Nanostructured materials for photoelectrochemical hydrogen
production using sunlight

Author:
Glasscock, Julie Anne

Publication Date:
2008

DOI:
https://doi.org/10.26190/unsworks/17525

License:
https://creativecommons.org/licenses/by-nc-nd/3.0/au/
Link to license to see what you are allowed to do with this resource.

Downloaded from http://hdl.handle.net/1959.4/43106 in https://
unsworks.unsw.edu.au on 2024-05-03


http://dx.doi.org/https://doi.org/10.26190/unsworks/17525
https://creativecommons.org/licenses/by-nc-nd/3.0/au/
http://hdl.handle.net/1959.4/43106
https://unsworks.unsw.edu.au
https://unsworks.unsw.edu.au

Nanostructured materials for
photoelectrochemical hydrogen

production using sunlight

Julie Anne Glasscock

A thesis submitted in fulfilment
of the requirement for the degree of

Doctor of Philosophy

School of Chemical Sciences University of
and Engineering New South Wales
© January 23, 2008



I hereby declare that this submission is my own work and to the best of my
knowledge it contains no material previously published or written by another person,
nor material which to a substantial extent has been accepted for the award of any
other degree or diploma at UNSW or any other educational institution, except
where due acknowledgement is made in the thesis. Any contribution made to the
research by others, with whom I have worked at UNSW or elsewhere, is explicitly
acknowledged in the thesis.

I also declare that the intellectual content of this thesis is the product of my own
work, except to the extent that assistance from others in the project’s design and
conception or in style, presentation and linguistic expression is acknowledged. Some
of the content of this thesis has been published in journal articles.

[ hereby grant the University of New South Wales or its agents the right to archive
and to make available my thesis or dissertation in whole or part in the University
libraries in all forms of media, now or here after known, subject to the provisions of
the Copyright Act 1968. I retain all proprietary rights, such as patent rights. I also
retain the right to use in future works (such as articles or books) all or part of this
thesis or dissertation. I also authorise University Microfilms to use the 350 word
abstract of my thesis in Dissertation Abstract International. I have either used no
substantial portions of copyright material in my thesis or I have obtained permission
to use copyright material; where permission has not been granted I have applied /will
apply for a partial restriction of the digital copy of my thesis or dissertation.

I certify that the Library deposit digital copy is a direct equivalent of the final
officially approved version of my thesis. No emendation of content has occurred and
if there are any minor variations in formatting, they are the result of the conversion
to digital format.

Signed

J.A. Glasscock



for CMM

O Star (the fairest one in sight),
We grant your loftiness the right
To some obscurity of cloud -

It will not do to say of night,
Since dark is what brings out your light.
Some mystery becomes the proud.
But to be wholly taciturn
In your reserve is not allowed.
Say something to us we can learn
By heart and when alone repeat.
Say something! And it says “I burn”.
But say with what degree of heat.
Talk Fahrenheit, talk Centigrade.
Use language we can comprehend.
Tell us what elements you blend.
It gives us strangely little aid,
But does tell something in the end.
And steadfast as Keats’ Eremite,
Not even stooping from its sphere,
It asks a little of us here.

It asks of us a certain height,

So when at times the mob is swayed
To carry praise or blame too far,
We may choose something like a star

To stay our minds on and be staid.

Robert Frost



Abstract

Solar hydrogen has the potential to replace fossil fuels with a sustainable energy
carrier that can be produced from sunlight and water via “water splitting”. This
study investigates the use of hematite (a-FeoOs3) as a photoelectrode for photoelec-
trochemical water splitting. a-FesO3 has a narrow indirect band-gap, which allows
the utilization of a substantial fraction of the solar spectrum. However, the water
splitting efficiencies for a-FegO3 are still low due to poor absorption characteristics,
and large losses due to recombination in the bulk and at the surface.

The thesis investigates the use of nanostructured composite electrodes, where
thin films of a-FegOg are deposited onto a nanostructured metal oxide substrate,
in order to overcome some of the factors that limit the water splitting efficiency of
a-FesO3.

