 1.9 for V then gives:

. %m <(LO) + (]L]L;’“) + 1) + J(RA) (1.10)

Where R is the series resistance in ohms and A is the cross sectional area of the device. By setting
Jto 0and V to Voc in equation 1.10, the open circuit voltage can be obtained:

kBT SC
Vpe = ~221n (— + 1) (1.11)
o¢ q Jo

The JL and Jsc terms denote the internal current produced within the solar cell and the short circuit
current respectively. Since at short circuit conditions these values are equal so the terms can be
used interchangeably. Equation 1.11 above shows ideal diode conditions where the series
resistance is negligible and so in the case of an increasing series resistance these values tend to

stray further from each other [14]. This series resistance Rs is the cell materials resistance to current
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flow, contact resistance at differing material interfaces and the resistance of the metal contacts and
increases with increasing current density. Shunt resistance Rsy is another form of resistance
incorporated within the solar cell which runs parallel to the solar cell as seen below in the
simplified solar cell diagram, figure 1.5. This is caused by a diversion of the charge carriers due
to manufacturing/ material defeats and/or leakage of current at the edges of the cell which diverts
current from the cell itself reducing the voltage produced. As opposed to series resistance, the
effect of shunt resistance is particularly severe at low levels of illumination, since the light

generated current will be low.
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Fig 1.5: Simplified circuit diagram of a typical solar cell [16]

With regards figure 1.5, in order to ensure the maximum amount of current travels through the
diode a large shunt resistance is required along with a small series resistance. For a non-ideal diode

with the shunt and series resistance incorporated, the total current density is now given as:

] :]Light — Jpark — Jsn (1.12)

Where Jsy is the current density leaking through the shunt resistance. This term is obtained by
dividing the ideal diode voltage by the shunt resistance. Using the above equation 1.12 (for total

J) and our term for Jsh :
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_V+JRs (1.13)

qa(V+JRs) V + /R
=t go & 1) - LS (119
Rsn

Where n is the diode ideality factor. This expression gives the overall current under illumination
of a solar cell device. The graphical representation of the JV characteristic for a solar cell is shown
in figure 1.6 and, as can be seen, the cell acts as a current source at short circuit and as a voltage
source near the open circuit point [15]. An increase in the series resistance will result in a decrease
the short circuit current density while an increase in the shunt resistance will increase the open

circuit voltage [16].
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Fig 1.6: Current/voltage characteristic of a typical solar cell. Where MMP indicates the point
at which a cell is at its minimum power output. [95]

The point on this curve (fig 1.6) where the power output of the device is at a maximum is of

particular interest and is referred to as the maximum power point mpp where V=Vmp and J=Jmp.
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The mpp point defines a rectangle whose area is Pmp = VmpJmp and is the largest rectangle which
can be made from any point on the JV curve. The outer rectangle defined by Voc and Isc can be
used in conjunction with the inside rectangle to describe the available power at the maximum
power point of the cell. The fill factor is a ratio of the maximum power output of the cell to the
ideal cell output. The fill factor or FF is given by:

Vmp] mp _ I mp
VocJsc VocJsc

FF =

The overall efficiency is defined as the ratio of the power produced by the cell to the power of the

incident light on the cell. This can be calculated by rearranging equation 1.15 in terms of Pmp SO:

Power Produced Py

= = 1.16
H Incident Power P; (1.16)
_ FFVocJsc (1.17)
H= P
i

Where | is the overall power conversion efficiency or PCE. The incoming light radiation is also a
key component to consider when designing a PEC and external quantum efficiency measurements
are sometimes taken in order to assist in PEC material selection. This is defined as the number of

charge carriers the solar cell collects to the number of incident photons that shine on the cell or:

EQE = electrons/sec (1.18)
photons/sec

1.4 Water/Brine splitting

The photo electrochemical cell uses the solar cell configuration in order to turn photon energy into

electrochemical energy which directly splits water into oxygen and hydrogen turning it into
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chemical energy. The energy required for the overall reaction, seen below in equation 1.19, to split
one molecule of H20 into its constituent molecules Hz and %2 O2 is ~1.23V per electron transferred
[17] . This requires the semiconductor within the PEC to absorb photons of energy > 1.23 V. The
PEC’s path to water splitting involves two separate reduction and oxidation half reactions which
occur at the cathode and anode respectively. Three main conditions need to be met in order to do
so, 1) Solar response of the PEC system must optically match the incident light spectrum 2) The
produced photo charges must be separated efficiently in order to prevent recombination and loss
of photocurrent 3) The excited charges must have sufficient energy to be able to carry out the

water splitting reaction.

H,0 + hv — 1/2 0, + H, (1.19)
AE = —1.23V vs RHE

This negative AE value indicates that this water cleavage reaction is not spontaneous and requires
external energy to do so. The driving force behind this reaction is the photo voltage Vpn, which
due to losses such as spontaneous emission and non-radiative recombination, will always be less
than the material bandgap. These losses result in the Vo being some 400-500mV below the
bandgap E4 for almost all standard solar cells [18] [19]. This would suggest that Eq should be
>1.63V and ideally much greater in order to run the redox reaction at a significant rate. A trade-
off between bandgap energy and amount of light absorbed exists due to larger bandgaps not being
able to absorb as much light. . Both the hydrogen evolution potential and oxygen evolution
potential should ideally lie between the conduction and valence bands of the selected material.
Tamirat et al compiled a graph of some semiconductor band edge positions relative to Enxe and
included the HER and OER potentials, figure 1.7 WOz for example, has a nominal bandgap of
~2.6eV however the conduction band is too positive to be able to perform and maintain the HER
whereas in the case of CdSe the valence band is too negative [20]. Employing a tandem cell system,
with an active photocathode and photoanode, can sometimes be advantageous when constructing
a PEC because each of the semiconductors only need have one band suitable for each respective

reaction (HER & CER). This will be discussed more in the following sections.
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Figure 1.7 Band edges of semiconductors commonly used in Photoelectrochemical cells with
respect to the Vacuum and NHE potentials. Water reduction and oxidation potentials are also
marked by horizontal dashed lines [20]

Compared to the photo cleavage of water, the electrolysis of brine has not been as widely studied
despite the numerous advantages associated with this reaction. Although the redox potential for
the chlorine reaction requires a higher potential, (E’(02/H>0)=1.23V (E’(Cl2/CI")=1.36V, the over
potential is significantly reduced when compared to that of OER, ~50mV at 10mA cm. This is
partly due to the overall brine cleavage reaction requiring a two electron transfer as opposed to the
four electron transfer in the overall H,O splitting reaction [21]. The by-products from the oxidation
of chlorine will be H, and, depending on the electrolyte pH and the presence of a separation
membrane, either be chlorine gas or hypochlorite NaOCI. Either of these products can be used as
a surface disinfectant and also to generate potable water. This does not come without its drawbacks
however, as chlorine is a powerful oxidant, with a water solubility of ~ 0.092 mol dm™ atm™ ,
some 70 times stronger than water which will increase the oxidation and corrosion of cell
components thus cementing the need for an optimal material with desired conductive and

protective properties [22].
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1.4.1 Photo-Catalysts:

The reaction kinetics at the electrolyte-semiconductor interface have a huge effect on the reduction
or oxidation of water. While the materials above in figure 1.7 could be coupled with a platinum
electrode to perform water oxidation/reduction, the overall solar-to-hydrogen efficiency would be
low due to the slow kinetics of the multiple particle OER and HER and low photon absorption.
The hole transfer across the anode-electrolyte interface should be fast enough to avoid the
accumulation of charge at the interface which in turn can lead to the recombination of charge. To
counteract this and minimize the losses, the photoelectrode is usually coated with a thin

oxidation/reduction catalyst.

Water splitting as a whole is seen as a non-spontaneous or “uphill” reaction which means that as
well as the 1.23V required for the oxidation of water, an additional activation energy is also
required to initiate and maintain the reaction. [23] The role of a photocatalyst is to reduce this
activation energy, which is referred to as the overpotential, by increasing the reaction kinetics at
the interface. The binding energy of the catalyst must be in an optimal range for it to act as a good
catalyst (Sabatier principle) meaning that if the interaction is too weak, the molecule will fail to
bind to the catalyst and no reaction will take place but if it is too strong the products will fail to
dissociate [24]. Platinum group metals such as Iridium and Ruthenium have showed some of the
best results as catalysts for water oxidation but due to their high costs research has tried to minimise
their use or find alternatives. A thin layer of Nickel over a protective layer on Si is widely used
and has proved to be a very capable catalyst [25]. Nickel slows down the oxidation of the
underlying Si while also exhibiting very high oxygen evolution activity in alkaline conditions [26].
In such alkaline conditions, the surface Ni can react with the OH"to form NiOOH. This in turn

makes Nickel the reactive surface species by following the reaction mechanisms:

Ni + 20H- «—— Ni(OH), + 2e" (1.20)
Ni(OH), + OH «—— NiOOH + e~ (1.21)

This reaction is accompanied with a change in the surface Ni oxidation state from I1* to 111", which
is the accepting of a hole from the anode surface in turn, allowing the catalyst to accept an electron

from the electrolyte. Under these alkaline conditions the Ni may also undergo hydration leading
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to the formation of a Nickel hydroxide layer on the surface which also exhibits high activity
towards oxygen production [27]. The Ni-semiconductor interface forms a junction which promotes
band bending which in turn favours the charge separation and motion of the photoexcited holes
towards the catalyst-electrolyte interface. As well as this, the Ni film thickness can provide a

degree of tunability of the built-in potential and photovoltage [28].

1.4.2 pH dependence

The redox potentials for water reduction and oxidation are heavily pH dependant. lons must be
present in order to conduct electricity through the electrolyte, which are H+ and OH- in the case
of an acidic and alkaline electrolyte respectively. In general, acidic electrolyte is more favourable
for the HER process due to the abundance of H+ ions. These ions associate with an electron in the
solution and attach to the catalyst, combining with another adsorbed H* while also accepting an
electron from the electrode producing hydrogen gas. Alkaline electrolyte does not have a high
concentration of H+ ions and so the H-O-H bond needs to be broken before HER can commence
which requires a higher energy than the reduction of H+. Conversely, an abundance of hydroxide
ions is required to initiate the OER process which means that an alkaline electrolyte is more
favourable for this step. These OH- ions reduce and attach to the catalyst where a second reduction
occurs and results in the formation of a water molecule. This leaves adsorbed O* which bond to
another adsorbed O giving off Oz gas. Similar to the above case for HER, the breaking up of water
molecules requires more energy than reduction of OH- ions and so, in general, OER prefers a more
alkaline electrolyte [29].

1.4.3 Redox Reactions

1.4.3.1 Hydrogen Evolution Reaction

Once photoelectrons are released from the semiconductor material, they will migrate towards the
cathode surface where they are free to react with intermediate hydrogen within the electrolyte.
There are two widely accepted mechanisms for the HER process namely Volmer-Tafel and
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Volmer-Heyrovsky both of which involve the Volmer step which describes the adsorption of

Hydrogen ions on the electrode surface. This process is as follows:

In Acidic Solution:

2H,,* + 2™ — Hyqy) (1.22)
H* + e~ — Hyqy (1.23)
ZHad E— HZ (124)
H*+Hyy +e~ — H, (1.25)
In Alkaline Solution:
ZHZO + 2e” —>H2(g) + ZOH(aq)_ (126)
2H,0 + 2e~ — 2H,y + 20H" (1.27)
2Haq — Hp (1.28)
H,0 +Hyy +e”—H, + OH™ (1.29)

Where Hag represents adsorbed hydrogen atom on the cathode surface. Equation 1.22 and 1.26
represent the overall reaction while equations 1.23 — 1.25 and 1.27 — 1.29 represent the Volmer,
Tafel and Heyrovsky mechanisms respectively. Note that for HER in an alkaline solution,
dissociation of water is required and so the reaction rate is usually several orders of magnitude less
than that of Acidic solution [30].

At low pH, the HER process occurs mainly by the reduction of protons while at high pH water is
primarily reduced to form hydroxide ions [31]. Henceforth the reaction using acidic solution will
be referred to because of its wider use and greater potential for water splitting. It is the second step
that produces molecular Hydrogen and this can occur as a chemical or electrochemical reaction.
This chemical reaction is known as the Tefel reaction where two adsorbed hydrogen atoms
combine to form Ha seen in equation 1.24. The electrochemical reaction, shown in equation 1.25,

also known as the Heyrovsky reaction combines a proton, electron and adsorbed atomic hydrogen

28



to produce the molecular hydrogen [32]. Depending on the kinetics of each of the above reactions,
one of them will ultimately be the rate determining step for HER. If proton adsorption (Volmer) is
rate limiting for the process, increasing the available adsorption sites on the electrode surface by
having more cavities and edges will help improve the electron transfer. If the desorption and
diffusion of Hz from the electrode is the rate limiting step, then a rougher or perforated surface
will also increase the electron transfer by means of increasing reaction area and/or prevent bubbles
from growing which would form an unwanted barrier [32]. The energy conversion efficiency of
the HER, with the help of surface passivation, protective layers and catalysts, has achieved levels
as high as 11.5% in recent years compared to previously achieved efficiencies of > 6% 15 years
ago [33] [34] [35] [36] The standard reaction potential for the HER is ~0V.