Doped (Si, Ti) and undoped a-FeoO3 thin films were prepared using vacuum
deposition techniques, and their photoelectrochemical, electrical, optical and struc-
tural properties were characterised. The doped a-FesO3 exhibited much higher
photoelectrochemical activity than the undoped material, due to an improvement
of the surface transfer coefficient and some grain boundary passivation. Schottky
barrier modeling of a-FegO3 thin films showed that either the width of the depletion
region or the diffusion length is the dominant parameter with a value around 30 nm,
and confirmed that the surface charge transfer coefficient is small. An extensive
review of the conduction mechanisms of a-FegO3 is presented.

Zn0O and SnOs9 nanostructures were investigated as substrates for the a-FegOs3
thin films. Arrays of well-aligned high aspect ratio ZnO nanowires were optimised
via the use of nucleation seeds and by restricting the lateral growth of the nanos-
tructures.

The geometry of the nanostructured composite electrodes was designed to max-

imise absorption and charge transfer processes. Composite nanostructured elec-




trodes showed lower quantum efficiencies than equivalent thin films of a-FeqOs,
though a relative enhancement of collection of long wavelength charge carriers was
observed, indicating that the nanostructured composite electrode concept is worthy
of further investigation. The rate-limiting step for water splitting with a-FeoOs3 is
not yet well understood and further investigations of the surface and bulk charge

transfer properties are required in order to design electrodes to overcome specific

shortcomings.
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Chapter 1

Introduction

“How far must suffering and misery go
before we see that even in the day of vast
cities and powerful machines, the good earth
is our mother and that if we destroy her, we

destroy ourselves?”

P.B. Sears

Nano-star

1.1 Solar Hydrogen

Our current global economy is heavily dependent on fossil fuels which are integral
to industry, agriculture, transport and everyday life. Access to high-energy fossil
fuel sources such as coal, oil and gas facilitated the Industrial Revolution and the
economic growth of developed nations worldwide. Unfortunately, the rampant ex-
ploitation of fossil fuels has had adverse effects on the environment. Some of the
gaseous by-products of fossil fuel extraction and combustion (for example carbon
dioxide and methane) are greenhouse gases which contribute to global warming.
Other environmental problems that arise with fossil fuel use, such as air pollution,

pose health risks to the population. Reliance on fossil fuels can also have negative




1.1. SOLAR HYDROGEN

political and social consequences as a result of the economic dependence of the world
on oil-producing countries. The challenge is to maintain and improve the standard
of living of the world’s population and support economic growth while utilising en-
ergy sources that are renewable and do not adversely affect the environment. The
move towards a “hydrogen economy” is being driven by the potential economic and
environmental benefits of replacing fossil fuels with hydrogen.

Many technical, political and economic challenges need to be overcome before a
hydrogen economy can be realised. Some technical problems include producing hy-
drogen efficiently using renewable energy sources, storage of hydrogen (particularly
for automotive uses), development of efficient, economically viable fuel cells, and the
development of suitable infrastructure. There is a huge amount of on-going scientific
research on hydrogen production, storage, utilisation and transport. Such research
is building the expertise and technology required to achieve a hydrogen economy. A
study undertaken in 2002 (8) calculated the cost of solar hydrogen as 20-30 Ecu/GJ
compared to current oil and gas prices of 5 Ecu/GJ. The cost of hydrogen produc-
tion must be greatly reduced in order for this technology to be competitive with
other energy sources.

Currently hydrogen is primarily produced from fossil fuels and hence is not a
sustainable energy source. Hydrogen is the most abundant element in the universe,
yet the vast majority of hydrogen present on Earth is locked up in the form of
water. The electrolysis of water to produce hydrogen is easily achieved using an
electrochemical cell. If a voltage is applied between two electrodes submerged in
an acidic or basic aqueous solution, water is split (electrolysed) into hydrogen and
oxygen gases. The water splitting reaction will only take place when external energy
is applied (in this case in the form of electricity). If the energy required to split water
electrochemically can be supplied by a renewable source, solar energy for example,
then hydrogen can be produced sustainably.

Solar hydrogen is a versatile energy carrier that can be used as a liquid fuel
or converted to electricity (via heat from combustion, or reaction in a fuel-cell).
Solar hydrogen can be produced anywhere that water and sunlight are available,

enabling distributed energy generation and reducing the dependence on countries
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rich in fossil-fuels for energy supplies. Other renewable technologies, such as solar,
wind, tidal, and hydrothermal have intermittent supply, so storage of the produced
electricity is required. The energy is often produced in remote areas, far from
urban centres where the energy demand is highest. Australia has ideal climatic
conditions for the production of solar hydrogen and has the potential of being a
world leader in a hydrogen economy. The by-product of hydrogen combustion, or
the reaction between hydrogen and oxygen in a fuel cell, is theoretically only water.
However, in practice small amounts of nitrogen oxides (NO,) can be produced during
combustion. Unlike fossil fuel reactions no carbon dioxide, carbon monoxide, sulphur
dioxide or particulates are produced (9). Hence the replacement of fossil fuels with
hydrogen will result in the reduction of greenhouse gas emissions and improved air
quality, which in turn will greatly improve the health of the environment and the
population.

The solar spectrum contains enough energy to split water, but this reaction does
not occur spontaneously due to the optical absorption characteristics of water. The
absorption coefficient of water is very low (~ 1072 m™1) in the UV-visible region of
the electromagnetic spectrum, where single photons have adequate energy to split
water; hence an enormous path length would be required for significant absorption.
However, sunlight can be used to excite a semiconductor, which acts as a catalyst
for the water splitting reaction in an electrochemical cell. This thesis describes the
development of semiconducting photoelectrode materials that may be used in a pho-
toelectrochemical cell to efficiently produce solar hydrogen. Direct water splitting is
currently far less efficient than electrolysing water using electricity produced using
photovoltaics. The advantage of photoelectrochemical water splitting is the poten-

tial of very low material and processing costs compared to photovoltaic technologies.

The aim of water splitting research is to produce hydrogen from water using
sunlight as the energy source, with efficiencies high enough to allow production of
hydrogen on a commercial scale. A target hydrogen production efficiency of 10 % has
been quoted for water splitting technology to be commercially viable (10). This goal
is based on current fuel and infrastructure costs and is likely to change depending

on future economic and political conditions.
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1.2 Research design

This section outlines the reasons for investigating a-FeoO3 with respect to the re-
quirements of a water splitting photocatalyst. The limitations of hematite will also
be discussed, along with hypotheses for improving the photoconversion efficiency
of hematite. The technical terms used here will be defined and described in more
detail in Chapters 2 and 3.

A suitable semiconductor material for use as a water splitting photocatalyst

should ideally possess the the following properties:
e A band-gap energy around 2 eV,

Strong optical absorption for all wavelengths up to the band-gap energy;

Efficient separation (long lifetime) of charge carriers in the semiconductor;

Conduction and valence band edges straddling water redox potentials;

Efficient charge transfer between the semiconductor and electrolyte;

Stability in strong electrolytes;

Good catalytic properties for the water splitting reaction;

For practicality of technology uptake it would also be advantageous if the material
had low raw material and manufacturing costs, and was non-toxic (11).

The ideal material for use as a photocatalyst for water splitting would have a
band-gap energy £, around 2 eV. Theoretically 1.23 eV is required to split water
(Section 2.1). However, in practice more energy is required due to unavoidable
losses within the system. The band-gap energy of a semiconductor determines the
fraction of the solar spectrum that can be utilised by the material; only photons
with energy greater than or equal to the bandgap energy will excite valence band
electrons to the conduction band. In other words, only wavelengths of light below
the wavelength corresponding to the bandgap energy, A. (nm) = 1241/E, (eV),

will generate photons which can contribute to the water splitting reaction. Hence
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Material Band-gap Band-gap Maximum
energy (eV) wavelength (nm)  efficiency (%)
Rutile TiO9 3.00 413 2.2
WO3 2.70 459 4.8
a-Feo O3 2.20 564 12.9
Ideal material 2.03 610 16.8

Table 1.1: Maximum theoretical water splitting efficiencies for semiconductors of

different band-gaps, illuminated with the AM1.5 solar spectrum.

narrower band-gap semiconductors are preferable as a greater fraction of the solar
spectrum can be used.