1.4.3.2 Oxygen Evolution Reaction

The creation of an oxygen molecule at the photoanode requires the transfer of 4e and the removal
of 4H* from water which means the reaction rate for this step is usually very slow. This is one of
the main reason preventing the widespread use and implementation of water splitting systems [37].
This low reaction rate is coupled with the fact that due to the highly oxidizing environment at the
photoanode, the presence of thick oxide protection layers on silicon will further hinder the
transport of the charge. However, the incorporation of photoactive materials into this protection
layer can help reduce the bandgap and over potential and thus increasing the reaction rate. The

following equations are the OER reactions in an acidic and alkaline solution:

In acidic media:

H20 <:0Hads+H++e_ (130)
OHads — Oads + H+ +te (1.31)
Ouas + H,O & 00H ;s + H* + e~ (1.32)
OOH,4s + H,0 =0, + H" + e~ (1.33)
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In alkaline media:

OH™ &= OHyys + €~ (1.34)
OH,4s + OH™ & 0,45 + H,0 + e~ (1.35)

Ogas + OH™ &= 00H 45 + €~ (1.36)
O0H,ys + OH- == 0,4+ H" + e (1.37)

As previously mentioned, OER has more is more complex and thus has more sluggish reaction
kinetics due to the need for transfer of 4 e” and removal of 4 H* from the water to produce one
oxygen molecule. Noble metal based materials are usually required to maintain stable PEC OER
in acidic media. Some of the main candidates for protective layers in the OER are namely RhO2,
IrO2, RuO2 , with IrO being considered the most suitable due to its high photo activity and the
lowest over potential for water splitting out of the current OER protective layers [38]. While these
protective layers display ideal photo activity and conduction properties, an overlying catalyst such
as Co or Ni may be required. While transition metals such as the aforementioned Rh, Ir, Ru are
the ideal candidates for the photocathode, the high cost and low abundance of these metals requires

them to be used sparingly and in conjunction with more abundant metals such as Ti, W and Ni.

1.4.3.3 Chlorine Evolution Reaction

Compared to the photo cleavage of water, the photo-electrolysis of brine has a smaller over
potential partly due to the 2 electron transfer process as opposed to the 4 electron system of water
[39] [40] However, because of its relatively high equilibrium potential (E<(CI2/Cl-) = 1.36 V)
compared to that of water (E°<(O2/H20) = 1.23 V) the CER process can be very energy intensive .
Moreover, chlorine is an aggressive oxidant that could damage the semiconductor photo anode
[21]. Another complication is there is a selectivity issue with a competing oxygen evolution side
reaction in the same potential window as the CER which becomes more significant at higher

current densities. The reversible electrode potential for CER is pH independent (but is dependent
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on Clz and CI" concentrations) as opposed to OER where the potential increases with a decrease in
the electrolyte pH. The selectivity can therefore be shifted towards a preferred CER by keeping
the pH of the electrolyte low and the CI, Cl, concentrations high. Sohrabnejad-Eskan et al.
concluded that the system is also temperature dependant through changes in electrolyte viscosity,
half-cell reaction potential, exchange current density, reference electrode potential and also the
overall selectivity of the OER and CER [41]. A variety of different mechanisms for chemisorbed
intermediates have been proposed recently by Tilak and more recently Rosestolato et al. based on
experimental analysis such as Tafel slopes and order of reaction [39] [42]. For the case of CER,

The pathway is described by the Volmer-Heyrovsky mechanism [43] [44].

O, + 2C1" — OCl,y + e~ + Cl™ (1.38)

OClyy +e” +Clm — 0, + Cly + 2e~ (1.39)

Where the Oqt is the “on top” oxygen atoms on the electrode catalyst surface where adsorption can
occur, in the case of CER, usually RuO». The adsorption of chloride from the electrolyte is
described in the Volmer step which is followed by the recombination of an adsorbed species of
chlorine with another incoming chloride ion in the electrolyte to form molecular chlorine
(Heyrovsky). The CER over RuO: requires the formation of Oqtand OClqt intermediate adsorbates
as seen above in equation 1.38. When deriving current-potential models for CER, the VVolmer step
is assumed to be in a quasi-equilibrium state and so the rate limiting step is either recombination
or the electrochemical desorption of Cl> (equation 1.39).The current density is then dependent on
surface coverage of the electrode by chemisorbed Clot or Cl; in a similar fashion as with the OER

reaction [37].

1.5 Stability

For an electrochemical cell to be viable for real world applications, the semiconductor within it

must be stable in under water splitting conditions for prolonged periods of time. Photo-corrosion
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is one of the main limiting factors with regards to PEC cells with the oxidation or reduction of the
semiconductor itself often being in competition with the oxidation of water. Photo-passivation is
also a limiting factor which occurs when the semiconductor reacts with oxygen in aqueous
electrolytes and an oxide forms on the surface, thus passivating the surface making the surface
inactive for water oxidation [45]. If corrosion happens, the extent of it depends heavily on the
applied potential to the system as well as the pH of the electrolyte used. An Alkaline electrolyte
tends to be favoured over an acidic one when using transition metal protective layers due to the
formation of oxides or hydroxides in the latter [46].

(a) photoanode (b) photocathode
oxidized
CD(O:/H:O) stable
™ stable e
VBM stable .
stable ¢ (H'/H,)
reduced

Figure 1.8: Diagram showing (a) how the stability of a photoanode will decrease as its oxidation
potential shifts from its VBM (valance band maximum) to the water oxidation potential ¢(O2/H20) and
(b) how the stability of a photocathode will decrease as its reduction potential shifts from its CBM
(conduction band minimum) to the water reduction potential e(H*/H2) [96]

The position of the band edges with respect to the water oxidation and reduction potentials also
influence the stability of the anode. Since the photo-generated electrons can oxidize the material
itself, the semiconductors alignment of its oxidation potential relative to the oxidation potential of
water O2/H-0 tells us about its resistivity to photo corrosion. In the case of a photocathode, it is
the materials reduction potential position relative to the reduction potential of water H*/H; that
determines if this corrosion will occur as seen in figure 1.8 above. Figure 1.9 is similar to figure
1.8 but as well as the conduction (blue column) and valance band (green column) edges, it also
includes the oxidation ¢ (red bar) and reduction potentials ¢" (black bar) of each material [47].

As in figure 1.8 a material is considered stable against hole oxidation if its oxidation potential ¢
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is lower than that of the oxidation potential of water O»/H>O or the valence band maximum VBM.
Conversely, a material is considered stable vs electron reduction if its reduction potential ¢" is

higher than that of the reduction potential of water H*/H>.
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Figure 1.9: Calculated oxidation potentials (red bars) and reduction potentials (black bars) for a number
of semiconductors commonly used in photoelectrochemical cells relative to the vacuum and NHE levels
at pHO. Water oxidation and reduction potentials are also signified with horizontal dashed lines at 1.23V
and OV relative to the NHE respectively. The calculated valence (green column) and conduction (blue
column) band edges are also plotted[96]

In the case of Si, it can be seen that the VBM and ¢ are not both lower than the water oxidation
potential and so it would not be a stable photoanode against oxidation. It is also worth noting that
its reduction potential is more positive than its oxidation potential meaning that it will undergo
corrosion even when experiments are carried out in the dark. This is one of the main reason Si
photoanodes tend to require a more stable protection layer to increase stability. Some of these
materials such as ZnO can look an unsuitable candidate for water oxidation but ultimately it is
down to the reaction kinetics at the interface. The introduction of a suitable catalyst can ensure
that the oxidation of water is the favoured reaction mechanism [26].
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1.6 Charge Transport

Charge transport in a material is dictated by the materials charge carrier mobility which is a
characteristic of the material itself. This mobility is often related to the morphology and
crystallinity of the material. In general, charge is transported easier through a crystalline material
as opposed to an amorphous one due to the defect locations within amorphous materials acting as
an area where recombination can occur. Electrons and holes have different mobility’s through a
material owing to the fact that holes have a larger mass, and they are on a fixed path dictated by a
conversely traveling electron [48]. Electrons have different mobility’s depending on their location
with regards to the atom they are orbiting. When an electron is liberated from the valence band it
is transported to the valence band with a higher energy level. A semiconductors conductivity is

given by the following equation:
0 = neu, + peuy (1.40)

Where n is concentration of electrons in the conduction band, p is the concentration of holes in the
valence band, e is the electron charge and u, and u, are the electron and hole mobility’s
respectively [45] [49].

The two main methods of charge transport within thin films are direct tunnelling and transport
through defect sites. In order for tunnelling to occur, the film must be sufficiently thin (~5 nm)

with the potential for tunnelling increasing as film thickness decrease.

Charge also gets transported through a material through site defects in the material, namely oxygen
vacancies, interstitial defects or substitutional defects. Defects can act as a charge trap or a
recombination centre. The difference between these two is that, in n-type semiconductor, a trap
temporarily removes a charge carrier from the valence band depending on its energy level and
releases it at a later time depending on the energy of the incoming photon as opposed to a
recombination centre where the charge carrier is removed permanently without any useful
photoconversion. Some oxygen vacancies can have energy levels which lie within the bandgap
which can then be used as a sort of intermediate platform to hop between the valence and

conduction band but this transport method is relatively slow. In the case of TiO2, as will be
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discussed in chapter 5, these oxygen vacancies have a detrimental effect on the charge transport
through the photoanode and result in a more resistive TiO2 film. Defect sites act as a better
transport system for charge within a thin film. The use of organic precursors for thin film
deposition increases the possibility of interstitial atom deposition such as N and C which can have
a positive effect on transport due to the fact that atoms from these defect sites can have a smaller

bandgap that TiO2 and in turn act as intermediate energy levels within the TiO2 bandgap.

1.7 Material Selection

Early photo electrochemical cells relied on applied external bias or a pH gradient in order to
maintain water decomposition and even then, finding anode and cathode materials with sufficient
negative and positive critical photo potentials respectively, was a major obstacle. Advancements
were made on the work of Fukishima and Honda’s TiO2 and Platinum electrode system with the
use of n-SrTiOs, n-CdS, n-GaAs photoanodes and p-CdTe, p-GaP photocathodes among others
[50] [51] [52] [53]but these lacked suitable redox couple and due to the decomposition of the
semiconductor material itself under irradiation. The band bending in semiconductor-liquid PEC’s
is the only thing that determines the charge separation which is extremely sensitive to the material
properties thus overtime as oxidation of the semiconductor takes place the photocurrent will
diminish [54]

In recent years, the metal(oxide)-insulator-semiconductor model has become prevalent, using
doped Si as the semiconductor. Crystalline-Si is an indirect bandgap material susceptible to
oxidization, hence the metal-oxide should offer protection from oxidation but also encourage the
flow of charge between the semiconductor and electrolyte. Degeneratively doped Si (n+,p+,p++)
has been used in the water splitting process, providing sufficient mobility in order to counteract
the non-radiative recombination in the Silicon of the majority carriers, seen in figure 1.10(a) and
(b) below. High photovoltages have been achieved with these devices with a protective layer and
catalyst [55] [56] [57]. However, the absence of the previously mentioned inbuilt p-n junction
would see the recombination of minority carriers making it unsustainable for a continuous water

splitting process. Implanting a p type region in an n-type semiconductor insulator interface figure
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1.10(c) presents an advantage over degenerative Si in that it ensures a high hole density, which is

independent of illumination, due to the diffusion of electrons to the p-type region and holes to the

n-type region [58].

Figure 1.10: Schematic of different types of n type semiconductor in contact with a redox electrolyte each
protected with a TiO2 protective layer. (2) Regular semiconductor/liquid interface. A low density of holes
is present at the interface due to the absence of a metal catalyst. (b) A metal-insulator-semiconductor
device which increases density of states at the interface due to the catalyst present at the surface but is
limited by the thickness of protective/catalyst layers blocking illumination. (c) buried p+n junction device
where the p+ region ensures a high density of holes at the interface regardless of illumination thus greatly
reducing the extraction barrier [58].

This brings about the presence of a depletion region which shows itself in the form of band bending
which is shown in figure 1.2. The addition of protective and conductive layers to the Si allows for
bandgap tuneability as well as improved stability and photo activity. The selection of materials
depends on whether the photo anode or photocathode will be the working electrode due to the need
of different charge carrier concentrations at either electrode surface. An effective layer should be
stable within the high or low pH water/brine splitting environment, electrically conductive,

optically transparent and for mass production purposes, relatively cheap and earth abundant.
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Ideally these protective layers should hold shielding and catalytic properties, but a trade-off always
exists between these two properties which is why there has been an abundance of studies into

electrode capping layers.

Metals have been used as protective layers without reducing the charge transfer due to their
intrinsic conductive properties. Introducing a metal with a higher work function than Si like Ni
(~5.1eV) can set the Schottky junction between the semiconductor and metal improving charge
separation and carrier transport [59] [60] Used in conjunction with a basic 1M KOH electrolyte,
Ni showed promising results as a electro catalyst as well as a protection layer with high PEC
activity with relatively low activation potentials ~1.07 vs RHE, good durability as well as high
photocurrent production [28]. The use of metallic Ti has also been studied for a photocathode and
anode protective layer [61] however, metals such as Ni and Ti on their own are not transparent and
while the thickness is in the nm-um range they will absorb the light preventing it from reaching
the underlying Si. Metal oxides provide a more suitable anodic protective layer because of their
much higher work-functions than metals; owing to the oxygen vacancies and cation oxidation
states [62]. These oxides, namely of the platinum group elements (Ru, Ir) along with Co Ni and
Ti serve as excellent water oxidation catalysts. Mixtures of Cobalt and Nickel oxides such as
NiC0204 and CoNi204 have been used in alkali media but have shown weaker activity towards
OER than RuO». However, RuO- lacks long-term stability in alkali and acidic media because of
possible oxidation to the soluble Ru(V1), Ru(VIl), or volatile Ru(\V1Il) compounds [63]. Mei et al
employed a Ir/IrOx Catalytic layer on p+n-Si obtaining as much as 18 hour of stable water oxidation
in 2mol/L H2S04 producing a current density of 10mA/cm? without an additional protective layer
[64].