Table 1.1 compares the maximum theoretical water splitting efficiencies for semi-
conductors of different band-gaps, illuminated with the AM1.5 solar spectrum (12).
The maximum efficiencies represent the thermodynamic limit and cannot be ex-
ceeded. These values have been calculated assuming ideal conditions; however,
practically achievable efficiencies will be significantly lower due to imperfect absorp-
tion, reflection losses, recombination, and the need to apply a bias voltage to the
material (12). Such losses can reduce the efficiency for solar hydrogen generation by
a factor of up to three (13). It can be seen that the target photoconversion efficiency
of 10 % will never be achieved with materials such as TiOg and WOg3 (unless their
band gaps can be reduced), and it will be very challenging even with materials such
as a-FegO3 given the efficiency losses in a real system. Much research has been
undertaken to reduce the band-gap of TiOg (usually by doping with C, N or S), to
allow visible light absorption (14-19). The dopants act as recombination sites as
well as absorption centres, enhancing charge carrier recombination and reducing the
water splitting efficiency (20).

The maximum water splitting efficiency values shown in Table 1.1 were calculated
assuming that every available photon up to the cut-off wavelength A, is absorbed
and generates an electron-hole pair which contributes to current in the photoelectro-
chemical cell. In reality the absorption coefficient a (m™!) of a material determines

the number of the incident photons absorbed at each wavelength. In order to utilise
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sunlight as the energy source, the photocatalyst material needs to absorb strongly
up to the cut-off wavelength. Many semiconductors such as TiO9 and a-FeoO3 have
absorption cross-sections a(\) that fall off rapidly approaching the band-gap wave-
length. This means that a large volume of material will be required to absorb the
longer wavelength radiation. Only a small fraction of solar energy lies within the
UV region, so a material that absorbs well in the visible region can better utilise
the solar spectrum (21).

For efficient water splitting a large proportion of the generated charge carriers
must be able to travel from the semiconductor to the external circuit without recom-
bining. The electron-hole pairs need to be separated quickly and the charge carriers
need to have a long lifetime in the semiconductor. In addition to recombination
losses in the bulk, charge carriers will also recombine at the surface if the charge

transfer kinetics with the electrolyte are slow.

The positions of the conduction band and valence band edges of the semiconduc-
tor are important as they determine whether spontaneous water splitting will occur
and whether the material will be stable in a photoelectrochemical cell. A much
higher hydrogen production efficiency can be achieved if spontaneous water split-
ting occurs, without the need to apply an electrical bias. A semiconductor capable of
spontaneous water splitting has a band-gap > 2 eV with a conduction band energy
higher than that of the H'/Hs redox potential, and a valence band energy lower
than that of the O9/H90O redox potential as shown in Figure 1.1. Under these condi-
tions charge transfer between the semiconductor and the electrolyte is energetically
favourable. Most metal oxides have a valence band edge at a similar energy, well
below the HoO/Og9 potential (20). Therefore, to have a conduction band edge above
the HT /Hy potential, the material will have a wide band-gap (over 3 eV). Narrower
band-gap materials with band edges that straddle the water splitting redox poten-
tials (such as CdS and CdSe) are unstable. Maeda and Domen (20) suggest that
oxynitride and oxysulphide materials may be more suitable for spontaneous water
splitting than metal oxides, as their valence band edges are closer to the HoO/O9
potential, and those with a a suitable band-gap around 2 eV are able to have band

edges that straddle the water splitting potentials.
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Figure 1.1: A semiconductor capable of spontaneous water splitting has a band-gap
> 2 eV with a conduction band energy E. higher than that of the H' /Hy redox
potential, and a valence band energy E;, lower than that of the Og/HoO redox

potential.