Zhang et al. used a TiO> thin film as the only protective/catalytic layer in a dye sensitized solar
cell (DSSC) with varying results [65]. Using atomic layer deposition, a thin film of TiO2 was
deposited and covered with a molecular Ruthenium dye to enhance solar absorption. While
efficiency was enhanced ~28%, the porous nature of the TiO. layer left the anode partially
uncovered leading to the oxidation of the underlying semiconductor. Studies would suggest that
TiO; protective layers do not have the conductive properties to function as a photoanode coating
alone. One of these being the stoichiometry and phase of the TiO2. Any deviation from

stoichiometric TiO> has a detrimental effect on the flat band voltage and so the threshold potential
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of the photoanode while also increasing the bandgap [66]. Mei and Pederson et al , showed that
the protective TiO> layer in fact acts as an ohmic contact relying on electron transfer rather than
hole transfer through the conduction band. Previously mentioned degenerately doped Si can be
used to enhance charge transfer through the TiO. protective layer [67]. Incorporating a protective
and catalytic layer on the same photoanode has been the main approach of recent works. Band
engineering has become a critical process in achieving efficient PEC’s in more recent times. This
is achieved by controlling the composition of the oxide alloy or layering different oxide materials
in order to change the bulk materials bandgap. The electrical performance of a photoanode with
and without a catalyst layer has been studied previously [68]. Steinmiller et al used ZnO and a
cobalt based layer as a protective and catalytic layer respectively. Their results showed that the
photocurrent produced at constant bias’ of 0.0V and +0.2V were roughly 2 times greater when

using Co-based photocatalysts as opposed to just using a ZnO protection layer [68].

A Co-based catalytic coating also resulted in a negative onset voltage shift of ~0.23V. Previous
work concluded that the flatband voltage of both photoanodes under test were similar, so this
negative onset potential shift was attributed to the Co-based catalyst decreasing the unwanted
electron-hole recombination near the flatband voltage [68]. Thus, a thin OER/CER catalyst at the
electrode/electrolyte interface exhibits the ability to use the photogenerated holes in the underlying
protection layer to enhance the generated photocurrent and in turn, the O2/Cl evolution. In general,
the protection layer oxide thickness plays a critical role in determining carrier mobility. Band
tunability was achieved by Kennay et al. by varying the protection/catalyst layer thickness
respectively [69]. Metallic Ni was deposited at a range of thickness between 2 nm-20 nm with a
NiOx catalytic capping layer . The OER onset potential was positively increased by almost 300
mV with an increase in Ni film thickness from 2-5 nm. The 2 nm Ni protective layer is ultra-thin
and did not show properties similar to that of bulk Nickel. The greater inbuilt potential can
therefore be attributed to an increased work function due to the interface being a mixture of
Ni/NiOx and the electrolyte as opposed to just bulk Ni and the electrolyte. Several methods have
been employed to improve the reaction kinetics on the anode surface including nanotubes,
nanoparticles and nanowires. These possess properties to enhance PEC efficiency such as a high
surface to volume ratio resulting in low recombination rate, minimises trapping events and
enhancing light scattering events [70]. Comparisons between their efficiencies and optical and

electrical characteristics can be seen in this work [71].

38



To improve the interfacial reaction kinetics, noble materials have been required to drive the
OER/CER reaction and serve as an anticorrosive layer. Currently, the most widely used catalysts
for industrial OER and CER are Ruthenium and Iridium due to their high catalytic activity and
stability under both acidic and alkaline conditions. These materials are far superior with regards
stability than transition metal oxides and so only a thin film ~3 nm can be enough to create a DSA.
RuO: has been mainly used with inexpensive transition metal oxides such as TiO2 because the
ohmic nature of TiO2 will promote excellent charge transfer at the oxide catalyst interface.
Transition metal oxides can also be alloyed with synergistic conduction and photoactive abilities
[72]. Uddin et al. calculated the difference in bandgap between TiO, and RuO2 is ~ 2.4eV which
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1: Schematic of an Ni/n-Si photoanode (A) utilizing an ultra-thin Ni/NiOx catalyst layer which results
in a high built in potential ¢s and produced photocurrent as can be seen by the high degree of band
bending in the band diagram and (B) The same device with a thicker Ni/NiOx layer which results in a
lower built in potential ¢s and photovoltage due to the higher extraction barrier present.

leads to an overall band bending of ~1.22eV due to the alignment of the fermi levels. A decreasing

bandgap, allowing for more of the visible range to be absorbed, was seen with increasing the %wt
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of RuO2 within the layer, from 3.23eV for pure TiO2 to 3.19eV, 2.98eV, and 2.85eV for 1, 2.5 and
5 wt % of RuO; in TiO; respectively, [73]. A later study built on this by increasing the RuO to
13-46 % wt RuO2 in TiO2 with excellent photo voltage results ~570 mV for films >16% wt. The
conductivity of the produced film also did not change with a thicknesses range of 3-45 nm. A 2
nm TiO, capping layer was also used to great effect as a protection layer without having
detrimental effect on half peak to peak splitting due to the charge carrier’s ability to tunnel.
Increased photovoltages from 500 mV — 53 3mV were also recorded when using a NiOx catalyst
layer, however, photovoltages above 500 mV were obtained regardless of presence of a 2 nm
protection layer, presence of catalyst, alloy layer film thickness or % composition [74]. P+n
substrates were also used for this work to increase hole concentration at the interface. Ni, Fe and
Co based earth abundant metal oxides catalyst and protective layers have been produced with a
better OER activity compared to that of even RuO. and IrO>. The reduced stability however, and
the need for alkaline based electrolyte requires the protective layers to be much thicker than that
of Pt group oxides. This will reduce absorbance of the incident light while also decreasing the

exchange current density due to longer diffusion paths. [75]

When utilizing just one working electrode, i.e., a photoanode for OER, a stable metal such as Pt
or even Al is used as a cathode. More recent studies have utilised a tandem cell system where a
photoanode and cathode are used together. This system is used increasingly by researchers to
achieve and sustain unassisted water/brine splitting. The presence of two photoelectrodes allows
for semiconductor materials with a reduced bandgap to be utilised due to the fact that each
photoelectrode only needs to provide enough potential for a half reaction. This reduction in
bandgap allows for more of the solar spectrum to be absorbed resulting in a more efficient system
[76].

Early p-type materials used for photocathodes include InP(bandgap=1.42eV) and GalnP2
(bandgap=1.83eV) because previously used metal oxides like KTaOs and ZrO, showed low energy
harvesting abilities due to their large (>3eV) bandgap [77]. These 111-V materials were susceptible
to corrosion in the dark (corrosion due to contact with the electrolyte solution, without net charge
transfer through the electrode) The state of the art in recent years for Si based photocathodes is
n+p Si substrates which work in a similar way but opposite to the previously mentioned p+n

substrates by ensuring a high density of electrons at the semiconductor/protective/ catalytic layer
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[58]. Metallic protective layers are, as is the case for photoanodes, one of the main candidates for
photocathodic protection owing to their conductive properties along with the relatively simple
fabrication process compared to that of metal oxides. Studies have shown that the introduction of
a metallic Ti layer into MoSx/InP had improved PEC onset potential as well as providing and
improved stability [78] [79]. This increased performance comes at a price however due to metals
absorbing the incident light before it reaches the underlying Si (Not a transparent protective layer).
Earth abundant metal oxide protective layers are the obvious candidate for protection layers for
PC’s because of availability and cost-effectiveness. As is the case with photoanodes, TiO- is one
of the most widely used PC protection layer owing to its excellent optical transparency and
exceptional carrier mobility [80]. The crystal structure of TiO2 has a significant effect on fill factor,
charge mobility and conductivity with more crystalline TiO2 having superior electrical properties.
Ros Et al. showed that a higher deposition temperature encourages more stable TiO> phases as
well as a thin seed metallic Ti layer helped promote nucleation and crystallisation. A 10 fold
increase in current density along with a ~3 fold increase in FF was obtained by increasing the
deposition temp from 100°C-300°C [81]. No visible dissolution was recorded after a 300 hour
stability test of crystalline TiO2 in 0.5M H2SO4 as opposed to amorphous TiO2 which seems to
dissolve in acidic and basic media, a 10% current reduction over this time was attributed only to
poorly attached Pt catalyst on the TiO> surface [82]. Additional layers have been used in unison
with TiO to obtain synergistic effects such as a carbon layer at the oxide-semiconductor interface
or using TiO2 to modify the surface of CulnS, which suggests TiO> requires the help of more
conductive and or photoactive material to be used to act as a HER catalyst [83] [84] [85]. Materials
do not have to possess optimal protective and conduction properties in order to be considered for
a cathode overlayer as alloying or creating a “stack” can utilise each materials desired properties,
i.e. TiO2 & SnO: (protective & conductive layers respectively), although a surface catalyst is
usually required to sustain HER [86]. Other transparent metal oxides such as Al>Oz has also been
used as a passivation layer for photocathodes to enhance the HER performance as well as protect
the underlying Si electrode [87]. A similar trade-off between conductivity and corrosion resistance
exists however, when dealing with Al,O3 as with TiO,. The greatest overpotential reduction
occurred for Park et al. using a 1.4 nm thick Al.Oz layer on an Si electrode; the low thicknesses
promoting tunnelling. Thicker layers cannot rely on tunnelling for charge transfer to the detriment

of the overall conductivity. The greatest reduction in overpotential was 150 mV at 20 mA/cm?
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with no reduction in current density being observed over a 20 hour stability test. The optimal
thickness of Al,O3 protective layers, when considering short term performance characteristics falls
in the 1~4 nm range, exhibiting the desired overpotential reductions and conductivities however,
long-term stability is not met and a catalytic overlayer such as NiOx or Pt is required [88]. Efforts
were made to combat this using surface modification including using nanoporus Si [89] and even
creating nano-pyramid structures on the Si surface by anisotropic alkali etching [90], with the later
achieving 100 hour stability with only minor fluctuations in current density; attributed to the
release of H, from the surface of the electrode. Stability, conductivity, charge transport tends to
rely on more than just a materials electrical and anti-oxidation properties but also simply on the
geometry and the density of available surface sites (surface area) of the electrode. For example.
this can be seen with the transition metal dichalcogenide (TMD) MoSz , where edge sites provided
the HER activity while the planer terrace sites are inert to HER providing a protection layer [91].
By engineering these planer layers to expose as much edge sites as possible, as well as ensuring
full coverage of the Si, long term stability ~ 100 hour is achievable [92]. Benck et al. produced
thin MoS; films with an underlying metallic Mo layer as well as films using a [Mo0sS13]? catalytic
layer which produced results compared similarly to that of Pt. The use of Si with GaN has provided
the best stability at high current density to date in 2018 where Vanka et al. achieved ~100 hour of
stable photocurrent density at ~35 mA/cm?. I11-nitride materials possess strong ionic bonds which
leads to surface states congregating at the band edges as opposed to the forbidden bandgaps which
hinders recombination of charge leading to the long-term stability at such high current densities
[93].

In general, previously discussed protection layers for photoelectrodes have performed well in the
absence of the leading photocatalysts such as Pt, Ru, Ir, Rh etc. but in most cases lack either the
long term stability or the photo activity of noble metals. Keeping these noble catalysts and scaling
down of the % of NM content and incorporating earth abundant materials seems a promising area

of research into highly efficient, highly stable photoelectrodes.
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Chapter 2

2. Atomic Layer Deposition

2.1 ALD Overview

Atomic Layer Deposition (ALD) is an important technique which enables the miniaturisation of
semiconductor devices. ALD is a thin film deposition technique which is a variant of the Chemical
Vapour Deposition (CVD) process. Thin film deposition is carried out by repeating a series of self-
limiting surface reactions by introducing a metal precursor and a co-reagent to the surface with
an intermittent purge sequence. ALD was developed, independently by two different research
team. The first form of ALD called “Molecular Layering” was created in the former Soviet Union
by Stanislav Koltsov, Valentin Aleskovsky and colleagues and the second named “atomic layer
epitaxy” by Tuomo Suntola in Finland [1]. Koltsov and colleagues published the first paper
regarding Molecular Layering in 1967 depositing thin films of TiO2 and GeO2 on silicon at 180°C
[2].. further work on Molecular Layering with TiO2 and SiO2 resulted in a number of papers over
the following ten years [3] [4] [5] [6] [7]. Tuomo Suntola would make the same discovery as
Koltsov and colleagues , roughly ten years later, whilst developing flat panel displays. Suntola and
team realised conventional thin film techniques such as vacuum evaporation or sputtering didn’t
have precise enough control over the deposited film, zinc sulfide, as a consequence they developed
“Atomic Layer Epitaxy” ; a patent for the ALE operating method was submitted and granted by
1985 followed shortly by a patent for the apparatus used [8] [9]. The method was adapted in the
1980’s to deposit compound semiconductors, in particular I1I-V compound [10] and garnered a lot
of interest despite no real commercial success. The Early 90’s saw a rapidly increasing interest in
ALD from the silicon-based microelectronics industry, where the requirement for thin metal oxide

films were key to maintaining progress in line with Moore’s’ law. The highly controllable nature
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of ALD ensured a high aspect ratio along with a low pin-hole density at the surface on the

nanometre scale.

2.2 ALD Cycle

Thin films are grown by means of self-limiting half reactions on a substrate surface. This is carried
out by a series of alternating precursor and reactant cycles, separated by an inert gas purge, which
form the thin film in a stepwise uniform fashion. The cycle begins with a pulse of a gas phased
precursor into the reactor chamber where the substrate is present. This causes a reaction between
the precursor and the reactive surface sites on the sample surface. This is followed by a pulse of
inert gas which evacuates the chamber of any physiosorbed species, by products and excess
precursor to avoid undesired gas phase reactions with the reactant. A reactant pulse followed by
another gas purge complete the cycle (Figure 2.1).

ALD CYCLE
z ‘. So o, o 0
e 9 .‘.. P e, ‘..v e
Y PNy Y Y Y

Figure 2.1 Schematic of the full ALD cycle including the surface reactions and precursor pulse [36]
uniformity under ideal conditions. The thickness of the deposited film can then be digitally

controlled by varying the number of cycles. The stepwise introduction of the precursors as opposed

to the CVD regime allows for ultra-precise thickness control.
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2.3 Thermal ALD

The thermal ALD process is the most widely used form of ALD. This form of ALD uses only
thermal energy to carry out the surface reactions which is provided by the reactor chamber itself.
Once the sample is loaded it is important to allow the substrate to reach the reactor chamber
temperature. For metal oxides H2O is the preferred oxygen source for the thermal ALD process as
it reacts with a wide variety of precursor types namely metalorganic and halogenated metal
precursors. Similar to CVD, the ALD reaction depends on a binary process of A + B = Products
although it employs a sequential ABAB reaction sequence. An example of this binary growth
below is the deposition of TiO2 and ZnO and their corresponding enthalpies: [11]

TiCl, + 2H,0 —> TiO, + 4HCI (2.1)
AH = —16kcal
AH = —70kcal

These ALD processes have negative heats of reaction and occur spontaneously at various
temperatures without the aid of a plasma and are referred to as thermal ALD processes. The most
common of these systems are the deposition of binary metal oxides such as Al>03, TiO2, Zn0O,
ZrOz, SnO2 and HfO. Metal nitride thin films such as TiN and TaN are also common in ALD
although NHzs is the common reactant for such material. [11]
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2.4 Plasma Enhanced ALD

The overall process sequence for PE-ALD is quite similar to thermal ALD processes. This process
is characterized by 4 steps: precursor exposure, inert purge, reactant exposure, inert gas purge.
Where PE-ALD differs from conventional ALD is the introduction of plasma during the reactant
exposure step. The plasma acts by dissociating the gas to produce radicles, electrons and ions. This
increased reactivity speeds up the deposition process and reduces the number of unreacted species.
The PE-ALD system has several benefits over the thermal ALD process mainly by reducing the
deposition temperature and widening the process window. O, plasmas are extremely effective
reactants for removing organic ligands and perform better than its H2O counterpart [12] [13].This
is beneficial because the complete purge of water molecules and hydrogen ions can be difficult as
well as a number of materials and substrates being water sensitive. Another feature of PE-ALD is
its ability to modify the substrate surface by exposing it to plasma. The discharge ions and electrons
produced by the induced plasma are physically sputtered or chemically react with the material
surface altering its structure. However, higher controllability of the PE-ALD system allows for the
enhancement of surface properties, lower deposition temperatures and phase selectivity. [14] [15]

2.5 Growth Per Cycle

The growth per cycle or GPC is defined as the thickness increase of a deposited layer after a single
ALD cycle. This is of particular interest as it gives information about the nucleation behaviour
This value can only be calculated post deposition as it depends on the deposited film thickness and
the number of ALD cycles. GPC is dependent on a number of factors which include deposition

temperature, precursor pulse/purge times and number of available active sites. [16]

Film Thickness

Growth per Cycle = (2.3)

Number of cycles
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The film thickness here is usually in the nm or um range and so when divided by the number of
cycles the GPC is usually given in A or nm. GPC is defined as the growth per cycle usually
averaged over several hundred cycles however the growth rate of thin films can differ over the
course of the ALD process. Effects such as steric hindrance caused by bulky precursor ligands can
have a negative effect on the growth rate by blocking active surface sites which leads to the GPC
being generally less than the thickness of a single monolayer [17]. For example, Nazarov et al.
performed a comprehensive study of Tin precursors demonstrating that precursors with bulkier
ligands such as Sn(tbba) have lower growth rates at similar temperatures to say TDMASn [18]. In
general, a precursor with a smaller molecule size is desirable due to more coverage and hence
quicker saturation of the substrate surface. Complete surface saturation may present itself initially
as island type growth when analysing at a per cycle growth level. The nature of the ALD cycle and
the reaction mechanism on the substrate surface allows for a complete coverage of a monolayer of
oxide before another monolayer is deposited on top. This gives excellent control over thickness of
a thin film providing the ALD cycle is optimized.

2.6 Self-Limiting regime

Precise control over the thickness of a deposited thin film is achieved due to the stepwise nature
of the ALD process. As mentioned previously, the majority of ALD process involve a binary
reaction arrangement which uses two precursors and two inert purge steps in between. A finite
number of active surface sites are available on the substrate surface and so only a finite number of
surface species can undergo reaction which leads to a smooth pin-hole free surface. Precursor flux
will differ throughout the reaction chamber depending on the delivery system, but this does not
have a detrimental effect on deposition process as the number of reactions depends on the number
of available active sites [11]. Precursor molecules first chemisorbed to the surface while additional
molecules may physisorb when no reactive sites are available . The role of the inert gas purge is
to remove any gas phase precursor and to remove weakly bonded physiosorbed species from the

surface. If these physiosorbed species are not removed, they can remain causing impurities and
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non-conformal films. As a consequence, the length of a purge is significant in a growth process
and has a direct effect on film quality. The number of monolayers that can be produced from one

ALD pulse is given by:

0 = (Ii_Ie)ti
0;

Where 6; is the atomic density for a single monolayer of coverage, li is the number of atoms
impinging per second on the substrate surface, le is the number of atoms per second reevaporated
from the substrate surface during deposition and tj is the pulse duration. Equation 2.4 shows that
the monolayer coverage is defined by the number of atoms that remain on the substrate surface
divided by the number of atoms that are needed in order to create one monolayer of coverage [19].
In an ideal system a monolayer of the first precursor remains while its physiosorbed species are
reevaporated and similarly with the second precursor once it is chemisorbed then the physiosorbed
species will reevaporate also. Chemisorption happens in the ALD regime in 3 different ways,
Ligand exchange, association and dissociation.

2.7 Ligand Exchange

Ligand exchange is a form of chemical reaction where a ligand is replaced with another on the
surface. The reactant molecule here is denoted by ML, where M is the metallic atom and L is the
accompanying ligand [16]. The reactant molecule splits on reaction and one of its ligands then
combines with a surface ligand -a which forms a volatile gas-phased by product, aL, which is then

released. This reaction is:

| —a+ML,(g) © || - ML, + aL(g) (2.5)
Here the || denotes the surface.
¢ Dissociation

Dissociation is defined as the splitting of an incoming precursor molecule (ML) into separate

fragments which occupy separate reactive sites (M'-L) as in equation :
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IM' —Z||+ ML,(g) © |[M'—L+||Z—-ML,_4 (2.6)

Similar to the previously mentioned ligand exchange, dissociation reactions may continue to occur
on the surface. This however has little to no effect on the number of bonded atoms or ligands. [16]
[17]

e Association

The association method involves the incoming reactive molecule ML, forming a bond with an

active surface site. The molecule is chemisorbed without the detachment of the ligand.

|+ ML,(9) < || .. ML, (2.7)

This bond can either form between the central ion M and the surface site or the ligand L and the
surface site. [16] [17]

2.8 ALD Temperature Window

The temperature window is the range in which an ALD process displays well behaved self-limiting
film growth. For ALD, this window is usually in the range of 150- 400°C, although exceptional
cases do exist for thermally fragile substrates such as polymers or biological samples. Deposition
attempts below the lower boundary of the temperature window will result in non-ALD type
deposition. Depending on the individual precursor, deposition below the deposition window can
result in an increased or decreased GPC. The lack of heat energy can result in incomplete surface
reactions which would reduce the GPC due to a larger number of cycles needed to obtain
saturation. At even lower temperatures, precursors tend to condense on the substrate surface
without chemisorption which can increase the GPC dramatically. Alternatively, at temperatures
above the temperature window the precursor molecule, or reactant molecule [20] [21] can
decompose before reacting or desorb from the surface after reacting resulting in an increased and
decreased GPC respectively. [11] [22]
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Figure 1.2 Schematic of a general deposition temperature window including the effects of low and high
temperatures on the precursor [32]

2.9 ALD of Titanium Dioxide

2.9.1TiCls precursor

Titanium is a transition metal which is found in nature only as an oxide as rutile, anatase and
brookite. Due to its high refractive index, high stability and suitable bandgap, it is widely used in
paint and sunscreen, and other applications which require it to absorb harmful UV rays. This
property also means that it acts as an effective photocatalyst for photoelectron-chemical cells. TiO>
has been shown to be resistant to corrosion when placed in agueous environments due to its smooth
and conductive layers [23]. The first work on ALD mechanism of TiOz on silica was in the early

90’s Ritala et al. and used an inorganic TiCls precursor and H»O as its reactant. This precursor was
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a suitable candidate for this work as it is highly reactive towards hydroxyl groups as shown in the

reaction mechanism below:

n(—OH) + TiCl,(g) — (—0-), TiCl,_,(s) + n HCI(g) (2.8)

(=0-)n TiCly_n(s) + (4 —M)H,0(g) > (—0-),TiCly_n(s) + (4 —n)HCI(g) (2.9)

When the TiCls is introduced to the reaction chamber and exposed to the hydroxyl covered surface,
it reacts very readily producing HCI gas as seen in equation 2.8. In the following reactant pulse,
the surface (—0—),, TiCl,_,(s) species react with the incoming water which again produces HCI

resulting in a hydroxyl terminated surface.

As previously mentioned, this is the ideal theoretical reaction mechanism and in reality, there are
many competing reactions at play. It is unlikely for the surface hydroxyl groups to be completely
terminated as there may be bridged hydroxyl groups between two surface cations. This will result
in different chemical behaviour for each ALD cycle. Bridging hydroxyl groups are polarized by
the cations and are thus more acidic and so terminated groups are more basic [24]. In ideal cases,
the surface hydroxyl groups would only react with the incoming TiCls but instead they can

condense with each other:
Ti(OH) — 0 — Ti(OH)(s) — Ti(—=0 =), Ti(s) + H,0 () (2.10)
2 —Ti(OH)(s) — —Ti— 0(s) + —Ti(s) + H,0 (2.11)

Equation 3.10 shows the case where the hydroxyls are adjacent to each other. The remaining
oxygen coordinates with the remaining oxygen. This mechanism is present at low temperatures
when the terminal hydroxyls are adjacent to the hydrogen bond interaction [25]. In the case that
they are isolated as in equation 3.11, the leftover oxygen is coordinated to only one cation, leaving
the other one unsaturated. As mentioned, reaction 2.10 is more favourable at lower temperatures
due to hydrogen bonded hydroxyls being more susceptible to dihydroxylation than the isolated
hydroxyls in reaction 2.11. The above mechanisms assume that the precursor only reacts with the

hydroxyl groups but it can also react with the oxygen bridges:
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Ti(—0 —),Ti + TiCl, — Ti(Cl) — 0 — Ti(OTiCls)(s) (2.12)

The absence of a gaseous product from this reaction makes it less entropically favourable than 2.8.
Another element that can complicate the film growth is the possibility of HCI adsorption to the
TiO2 surface:

Ti—OH(s) + HCl(g) «— Ti(H,0) — Cl < Ti—Cl(s) + H,0(g)  (2.13)

Ti(—0 =), Ti(s) + HCI(g) «—— Ti(OH) — 0 — Ti — CI(s) (2.14)

The complicated nature of this reaction results in competing reactions within the reaction chamber.
During the ALD cycle, the hydroxyls on the sample surface can react with the incoming TiClsas
in equation 2.8 or with HCI as in equation 2.13. The only reactions from this set that results in a
deposited TiO- film are equations 2.8 and 2.13 but the alternative dehydroxylation reactions,

equations 2.10 and 2.11 must also be considered.

Halogenated precursors are commonplace in ALD process due to their high reactivity and
relatively small ligand size, the latter being beneficial by not blocking the active surface sites
resulting in better coverage. There are some major drawbacks to these precursors however, in this
case, unintentional contamination of the Cl within the film being deposited and the highly
corrosive nature of the by-products (HCI). Industry has been making the switch to metal-organic
precursors in recent years which by in large require less harsh growth by-products and a higher

growth rate at lower temperatures [26].

2.9.2 TDMAT Precursor

The TDMAT precursor is widely used in ALD due to its deposited film being more uniform and

more conductive than its organo-metallic competitors like TTIP [27]. Compared to the previously
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mentioned TiCls, TDMAT has a relatively low vapour pressure and so significant precursor
heating is required, however the growth temperature can be significantly lower and a more linear
GPC trend with temperature is observed.[28] TDMAT can be used in conjunction with H.O, H20-
and Oz gasses to deposit TiO- films with H>O being the most widely used reactant. The ability of
TDMAT to deposit at lower temperatures makes it a good candidate when depositing on
temperature sensitive materials such as electronics or adding layers to already deposited thin films

that maybe thermally sensitive.
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Figure 2.3: GPC of TiO. deposited using TDMAT and H20 as a function of deposition
temperatures. [37]

300 350

Problems can arise at higher deposition temperatures however as TDMAT starts to decompose at
~250°C [29]. The growth rate throughout the deposition window can be seen in figure 2.3 above.
There can be a sharp increase in GPC above 250°C in some cases, this can be attributed to said

decomposition of TDMAT and also an increasing chemical vapour deposition effect [30].
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The reaction mechanism for TDMAT and HO is split into 2 half reactions:
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Chapter 3

3. Theory of Experimental methods

3.1 X-ray photoelectron Spectroscopy

X-ray photoelectron Spectroscopy or XPS is a higher energy version of the photoelectric effect
previously discussed in chapter 1. Its primary function is identifying the chemical species on the
sample surface as well as their chemical state, electronic structure and overall density of electronic
states within the sample material. The process relies on the absorption of an incident X-ray by a
core atom which in turn releases an electron with a certain kinetic energy Ex. The measured Kinetic
energy of this electron at the spectrometer detector is directly related to the binding energy of the
electron. The fermi levels of the sample and the spectrometer line up since they are in contact and

thus Ex will be a function of the binding energy:
Ey = hv — Egy, — q@gp (3.1)

Where hv is the incident x-ray energy, Ey is the electron binding energy and ¢sp IS the work function

of the spectrometer.

3.2 Spectroscopic Ellipsometry

Spectroscopic ellipsometry is an optical technique which uses polarized light to measure the

dielectric constants of materials at and close to the surface of the sample. Ellipsometry data tells
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us primarily about the thickness of the film but can also determine the bandgap of a dielectric
material. Polarized light (usually linearly) falls onto the sample where it interacts with the atoms
at the material surface. while the reflected beam is then directed into a detector where the
difference in polarization is detected. The incident light, which can be characterized by its
amplitude component ¥ and its phase difference A, reflects off the sample surface changing the
polarity to elliptical. The polarization of incident light can be split into the s & p components for
which oscillate perpendicular and parallel to the sample surface respectively. The change in
polarization is then obtained by calculating the complex ratio of the resultant reflected s & p
components. Bandgap cannot be directly obtained from SE and must be calculated using measured
coefficients from the SE process. Because TiO- absorbs in the shorter visible and UV range, the
Tauc Lorenz model can be employed here to fit the complex refractive index and thus calculate
the bandgap [1]. Using the raw absorption and wavelength data from SE and equations3.2 and 3.3

below, a Tauc plot can be made and thus a value for bandgap can be found.

4k (3.2)

ahv = (hv — Ej)™ (33)

Where a and k are optical constants relating to ¥ and A, A is the incident wavelength, hv is the
energy of an incident photon, Eg is the bandgap of the material, m is related to the type of bandgap

within the material (m=1/2 for a direct semiconductor and m=2 for an indirect semiconductor.

Using these equations, expressions for energy Eqand plot it against (ahv)Y™ creating a Tauc plot.
Extrapolation of the linear region and finding the x-intercept on the plot will give the material
bandgap [2].

3.3 Photoelectrochemical Measurements

To carry out the photoelectrochemical experiments a PTFE photoelectrochemical cell (PEC) was

constructed. As mentioned in chapter 2, the performance of the sample under test within the PEC
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is measured by the generated current vs voltage which in turn is correlated to the amount of oxygen
& hydrogen that are being produced. The cell in question consisted of a reference electrode
(Ag/AgCl), a semiconducting working electrode (WE) and a metal counter electrode (CE) which
are all immersed in the electrolyte. A circular opening above the working electrode allowed the
electrolyte to come in contact with it and it is the area of this opening that tells us the illumination
area. The cell also has a small opening on the top side to enable the use of a light source for photo-
generated current experiments. To avoid leakage, a gasket was employed as seen below, to ensure
a tight seal between the cell and the baseplate. The openings, depicted in the schematic of figure
3.1 (a), use pipe fittings to ensure that experiments can be conducted in an enclosed system or, if
necessary, allow the addition of a gas detection sensor to calculate oxygen/hydrogen production

or a camera to monitor bubbles forming on the electrode surface.

=
29
@ Rg =
CE
Base-
plate
Electrolyte
: /
- T WE
Gasket -
/ Filter
Compression-
plate

Figure 3.1: (a) a schematic cross-sectioned view of the PTFE cell used in this work. (b)

Photograph of the cell setup within the lab in this instance with a high powered LED on top.

electroge. A PErISIallic pump was connectea 10 e cell 10 CIrculate tne electrolyte ana avoid
bubble/pH build-up at the WE over prolonged measurements. It should be noted that significant
optimisation of the pump speed, using a variable power source, was required to avoid bubbles
forming in the electrolyte.
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The standard potential \° of the reference electrode used in this work is + 198 mV (RedRod)
versus the standard hydrogen electrode (SHE). The potential of a PEC cell is usually expressed vs
the reversible hydrogen electrode (RHE) and this conversion can be done using a variation of the
Nernst equation:

Vrue = Vagrager + VOAg/AgCl + 0.059pH (3.4)
Veue = Vmeasurea + Voref + 0.059pH (3.5)

Where Vagagci is the measured potential, V? is the standard potential for Ag/AgCl electrode which
is +198mV as mentioned above. A potentiostat was used for the electrochemical measurements in
these experiments (PalmSens 3) in order to control the current/voltage applied. The counter
electrode employed was a platinum wire mesh which would provide a much greater surface area
than the working electrode which is crucial to ensure that charge transfer between the two
electrodes is not the rate limiting factor of the experiments. Since the oxidation and reduction of
water are the reactions, these experiments are concerned with, an aqueous electrolyte is used. In
this case, the ferri/ferrocyanide (KsFe(CN)s, KsFe(CN)s) redox couple was employed (10 mM of
both) in a supporting electrolyte of KCI (1M).

3.3.1 Chronoamperometry

Chronoamperometry is a technique used to study reaction kinetics, adsorption and diffusion of a
sample within an electrolyte. Unlike cyclic voltammetry, a fixed potential is applied to across the
WE & CE and the current change within the system overtime is measured. Along with high
conductivity and transparency, stability is an essential property of a photoanode. A stable photo-
anode would retain its initial current over time as opposed to an unstable anode which would see
a decrease in current as the experiment goes on. This drop in current can be down to a number of
factors like formation of a hydroxide layer, corrosion of the surface layer or even bubbles trapped
at the surface of the anode if the electrolyte isn’t sufficiently circulated. By applying a voltage and
measuring the current drop over a time, one can get an idea of the corrosion resistive abilities of

the outer protective layer of the electrode. Another form of this technique is often used in
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electrochemistry also where a current is fixed at a certain value and the fluctuation of potential

over time is measured which is called chronopotentiometry.

3.3.2 Cyclic Voltammetry

Cyclic voltammetry is an electrochemical technique which measures the dependence of current
response of a system on an applied potential. Much like other forms of voltammetry, CV uses a 3
electrode setup consisting of a working electrode, reference electrode and a counter electrode.
Measurements are obtained by ramping the potential between the working and reference electrodes
(usually Ag/AgCl or SCE) while simultaneously measuring the current flow between the working
and counter electrodes. To ensure the oxidative and reductive current is measured, the voltage is
swept from negative to positive and then back again to ensure These two data sets are then
compiled and plotted against each other to produce the cyclic voltammogram. In order for charge
carriers to travel between electrodes a conducting medium is required called an electrolyte. These
include most soluble salts, acids and bases which need to be dissolved in a polar solvent such as
water. The Ferri/ferrocyanide redox reaction is often used due to the electron transfer between the
solution and the electrodes being fast and so the reaction kinetics within the electrode itself can be
studied. In this one electron reaction, the ferricyanide ion Fe(CN)e> acts as the oxidant while the

ferrocyanide ion Fe(CN)s* acts as the reductant [3].

Reduction
Fe(CN)g*™ + e~ &= Fe(CN)y"*~ (3.6)
Oxidation

As the oxidation current increases, the concentration of the Fe(CN)s* decreases until the
maximum potential is reached. When the potential sweeps to negative the Fe(CN)s* is then
reduced as in equation 3.6 resulting in a cathodic current which then reaches a maximum as all of

the Fe(CN)6> is consumed.
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3.4 Electron-beam Evaporation

Electron beam evaporation is a method used for thin film deposition. A stream of electrons is used
to bombard a target anode, which is the source material that is being deposited, which heats the
anode and transforms the target material into its gas phase. The electron beam is given off by a
under high vacuum and highly controlled. Once the source material is in its gas phase it is then
deposited onto the sample which is placed in the vicinity. The E-beam evaporation system allows
for there to be multiple source materials within the chamber at any one time which can be rotated
into the path of the electron beam allowing for sequential deposition of different materials to the

same sample without the need to break vacuum.

], Rotation
QCM deposition Wafer

O,\ .

Shutter i Magnetic field
—/—/—//
E-beam

Iy

Filament Accelerator

Vacuum pump

Figure 3.2: a schematic of an electron-beam evaporation system showing the main features [14]

The system is made up of two main parts as seen in figure 2.4. The electron source or gun and the
crucible where the source material is housed. The electron source is usually a filament of tungsten
which is surrounded by magnets which will guide the beam of electrons to the crucible. The
amount of material deposited can be adjusted by the amount of current applied to the filament
which in turn determines the heat of the filament. The crucible can be made from a variety of

materials according to the melting point of the source material held within it. The crucible may be
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made from tungsten or copper or for materials with a very high melting point, a ceramic bowl can
be employed. Usually, there is 4 different segments which house 4 different crucibles of different
materials. This part of the system is usually water-cooled to ensure that particles from this holder
are not mixed with the source material in the gas phase [4].
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Chapter 4

4. Experimental Procedures

4.1 Sample Fabrication

4.1.1 Silicon wafers

4 different types of Silicon wafers were used in this work. Moderately phosphorous doped (100)
n-type silicon wafers (p = 0.14 - 0.24 Q.cm, thickness = 450pum) were used to create a Schottky
junction photoanodes for electrochemical measurements. Degenerately boron doped (100) p-type
silicon wafers (p=0.001-0.002 Q-cm) were used to act as conducting electrodes when carrying out
water oxidation experiments in the dark. Buried junction devices were also fabricated in order to
provide a high concentration of charge carriers built within the silicon. The first step in this process
was to clean the substrates using the Semitool spray acid tool. First the Si wafers are cleaned using
deionised (DI) water and ozone, followed by NHsOH (2000:1) exposure in order to remove
particulates and organics. The last step is to add DI water and ozone along with HF (1150:1) which
helps regenerate the surface oxide and removes any metallic species left over on the surface. After
this clean, the wafers were then implanted with 4x10™® cm? of boron at 15 keV. These samples
were then annealed at 950°C for 40 minutes, initially in a mixture of O2/N2and then just N2 for the
remainder. The surface of the wafer was bevelled at a known angle 6 through the p+ region which
allowed for the determination of its depth using optical measurements and geometry. The depth of
this region was calculated to be ~450 nm. The procedure for implantation of n-type region into p-
type was similar however it was instead 5x10%3cm? phosphorous at 110keV. The annealing
conditions were also different with the n+p being annealed for 60 minutes in only No.
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4.1.2 Wafer Cleaning and preparation

For these experiments, TiO> was deposited directly onto several different types of Silicon
substrates using the ALD method. Before the native oxide can be grown on the surface, the wafers
(100) were primed using a three part cleaning process: 10 minutes at 50°C exposed to 5:1:1
H2>0:H>02:NH4OH to get rid of any trace metal ions on the surface. The next step was a 30 second
bath in 2% hydrofluoric acid to remove the SiO; that is present. The last step is then to spin dry
the wafers leaving a hydrogen passivated outer layer which is then ready for deposition. The slot
plane antenna (SPA) method was then used to grow a precise thickness of a native oxide layer.
The deposition temperature of the system was set to 500°C and 100 sccm of Argon gas was
circulated through the chamber while the system reached equilibrium giving an actual substrate
temperature of ~400°C. A 2.45 GHz microwave was used for this method to generate a high
density plasma just below the dielectric shower plate. Oxygen was then introduced to the chamber
at 400 sccm for 10 seconds while the argon was ramped up to 1500 sccm. To start the deposition
process, the microwave power was set to 3000 W, Argon set to 1200 sccm and Oxygen set to 40
sccm for 25 seconds at a chamber pressure of 5 Torr. At the conclusion of the process, Argon and
Nitrogen are introduced to the chamber for 5 seconds in order to purge the system. The time of
oxygen plasma exposure can be altered to create the desired thickness of SiO», for these samples

the parameters were set to give an SiO; thickness of 1.5nm.

4.1.3 Atomic layer deposition

The atomic layer deposition in this work was done using the Picosun R200 system using the
Tetrakisdimethylaminotitanium (TDMAT) as the metallic precursor and either Oz plasma or H20
as the oxygen containing co-reagent. The chamber was set at 200°C, falling within the process
growth temperature window. The TDMAT precursor was kept at 75°C to ensure the vapor pressure
was sufficient to dose the reaction chamber at the selected pulse duration. ALD cycle parameters
for grown samples are given in Table 1.4. Purges were set at values previously determined to give

a cross wafer thickness uniformity of 5% in line with the equipment site acceptance test.
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Sample | Si Type | Number Oxygen TDMAT TDMAT Oxidizer | Oxidizer
Name of cycles source pulse (s) purge (s) | pulse (s) | purge (s)
1TP1

pr* 0, Pl
1TP2 2riasma ,

146 (3kW) 0.2 10 8 15

n+p
1TP3 p+n
2TP1 p++

O, Plasma
14 2 1 4 1
2TP2 | n+p 6 (3kW) 0 0 5
2TP3 p+n
3TP1 P 0O, Plasma
2

3TP2 n+p 146 (3kW) 0.2 10 18 15
3TP3 p+n
4TP1 p++
4TP2 n+p 146 H.O 0.2 10 0.1 10
4TP3 p+n
5TP1 | p++ 146
5TP2 p++ 365 H,O 0.2 10 0.1 10
5TP3 | p++ 731

Table 4.1: List of samples prepared and their corresponding deposition parameters.

4.2 Material characterization

4.2.1 Oxide layer thickness

To determine the thickness of the deposited TiO: layer, spectroscopic ellipsometry measurements
were carried out using the Woolham Co. M-2000 ellipsometer. As the majority of the samples
were grown in identical conditions, one sample from each batch was tested using this technique.
The thickness can also be confirmed using the SEM system by obtaining section views of the
cleaved samples however the only system available did not have resolutions high enough to get
images in the sub 10 nm range. As consequence, previous calibrations of the ellipsometry

measurements were assumed correct.
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4.2.2 Back contact & catalyst deposition

The procedure used to deposit catalysts and contacts was the Temescal UFC-4900 e-beam
evaporation system. Metallic Nickel (99.99%) and metallic Platinum (99.99%) were deposited as
a water oxidation catalyst and a back contact respectively. 5 nm of Ni was deposited on top of the

already deposited TiO», and 25 nm of Pt was deposited on the back side as an ohmic contact.

4.2.3 Wiring samples

To connect the working electrode to the potentiostat system, a thin silver wire was attached to the
deposited Pt on the reverse of the sample using a silver adhesive paste. It is important that the wire
is positioned in the middle of the sample device to ensure charge has a direct path through the

sample and into the wire.

4.2.4 Electrolyte solution preparation

The redox couple ferri/ferrocyanide was selected for this work to study the charge transport within
the PEC system. A 10 mM solution of potassium ferricyanide and potassium ferrocyanide
trihydrate were prepared using deionized water along with 1M potassium chloride which was used

as a supporting electrolyte to increase the conductivity of the solution by providing more ions.
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Chapter 5

5. Results and Discussion

5.1 TiO, Optical Characterization

TiO2 is a widely studied material in the field of ALD and for this reason there is a well-established
growth rate across its growth temperature window. Since the majority of the samples were
deposited at 200°C The literature GPC is ~ 0.5A under those conditions. Four different types of Si
were loaded into the chamber for each growth, as they all had the same 2 nm native oxide over-
layer it is assumed that the doping will not influence the growth mechanism of each TiO> layer.
Although the position of the samples shouldn’t have any bearing on the thickness an error of 5%
in thickness is the accepted instrument error across a 10 cm wafer for a well-defined process. The
nominal GPC of TiO2 using our system had to be established prior to the coating of any
photoanodes. This estimate was performed by depositing TiO2 on a Si substrate at 200°C, running
a 200 cycle recipe and measuring the thickness; under these conditions the thickness was
determined to be 8.2 nm. Assuming a linear growth rate and no nucleation delay this equates to a
GPC at 200°C of 0.04 nm/cycle, this value was used to determine the number of cycles used for
the desired thickness. It should be noted that the measured GPC of TiO: in our system was slightly
below literature growth-rates for TDMAT and H20 [1][2].

For all samples thickness was measured using the Woolham Spectroscopic Ellipsometry system

mentioned in chapter 4. Utilizing the Woolham CompleteEASE software, a preloaded thermal
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oxide on Si model was used as well as a TiO2 Tauc-Lorenz model also on the system. The

measured thicknesses and associated errors are shown in table 5.1.

Table 5.1: Thickness measurements of Si/TiO>
samples determined bv spectrosconic ellipsometry.

Sample Name Si Doping Number of Thickness
cycles (nm)
1TP1
p++ 6.3+0.3
1TP2 146
n+p 6.0£0.3
1TP3 p+n 6.0£0.3
2TP1 p++ 5.9+0.3
2TP2 n+p 146 6.0£0.3
2TP3 p+n 6.1+0.3
3TP1 p++ 57+03
3TP2 n+p 146 6.3+0.3
3TP3 p+n 6.1+0.3
4TP1 p++ 6.3+0.3
4TP2 n+p 146 6.5+0.3
4TP3 p+n 6.6+0.3
5TP1 p++ 146 6.1+0.3
5TP2 p++ 365 149+0.7
5TP3 p++ 731 30.6+1.5

SEM imaging was also carried out on as deposited TiO2 on Si, Ni/TiO2/Si and used Ni/TiO>/Si
anode samples. This however did not give any insight into the thickness of the TiO> layers as the
maximum resolution was not sufficient to distinguish between the multilayers and confirm the
TiO> thickness, higher resolution SEM or TEM were not available at the time of fabrication.
However, plan view SEM did provide information about the surface characteristics of the

photoanodes which will be discussed in section 5.3.
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5.1.2 Bandgap

The bandgap of the deposited TiO2 was determined using the SE system. Using the absorption
coefficient and wavelength along with equations 3.3 and 3.4. Figure 5.1 below shows the Tauc
plots for unannealed and annealed TiO2 on Si. A clear difference can be seen between the two data
sets with annealed samples undergoing a redshift. By extrapolating the linear region of the data to
the x-axis, the bandgap of the material can be estimated. Here for the unannealed and annealed
TiO2 the bandgaps were determined to be ~3.4+0.14eV and 3.2+0.15eV respectively. Annealing
conditions effect the stoichiometry of the deposited film. A rise in annealing temperature
corresponds to a decrease in “O” atoms present within the film which can be attributed to the out-

diffusion of oxygen during annealing [3]

n
o
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® Unannealed

=
6]
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1 2 3 4 5 6 7
Energy (eV)

Fig 5.1: Tauc plot showing annealed vs unannealed TiO, with the extrapolated diagonal lines
indicating the material bandgap.

It should be noted that annealing can also change the crystal phase of TiO2. from amorphous to
anatase to rutile, however, these changes take place at temperatures in excess of ~600°C, which
was out of the range of our annealing temperature [4]. The oxygen deficiencies present within the

annealed v the unannealed samples would also result in an increase of recombination of charges

[3].
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5.2 Electrochemical Experiments

Electro and photoelectrochemical experiments were carried out using the fabricated TiO2 on Si
samples. These experiments were carried out in the light and dark and in neutral and pH 14
electrolyte. The cyclic voltammetry experiments were carried out in a ferri/ferrocyanide in KCI
solution while water oxidation experiments were carried out in a neutral solution and pH14 KOH

solution.

Dark Electrochemical Experiments

The electrochemical work carried out in the dark was mainly carried out using the p++ Silicon
samples. The work in the dark is more of a characterization of the different thicknesses and
compositions of the protective TiO> layers as well as the catalysts. p++ Si is called so due to is
highly degenerative doping. Due to its high doping, p++ silicon possesses an abundance of
available charge carriers to facilitate the rapid transfer of charge at the electrode-electrolyte
interface. When carrying out FFC cyclic voltammetry on these samples, well defined and
symmetric oxidation and reduction peaks are expected because of this abundance of charge
carriers. While light likely does have an effect on the p++ silicon in the form of inducing charge
csrrier generation, the effects are essentially negligible as the surface is already over saturated with

available charge carriers.

5.2.1 Different deposition conditions

Ferri/ferrocyanide (FFC) cyclic voltammetry is a technique to characterize the charge transport
efficiency across the electrolyte-semiconductor interface. Due to the over-layer of metallic Ni
(3nm — E-beam evaporation), the electron transfer between Ferri/ferrocyanide and the electrode is
fast and so this allows for the electron transfer across the TiO layer to be characterized. When

using p++ Si, the oxidation of ferro cyanide to ferricyanide will be the favoured reaction due to
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the abundance of holes available in the bulk. As previously discussed, this will attract negatively

charged anions to form the inner Helmholtz plane.

Figure 5.2 shows the cyclic voltammetry of different Ni/TiO2/Si samples which were deposited
under different conditions. This experiment was carried out on p++ type silicon under dark
conditions so as just to study the TiO> layer itself. The aim of this work was to produce titanium
oxide films with different amounts of O incorporated into the films and study the effects this has
on oxidation and reduction curves. This was achieved by altering the oxygen pulse times (either
over or under pulsed) for the thermal and plasma grown films. Each of the samples in figure 5.2

was deposited at 200°C.

Cyclic Voltammetry data of P++ anodes with different TiO2 deposition

methods
0.8
0.6
0.4
-
—
0.6 0.8 1

® Thermal (Low Oxygen pulse)

Current Density (mA/cm?)

® PEALD

Thermal (High oxygen)

Potential (V vs Ag/AgCl)

Fig 5.2: Ferri/ferrocyanide Cyclic voltammetry responses for TiO> protected anodes

deposited under high regular and low oxygen conditions.

85



The reason behind changing the TiO2 deposition parameters was to study the performance of films
with different stoichiometries and to see if the oxygen vacancies caused by non-stoichiometric
films plays a role in their cyclic voltammetry responses. It should be noted that the study is
qualitative rather than quantitative as the XPS system was not available at the time of fabrication
and as sample storage time of non-stoichiometric samples is critical for their evaluation delayed
sample measurements would be of limited value. For the reduced oxygen pulse depositions, the
growth rate was reduced dramatically due to the reduced amount of O available to react with the
adsorbed surface ligands which will alter the ratio of Ti®* to Ti*". This meant that the reaction was
not surface limited but rather limited by the amount of oxygen present within the reaction chamber
[5]. When organic precursors are used, they can also lead to impurities in the film such as carbon
and nitrogen however the absence of XPS data prevented the quantification of impurities. The ratio
of Ti* to Ti*" is known to have a major effect on the electronic structure, charge transport and
surface activity of the Ti thin films and ultimately controls the degree of leakage current within
the film [6]. A spread out of the peak-to-peak voltages can be seen in figure 5.2 which indicates a
higher resistive TiO film. The high and low oxygen voltammetry reveal an asymmetry, with the
cathodic peaks missing while the anodic peaks remain. Due to the underlying Si being p type, there
is a high concentration of holes in the p++-si to rapidly oxidize the Fe(ll) but an inherent lack of
electrons to sufficiently reduce Fe(lll). A result of this is that the electrolyte-anode interface

essentially acts as a Schottky junction which then give rise to the asymmetry seen in figure 5.2.

5.2.3 Thickness dependence

We know intuitively, that a thicker layer of TiO2 would mean that the charge carries from the
underlying Si would find it more difficult to reach the catalyst-electrolyte interface. When the
protective layer is small, additional charge transfer mechanism are available such as tunnelling
which would add to the overall conductivity of the device. The more resistive a device would be,
the greater the peak to peak voltage would be [8]. Figure 5.3 Shows the cyclic voltammetry
responses for p++ samples in a ferri/ferrocyanide solution. Similar to the previous experiments, a

5nm Ni OER catalyst layer was deposited on top as well as 25 nm of Pt on the back to act as a
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back contact. Three CV responses can be seen here with a noticeable spreading out of the peak to
peak voltage owing to an increase in resistivity of the samples. Greater thickness of the TiO>

protective layer would ensure a more stable, corrosion
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Figure 5.3: Ferri/ferrocyanide response for a Ni/TiO2/SiO2/p++-Si sample in the dark showing
the peak to peak voltage dependence on protective layer thickness.

resistant film but a middle-ground must be found between corrosion resistance and conductivity.
Thicker TiO2 samples may experience more recombination within the bulk. The distance the
charge carrier must travel back to the Si is greater within thicker samples and given that
electron/hole mobility within TiO: is relatively slow, the chances of recombination increase with
thickness. On the other end of the scale, TiO> layers cannot just be made as thin as possible either
because of the possibility of surface pinholes which could extend to the Si surface, exposing it to
the electrolyte.
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A Protective layer thickness study was also carried out by Mcintyre et al. In this work, the thickness
of the anode protective layer ranged from 1.2nm to 11.6nm where a clear spreading out of peak to
peak voltage can be observed. The 5nm sample is the most comparable to the work carried out
above using a 6nm protective layer. The first observation when comparing the results is the positive
shift in potential of both the anodic and cathodic peaks. This could be owed to the fact that the
work above is using p++ Si as opposed to the p+ used in Mcintyres work. The higher doping could
lead to a decreased resistance due to an abundance of charge carriers and so could lead to a positive
shift in the CV trace.

Although Mcintyre’s work stops at 11.6nm, we can see a clear trend as to what affect the increased
thickness has on the device performance. Going by this trend, our results for 15nm and 30nm
protective layers seem to agree with this work. The shape of the CV trace for the 15nm sample
should also be addressed. The could be a case that the reaction was only quasi reversible due to
instability in the system oweing to sample deterioration or possibly impurities within the
electrolyte itself [8].

5.2.4 Chronoamperometry Experiments

The stability of a 6nm TiO> protective layer was studied using the chronoamperometry technique
discussed in section 3.3.1. The aim of these experiments was to compare the CV response of a
photoanode sample before and after undergoing chronoamperometry to study the stability of the
overlying TiO layer. The current that is seen from this experiment is due to the applied potential
being above the over potential required to start an maintain the oxidation reaction and so the
transfer of charge is occurring and electrolysis is happening at the electrode surface. The small
reduction of current over time seen is a result of the overlying Ni and TiO> degrading due to being
exposed to the constant oxidizing conditions, but these losses seem relatively small. The
difference in the two CV responses will give information of how the TiO- layer performed under
said oxidizing conditions over time. A reduction in photocurrent density and reaction kinetics
between these two responses would signify an increase in resistivity, the blocking of reactive sites

on the material surface, corrosion among other facts which will be discussed. Figure 5.4 shows the
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chronoamperometry tests carried out on Ni/TiO2/Si and Ni/Si samples respectively. This tells us
the resulting current while applying a fixed potential of 1.6V vs the SHE for an extended period,
in this case 4 hours. The sustained near constant current throughout the experiment remained
constant for the most part which tells us that the TiO. protective layer remained operational
throughout, whereas the sample without the protective layer failed within the first 20 minutes. The
slight reduction in current overtime for the TiO> protected sample could be contributed to the
dissolution of the Ni or TiO; or the creation of etch holes which could expose the underlying Si.
Comparing the two data sets shows a significant improvement of device stability with just a 6nm
layer of TiO2. The potential applied in order to achieve these currents during chronoamperometry
tend to be higher than during CV experiments due to inefficient removal of the oxygen generated
at the electrode surface (bubble build-up). A peristaltic pump was utilized for this reason when

carrying out longer experiments like chronoamperometry
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Figure 5.4: Chronoamperometry tests on p++ samples, with and without a TiO> protection
layer, in the dark at a constant potential of 1.6V vs NHE; a 1M solution of KOH was
employed as the electrolyte.
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Cyclic voltammetry experiments were carried out before and after the Ni/TiO2/Si sample
underwent chronoamperometry to study the effects of long term water oxidation had on the
electrochemical and corrosive resistance performance of the photoanodes. Results can be seen
below in figure 5.5 where water oxidation experiments were carried out in 1M KOH before and
after the samples had undergone CA. The photocurrent achieved has decreased significantly
compared to the pre CA results which can be put down to corrosion of the catalyst layer resulting
in a reduced amount of active surface sites. The actual amount of photocurrent achieved is a lot
lower than literature values [8][9] which are usually in the 10’s of mA range and show a larger
onset potential that fall well outside the water oxidation potential of 1.23V. These water oxidation
experiment would need to be optimized to see what the limiting factor is and would be essential if

further work were to be carried out.
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Figure 5.5: Cyclic voltammetry of TiO, protected Si p++ electrodes before and after 4 hour
stability tests. The dotted line at 1.23V signifies the potential at which water oxidation
(O2/H20) occurs at. These experiments were carried out in a solution of 1M KOH.
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As can be seen from the CV sweep the photocurrent density of the sample post CA is reduced in
line with observations of decreased current over the course of the CA experiment. The spread of
the peak potential signifies an increase in resistance of the anode which can be attributed to partial
degradation of the electrode through the formation of pinholes, dissolution of the protection layer

or oxidation of the Ni catalyst.

Visual inspection of the photoanodes also gives insight into the performance of the samples under
test as can be seen in figure 5.6 where the used sample is on the left and the unused sample is on
the right. The circle in the centre of the used sample is the area of contact between the surface and
the electrolyte during PEC tests. This darker colour signifies the dissolution of the TiO2 and Ni
and so bare Si or the native SiO; is all that is left.

e "ln‘.,t‘:
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Figure 5.6: a side by side view of the Ni/TiO2/SiO/Si anodes used in this work with a used
sample on the left and an unused sample on the right. The circle of darker colour seen in the
centre of the used sample was the area of contact with the electrolyte during experiments.

A visual inspection was done on the devices once CA testing was finished with seen in figure 5.6.
On the left is the device after undergone CA stability tests and on the right is an unused anode.
The darker coloured circle in the middle was the contact area of the anode with the KOH electrolyte
which indicates the dissolution of the protective and or catalytic outer layers of the device. The
CA results, however, show a steady current over the 4 hr test period with only minor drop over
time and so this might suggest that the outer Ni OER catalyst has been corroded away but the TiO-
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protective layer is still present; XPS would confirm this but was not available at the time of this

study.

The samples were then prepared for SEM by sonicating in acetone for a short time to remove all
of the dried electrolyte and other organic material that may be present. Plan view SEM images are
displayed in figure 5.9 of a used Ni/TiO2/Si photoanode. The purple box on each image is where
EDX was also carried out on the surface of the samples, to get a further understanding of their
condition after testing. Figure 5.9 (a) shows the edge of the circle test area of the used anode. For
the corresponding CA results for the used anode a small reduction in current over a 4-hour
experiment was observed, which would indicate that there would be little degradation of the
protective layer however, comparing the used and unused parts of the SEM image corrosion is
clearly visible. Higher magnification images of the test area can be seen in fig 5.9(b) and 5.9(c).
An EDX sweep of the area inside the purple square shows that there is C, O, Si, Ti and Ni present
with percentage weights of 3.65%, 3.15%, 88.44%, 0.97% and 3.8% respectively. The C present
is either atmospheric contamination of the samples post growth or residue from the TiO2 deposition
process as an organic Ti precursor was used. The high percentage of Si present is due to EDX not
only scanning the surface but the x-rays penetrating to the silicon substrate. The darker region was
confirmed as the corroded area as there was no Ni and only 0.19% Ti detected from its EDX scan.
The SEM and EDX data clearly show that there is degradation and in areas complete removal of
the catalytic and protective layers. The corresponding EDX spectrum for each of these images is

included in Appendix 1 below.
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Figure 5.7: SEM images of a used Ni/TiO>/Si anode; (a) the border region if the area under test
(b) higher magnification view of the surface of a photoanode after CA experiments.

llluminated Electrochemical Experiments

5.2.2 Photovoltage & Water Electrolysis

The photovoltage achieved was the next experiment conducted using the FCC redox couple. This
was obtained by comparing the centre points of the CV sweeps for a p++ sample in the dark vs the
p+n under illumination. n+p Si was also used in these experiments to try and study the performance
of atandem cell device. As previously mentioned in section 4.1.1 the p+n Si has an inbuilt junction
with a hole concentration of ~ 5 x 10°cm which ensures a high concentration of holes at the
anode surface essentially making the photovoltage less effected by the protective layer thickness.
To achieve the highest possible photovoltage for a single photoelectrode device, CV of the p++

sample was measured in the dark while the p+n sample was measured under illumination.

To find out what photovoltage is incurred by each photoanode, a CV sweep must be carried out

on the device in the dark and then under illumination. The work undertaken by Mclintyre et al
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showed a comparison of CV sweeps between Ir/TiO2/n-Si photoanodes in the dark and under
illumination. The difference between the two CV sweeps can be attributed to the absence of
photogenerated holes for the dark sample. With no light to generate holes at the anode surface,
there is no charge carries available to oxidize the Fe(ll). This is observed as a lack of an anodic
peak for the sample [7]. Figure (5.8) below shows the CV sweeps of Ni/TiO2/p+n/Si under
illumination and in the dark. A negative shift is seen in the illuminated sample when compared to
the dark sample. This negative potential shift was about 0.1V. Another noticeable difference
between this and Mclntyre’s work, particularly for the P+N sample is that the two sweeps look to
have an anodic peak but also a somewhat noticeable cathodic peak. As previously mentioned, the
p+n Si is used to ensure there is always a higher concentration of holes at the anode-electrolyte
interface regardless of illumination or bias. This results in reduced hole extraction barrier causing
there to be oxidation and reduction regions regardless of illumination. When the sample is
illuminated the photovoltage and photocurrent is increased dramatically. This is due to the creation
of electron-hole pairs in both the p and n type regions. The peak current densities are lower in the
dark sample which is expected as with the illuminated sample, there is a high density of charge
carries at the surface as well as increased carrier availability due to the photogeneration of holes.

For the n+p sample, it is expected to have an opposite effect as we are dealing with p type bulk Si
as opposed to n type (figure 5.9). The catalyst used on these samples was platinum to promote the
oxygen evolution at the electrode surface. The results here were not as pronounced as for the p+n
sample. The dark sample follows similar pattern as with MclIntyre’s work in that there is much
lower current peaks. The oxidation peak can be clearly identified but the lack of even a small
reduction peak was not expected when carrying out this work. The n type region should have
allowed for a concentration of charge carriers available for reaction at the electrode surface.
Reasons for this and for the reduced photovoltage when compared to the illuminated vs dark p+n
results could be due to the fact that hole mobility is lower than that of electrons and so the reaction
kinetics were too slow in this case. When we look at the silicon samples themselves, the p+n has
a much higher concentration of p-type implanted into the surface region than of n type into the p-

type region, this concentration could have had an effect also.
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Figure 5.8: Ferri/ferrocyanide response for a Ni/TiO2/SiO2/p+n-Si sample in the dark (yellow)
and in the light (blue)
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Figure 5.9: Ferri/ferrocyanide response for a Ni/TiO2/SiO2/n+p-Si sample in the dark (blue)
and in the light (orange)
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Figure 5.10, an illuminated n or p+n sample will retain its anodic and cathodic symmetry as well
as experience a negative shift in potential. The presence of the anodic peak for n type silicon below
is due to the photo-generated holes due to sample illumination [7]. Similar work was carried out
by Mcintyre et al using an n-type and p+ type Si [8]. The CV trace of the p+-type anodes are too
small to see the shape and peak to peak splitting but they do seem to fall in the same range as the
work carried out here. The main aim of this test was to study the effect that the different types of
TiO2 would have on the CV sweep and not the performance of underlying Si which is why it was
carried out on the p++ type si.

As can be seen in figure 5.10 the voltage range for this experiment was set wide, a narrower range
would potentially reveal further insight to the process however as the core aim was to determine
the centre point this does not affect the overall aim of the experiment. Measuring the distance
between the p++ and p+n. CV sweeps was the method used to obtain the amount of photovoltage
achieved. The CV results for n+p Si sample can also be seen in figure 5.9 which was also tested
under illumination. 4 nm of Platinum was deposited on top of the 6 nm TiO> protective layer to
act as a HER catalyst. This n+p type silicon allows for a higher open circuit potential relative to
the semiconductor electrolyte junction by decoupling the band-bending in the underlying Si and
the electrode-electrolyte junction. This device is an attempt to overcome the inherent limitations
that p-type Si devices encounter which is a low flat-band potential. As can be seen, there was not
much of a positive shift when comparing the p++ and n+p CV scans in figure 5.9 with the final
photo-voltage incurred being ~0.05V. Voltammetry using the n+p devices proved difficult with
varying results and unexpected CV shapes. As these devices would be utilized in a tandem cell
device it would be assumed that protons would be exchanged from the anode to the cathode
through a proton exchange membrane which would acidify the area. In order to achieve better
results running this experiment again in acidic media and utilizing longer wavelength light should
be considered. as will be explained in following sections, the buried p+n and n+p junctions within
the Si tends to lower the dependence that photo-voltage achieved has on the oxide layer thickness.
One must ensure however, that light can still penetrate the protective layer and reach the underlying
Si.
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Figure 5.10: Ferri/ferrocyanide responses for p++, p+n and n+p devices. Each photoanode has
a Ni/TiO2 catalytic and protective layer. Total photovoltage can be calculated by measuring
the distance between the centre points of the CV response.

Approximately 0.29V for the photo-voltage using p+n and p++ and a photo-voltage of ~0.34V
using the tandem p+n and n+p system was achieved in these experiments. As can be seen for the
n+p device, there is an almost negligible cathodic shift when compared with the result for p++ in
the dark. A higher response than this was expected but from this result, the n+p type device do not
seem suitable for use in a tandem photoelectrochemical cell. More research is needed to fully
characterize this material and a longer wavelength light source might give more generated photo

voltage.

Water oxidation curves can be seen below in figure (5.11). These electrochemical experiments
were carried out in a basic pH electrolyte under standard conditions, ie ~20°C at atmospheric
pressure. The work carried out by Mclintyre et al shows the oxidation curves using n-type Si with
a Ir catalytic layer and a TiO2 underlying protective layer in pHO, pH7 and pH14 electrolyte
solution. In acidic conditions the potential required to facilitate the oxidation of water is ~1.23V

() although a potential even greater than this would be required in reality due to the ohmic losses
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in the system and over potential required to sustain the reaction. The pH of our electrolyte solution

is ~pH11 and so:

Eo, = (1.23V) — (0.059V)(pH)
Eo, = 0.64V

Focusing just on the pH7 and pH14 CV sweeps, when comparing the onset potential vs the
oxidation potential for water at the appropriate pH there was a 0.219V and 0.171V negative shifts
observed respectively. As previously discussed, this is what is expected as when the light interacts
with the underlying Si, photo-genrated hole-electron pairs are created. The holes then are available
to facilitate the oxidation of water at the interface. This would be due to the higher concentration
of holes being available for reaction due to the p-type region. The result below will be directly
compare dwith Mcintyre’s work using the n-type Si in 1IMNaOH [7]. The blue trace in figure
(5.11) below shows the water the data from a p+n photoanode device. A 3mm Ni catalyst was
present on the surface to facilitate the reaction. As mentioned, In the case of this work p+n-Si is
used instead of n-Si and so a greater negative shift in potential is expected due to the abundant
availability of charge carriers however, this is not the case as can be seen when comparing the
onset potential in figure 5.11 to the calculated oxidation potential of the electrolyte solution.
Mclntyre’s onset poteintial seems to be ~0.2V while in Fig 5.11 it is ~0.6V. Granted the two
enviroments are different here as different electroylyte is used as well as catalyst but with the p+n
Si, a more comparable onset potential was expected. A larger negative potential shift from the
oxidation potential was expected here due to the p+ region and the photocurrent is also
significantly lower than in the work carried out by Mclintyre. There could be a few reasons for this,
number one being that Mcintyre had a layer of Ir on the surface which is known to act as a better
Oxygen evolution catalyst than the Ni used in this work. The second most likely reason for this
result is due to the greater thickness of TiO2 protective layer which inhibits/ slows the charge
carrier as it travels to the catalyst-electrolyte interface. Another factor could be that the delay
between fabrication of these samples and testing could have been too long and the thick layers
could have degraded or oxidised which would inhibit charge transfer, as seen in the study of
different deposition techniques discussed previously. Continuous use of the samples can also cause
the surface to deteriorate due to constant reactions at the surface.

98



Although the expected result was for a large negative shift, greater or comparable to the one seen
in the work from Mclntyre, the above mentioned points are the likely contributing factors to this,
as well as maybe something as simple as a bad contact, or even a corroded platinum wire as the

same one was used for the majority of the electrochemical work.

When calculating the photovoltage shift in this work, we are comparing results in figure 5.5 and
5.11. Figure 5.5 above shows the water oxidation curve for p++ sample in the dark where it can
be seen that the oxidation started to occur at ~1.75V whereas when carrying out the same test using
the p+n sample under illumination (figure 5.11) this occurs at 0.6V. this is a negative shift of 1.1V.
This anodic shift seems very large when comparing results to the work of Mclintyre et el [7] with
FFC. He had obtained a anodic shift of 600mV using n type Si and p+ Si. In this work, p+n type
Si and p++ Si was used which should have better charge transfer kinetics but it still seems high
when taking this into account. The photo-voltage achieved in the work carried out in FFC earlier
in the chapter was only ~0.25V and so this perhaps points to something else within the circuit
causing the additional anodic shift. It is unlikely that this photo voltage is a true result but the
reason for this large discrepancy is not definitively known.
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Cyclic Voltammetry of Ni/TiO2/p+n photoanode in KOH
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Figure 5.11: KOH cyclic voltammetry response for a Ni/TiO2/SiO2/p+n-Si sample showing
the water oxidation curve. The calculated oxidation potential of water at this pH is ~ 0.6V. The
black line is located at this Eo, potential.

Next was the n+p type silicon sample. Unfortunately, when cyclic voltammetry was carried out
using these devices, regardless of illumination or dark conditions, the resulting photocurrent/
voltage was essentially 0. The reading from the potentiostat was in the 0-10gA range with no
recognisable peaks or troughs when the CV was carried out over a range of -1V to 2V. As the
potentiometer seemed to be working fine for other tests, this result can probably be put down to
the samples themselves or the connection to the device. The gasket between the liquid and sample
could have leaked causing the circuit to short, or the wire/photoelectrode sample could have

disconnected.

As p-type Si is more suitable as a photocathode, due to the built in depletion region which provides
a high concentration of electrons at the surface independent of the semiconductor electrolyte

interface. N+p type Si has shown to be one of the most efficient types of material when it comes
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to HER for this reason [10]. Looking at some other works, we can see what would have been
expected from our n+p CV result. Segar et al carried out CV experiments using similar n+p Si
devices but used a Moleybdenum sulphide layer as the HER catalyst. Previous work carried out
by the group found that alloys of nickel and molybdenum (NiMo) may work as non-precious HER
catalysts for this system. However, this system has stability issues in acid, which limits the pH to
values above 4. Regardless of this, CV experiments were carried out in acidic electrolyte (1M
HCIO4). The HER activity of the MoSx/n+pSi photoelectrode surpasses that of a pure n+p-Si
electrode, suggesting a catalytic effect from MoSx. When MoSx is deposited on a Ti-protected
n+p-Si electrode, the onset of photocurrent significantly shifts to more positive potentials (0.33 V
vs. RHE), approaching the efficiency of a Pt electrode (0.47 V vs. RHE). Although this study was
more about the performance of the overlaying catalyst than the n+p type Si, photovoltages of
~0.5V were obtained. When considering what would be expected from the n+p devices from our
work, a positive potential shift would be expected when compare with the water reduction potential
of ~0.8V [11].

Similar work was also carried out by Boettcher et al using the n+p type Si as a photocathode. This
work utilized both planer Pt n+p and Pt/n+p Si nanowires with good photovoltaic results. These
electrodes exhibit a notably high open-circuit voltage of ~0.55V with the planer electrodes
achieving 28mA/cm?. When regular planer p type Si was used in the same work under same
conditions, a photocurrent of ~21mA/cm? was achieved which tells us that the high concentration
of implanted carriers on the surface has a positive effect on the overall performance. Moreover,
their high fill factor (~0.60) underscores the efficient electrocatalytic performance of the thin Pt
film. The energy conversion efficiency of 9% achieved is in line with previous work already
carried out using these same materials. The disparity on efficiencies between photocathodes and
anodes is due to the due to the large work function, significant electron—electron scattering and

strong surface reflection of incident light that p type semiconductors have [12]
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Figure 5.12: Ferri/ferrocyanide Cyclic voltammetry response for a Ni/TiO2/SiO2/p++-Si
sample in the dark and under illumination

The CV responses for a p++ Si photoanode in the dark and under illumination can also be seen in
figure 5.12. A catalytic layer of Ni was deposited on the surface to facilitate the electrochemical
reaction. The absence of any response to the light confirms the high degree of doping present

within the p++ Si due to it behaving more like a metal than a semiconductor under illumination.
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5.4 Conclusion & further work

The aim of this study was to obtain a better understanding of how effective TiO> can be when used
as a protective layer for photoanodes and to test the functionality of different types of Si as a
photoelectrode. The TiO. was prepared using differing ALD and PEALD methodologies, for
example, low oxygen environments, high oxygen environments and post deposition annealing.
The non-stochiometric nature of the films produced under high oxygen, low oxygen compared to
PEALD showed a spread out of peak to peak voltage and thus an increase in resistivity. This points
towards the conclusion that the ratio of Ti* to Ti*" is one of the main factors that affects the

resistivity of the device and thus the leakage current.

The method of obtaining photovoltage here was measuring the distance between the midpoints of
the CV scan for the p+n device under illumination and the p++ device measured in the dark. The
p+n device produces more photocurrent than the regular n-Si device which was expected due to
the higher hole density at the interface. The measured photovoltage achieved was ~ 0.41 V. The
measured photovoltage using a tandem device i.e., p+n photoanode and n+p photocathode was
also measured but only achieved a photovoltage of 0.07 V greater than the single photoanode
device. More voltage was expected from this device and further work would need to be carried out
to optimize the system. Thickness also played a part in the TiO2 conductivity. There was a decrease
in resistivity as the thickness was decreased which would point to the conclusion that tunnelling
was the dominant transport mechanism. Just 6 nm of TiO2 was found to be an effective protection
layer against corrosion as can be seen from the chronoamperometry experiments although the SEM
images do indicate that there is corrosion of the photoanode surface. The photocathode CV work
would also be redone on the n+p device to obtain actual photo voltage and current results so that
a full picture of overall efficiencies could be achieved. The photocurrent and voltage achieved
during the water electrolysis experiments was substantially lower than in the work of Mclintyre et
al. Although different catalysts were used and different type of underlying Si, a greater effect was
expected when comparing illuminated and dark CV data. This can probably put down to several
small factors such as the electrolyte itself, the deterioration of the samples over time and the

connection in the circuit as well as other factors mentioned in the previous section.

To back up this work more compositional characterization could be undertaken e.g., XPS, in order
to further characterize the TiO2 films. Being able to determine the Ti3+/Ti4+ ratio in section 5.2.1
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would be beneficial and make the results more conclusive. Further electrical measurements would
also be beneficial, for example the fabrication of a metal oxide semiconductor device to calculate
the leakage current. 2 point and 4-point resistivity and AC Hall measurements were performed but
the thickness of the films pushed the resistivity too high for conclusive data as measurements
outside accepted error limits of the instrumentation. If these measurements were to be conducted
again, several different TiO2 samples of greater thickness could be measured and results could be
extrapolated to obtain an estimate of the for Hall voltage, resistivity etc. It should however be
acknowledged that thin films are needed for protection layers and any materials properties may be
thickness dependant and should be treated with caution. High resolution SEM or TEM where not
available at the time of this study, these would be beneficial determine not just better thickness

measurements but the presence of interlayers and more detail of electrode damage after use.
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Appendix 1

EDX Data

Figures Al and A2 show the corresponding EDX spectrum to the light and dark regions of the
SEM image 5.9 (b) above in section 5.3 as well as the percentage weight and Atomic percentage
of each element within the sample area. Also included are further SEM and EDX data which was

taken of the sample.

Eleme | Weight Atomic
nt % %

CK 3.65 8.15
OK 3.15 5.27
SiK 88.44 84.32
TiK 0.97 0.54

Ni L 3.80 1.73

0 q 10 15 2 Totals | 100.00

Figure Al: Corresponding EDX spectrum from fig 5.9(b) of the lighter region of the used anode

indicating the presence of Ti and Ni
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Element | Weight Atomic
% %

OK 1.56 2.70

SiK 98.30 97.22

Ti K 0.14 0.08
Ni K 0.00 0.00
T T T T LI T T T | T T T
0 q 10 15 20 Totals 100.00

Full Scale 12126 cts Cursor: 0.000 ke

Figure A2: EDX spectrum of the darker region of the used anode where no Ni was detected
and a greatly reduced amount of Ti present in comparison to the lighter regions.
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Element | Weight%  Atomic%

'Spectrum 4
OK 1.94 3.36
SiK 97.55 96.38
TiK 0.21 0.12
Ni K 0.30 0.14

Totals 100.00

30pm ' Electron Image 1

15 2
ke

Figure A3: SEM image and EDX spectrum of a wider region of the used anode along with the
percentage composition of the test area.
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Element | Weight%  Atomic%

oK 1.43 2.49
Si K 98.38 97.40
TiK 0.19 0.11
Ni K 0.00 0.00

Totals 100.00

10pm % Electron Image 1

Figure A4: SEM image and EDX spectrum of a corroded area of the used anode along with the
percentage composition of the test area.
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Appendix 2

Extra Electrochemical experiments

Open circuit potential

When an electrode is submersed in an electrolyte, in this case KOH, it will adopt an open circuit
potential. The open circuit potential is the built in voltage that exists in the system when there is
no external bias is applied. This OCP was recorded for a Ni/TiO2/SiO2/Si anode deposited under
regular ALD conditions where the thickness of the Ni and TiO2, was 5nm and 25nm respectively.
This measurement was taken over a very short time frame using a saturated calomel reference
electrode (SCE) but then converted to V vs RHE. If this experiment was conducted over several

hours, a decline in OCP would be expected. The OCP measured here was 0.535 V vs RHE.
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o 1.0-
(%2}
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g
o
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-05 T T T T T T
0 5 10 15 20 25 30

Time (s)
Figure 4A: Open circuit potential of Ni/TiO2/Si anode in the dark using KOH as an electrolyte.

Chronoamperometry

111



Chronopotentiometry, like chronoamperometry, is an electrochemical technique that characterizes
the stability of a device under test. Instead of a constant potential being applied, a constant current
is applied and the corresponding change in potential is recorded over time. This method resulted
in relatively noisy results which wouldn’t have been acceptable for this work and for this reason
chronoamperometry was selected as the main stability test. These inaccuracy’s could be
contributed to the equipment used or due to the chosen applied which in hindsight was much too
low for experiments of this nature. Both of these stability techniques return similar results and so
it had no effect on the outcome of the experiments. Figure 4B shows one of the better
chronopotentiometry experiments which was conducted on a p++Ni/TiO2/Si sample using an
Ag/AgCI reference electrode. This experiment was concluded early as can be seen by the time

scale whereas these experiments would usually be conducted for hours at a time.
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Figure 4A: Chronopotentiometry result for 6nm of TiO2 on Ni/TiO2/p++Si sample submerged
in pH 14 KOH where 1.5 mA is applied.
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Appendix 3

Further works.

Currently preparing a paper from this work titled “A study of degradation and performance of a
TiO2 photoanode protective layer under oxidative conditions ™.

The Electrochemical Society

(Digital Presentation) Electrode and Electrolyte Materials for Thin Film Microbatteries

Contributed to this work by way of surface modification of the V20s via thermal annealing and

depositing a thin Al>Os3 layer on top to help improve charge-discharge kinetics of the battery.
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Appendix 4

Research presentation (Tyndall, QUB, Stanford)

Emerald Project: Emerging Materials for Energy storage and Environmental
Research enabled through Atomic Layer Deposition € Tyndall

» Overall goal: Create alternative fuel source (Hydrogen) from the sustained photoelectrochemical splitting of brine
and the production of Cl; / NaOH / NaOCI {Hypochlorite) from this process.

Cl, < 55 o -,
;Vf'—.'-.. > 8 [* ®¢ ,J"f‘" o '—? f
26% Nacl» e . ‘ . mu OO I ‘H‘O pE
ey > - G

2 *Csld » | >

By 2Cei#s | ip "ty -
A - e ‘ .

24% NaC| < R . v Ao = NaOH &
1 r | -

» Reaction at Anode » 2C1" —— Cly, + 2e~

» Reaction at Cathode » 2H,0 +2¢” — Hp + 20H"

» Reaction near Anode  » Cly + 2NaOH —— NaCl + NaOCI + H,0
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Previous Project Work € Tyndall

RENEW Project TioZ — RuOZ afloyed thin films were produced by method of ALD, "
o, Tae% O A ieved reqordiess of i !

Yy
0 w10, '(\_/ | Alloy Ru Incorporation

Iy -
5
= wtal ) —_— ™
AT g Vraalaior i} (511
e Sermicondama 5] | DCHon
LG -aunll .
R ]
Dbadoanoeh ising Hie Soketngd MIS streching 13% Rl d Cyele Rates [Tidey: Rl | A46% Ru

Alloying Tidy, and Ruy, has stabilizing effect, reducas Tidy, resistivity
Boosted Work function to ~ §5.2eV
Tel, highly stabla under water oxidation conditions,

& Soeusrmane, O Handricks, M. S, Apoded Madesiok and intarfoces, wol 3, no. 36, p. B7ME5-23773, 26,

Substrates € Tyndall

Trae 0 Typm | Type2
Serreconduciorbews 5U) Metal -miudidor semvcsedston INS) Daried o0
Si wafers used: perctan piczee jercten
n-type %0, S0, %0
1 1
p++
p+n
n+p
O "o,
J/* Wead ehectichee | [t ebactrote
v
Schemotic of on n+p Si substrate with a Ti02
protective layer
Schevermann, J. Lowvence, X Xemp “Oesign principles for moximizing photovoitage o metol-oxide-protected woter-spliting photoonodes,” Notwe Materials, vol, 15 pp 99-105

2016
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Results

Hall Measurements

» Deposition tewp: [00°C » Depasition temp: 130°C » Deposition tewp: 50°C
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Hall Results (Sn02 @ 100, 130, 150°C)

Recorded dota grophed ve deposition temperature:
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Samples

All films were deposited on each of the 4 substrates, n-type, p++, p+n, nip

Thermal ALD (°C) PE-ALD (°C)
125 125
170 170
200 200
250 250

* Desired thickness of 6nm of TiO,
= Anything less would not have longevity in CV conditions

*  Thicker films would inhibit carrier transport to the 3i substrate

Photo-electrochemical Characterization

Cell Design

«  Central part of system is PFTE cell
«  Electrolyte is pumped through to allow circulation
+ Qpening raughly 1lem”2 but illumination area

determined by base plate

*  Reference electrode to be used is Ag/AgCl which has
standard potential of +199m\ vs SHE

Regular conditions
* Under dosed OF plasma
Plasma pulse followed by O gas

pulse
€ Tyndall
5
RE =
CE
Base-
Electrolyte r}anc
— T WE
Gaskei T -
Filter

P e 1
Compression- | Optical fibre
plate o

I, Kol 2018 Febrication and charnrtenzotionaf Im0- bosed water spiTiieg cewres by ofowme izyer depostion ond hpdrotbermn'spethess’, PhD, Tiecad National LinversTy
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Cyclic voltammetry / Linear sweep voltammetry

& Tyndall

Nanoned vitate

.
« CV monitors the redox behavior of a known chemical B 3 {3 2INRu SO,/ nSk ' p'Si L
— ) o AON 2 dark
species: 2 :“ /S0, 1'% :
Fe(CN)g! — Fe(CN)i* + ¢ = Exgoverage ¢
14 -
: ) ¥
* Potentialapplied across working & reference electrode 5 0. |
while current measured across working & counter E A
& 44 !
electrodes. = -
24 ' L
.
* Reference electrode Ag/AgCl '
3 4 . .
T v L " r - B v
L6 D4 02 00 02 04 o8
E/Vvs AglAgCl
Q. Rendricks, A, Schagermann, M, Schmich *150lating the protoval trc junction: atormic kayer daposted TIO2-2u02 alloy* dppded Matenial and (nterfoces, vol. 8, no, 34, p. Z3M3~-23773, 2016
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