A semiconductor suitable for use as a photoelectrode for water splitting must
be resistant to corrosion and photocorrosion in the presence of the electrolyte in
the photoelectrochemical cell. Strong electrolytes are required to minimise resistive
losses (provide good charge conduction) between electrodes in the cell. Corrosion
can be described as an increased reactivity of the surface atoms which increases the
interaction with reagents in the electrolyte, resulting in dissolution of the semicon-
ductor (1). A material will corrode if the free energy (Fermi level) of electrons or
holes exceeds the value where cathodic and anodic processes would be in equilib-
rium (1). Under illumination, decomposition is also possible due to photogenerated
minority carriers. Figure 1.2 shows the stability conditions for electrolytic decom-
position of semiconductors (reproduced from Gerischer, 1985 (1)), illustrating the
relationship between, the decomposition energy of the electrons (nEqecomp), the de-
composition energy of the holes (pEgecomp), the conduction band energy (Ec), and
the valence band energy (Ey), for materials that are (A) stable, (B) unstable, (C)
stable against cathodic decomposition, (D) stable against anodic decomposition. In
reality few semiconductors are totally stable against anodic photodecomposition and

the situation shown in Figure 1.2 (C) is the most common (1).
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Figure 1.2: Stability conditions for electrolytic decomposition of semiconductors,
reproduced from Gerischer, 1985 (1). (A) stable, (B) unstable, (C) stable against

cathodic decomposition, (D) stable against anodic decomposition.

Long-term stability of an electrode is required for a water splitting technology
to be commercially viable. Many oxide materials such as TiO9, titanates and WO3
are corrosion-resistant. Small and medium band-gap materials such as CdS, CdSe
and CusO experience severe photocorrosion (13, 22). Sulphide materials such as
CdS and PbS are also very toxic. Hodes et al. (23) used the following criterion
for stability: one element should be able to reversibly change its valance state to
accommodate a hole without decomposing, e.g. Ti*t — Ti%t. Materials such as
CdS and ZnO only have one stable valence state and are therefore decomposed by
holes, while materials such as TiO9 and WOj3 satisfy this condition. Practically, a
system would need to be stable for years. Often sacrificial hole-scavengers are added
to prevent the dissolution of the photoelectrode. This is undesirable as the sacrificial
agent is often degraded in preference to the water splitting reaction occuring. Many
of these agents also emit CO9 gas and would also add cost and complexity to the

technology as the chemicals would need to be replaced as they are consumed.

Probably the most important requirement of a photocatalyst (though the most
complex and difficult to define) is that is must be a good catalyst for the water split-
ting reaction. Tributsch (13) defines a photocatalyst as a “system that energetically

improves photoinduced electron transfer by introducing chemical interactions into
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interfacial processes”. A photocatalyst reduces the activation energy for electron
or hole transfer, and its catalytic activity depends on several chemical and physical
properties including, the band-gap energy, interfacial chemistry (which determines
the activation energy), and the intensity of the illumination (13). The photocatalytic
activity can also be affected by the grain size, morphology, and the composition of
the material (24). For efficient water splitting to occur it is important that the
photogenerated electrons and holes do not recombine (13, 25). Hence the material
must have good electrical properties (including high conductivity and a long diffu-
sion length of charge carriers) to allow effective separation and transport of electrons
and holes. Catalytic activity of semiconductor materials can be improved by cou-
pling transition metal catalysts (such as Ru and Pt compounds) to the surface to

mediate charge transfer (13).

Hematite (a-FeyO3)

Hematite (a-FeoOs3) has been selected as the photocatalyst material for this study
as it has the potential to split water with a theoretical maximum efficiency of 12.9%
(12), as a result of its band-gap around 2.2 eV. The reported water splitting effi-
ciencies for a-FeoOg are currently much lower than its theoretical maximum and
the target water splitting efficiency of 10 % (8). Figure 1.3 shows the proportion
of the solar radiation being utilised to split water for the current state-of-the-art
hematite (2) compared to what could be utilised by an ideal hematite sample (100%
absorption and utilisation of photons up to band-gap wavelength of 564 nm). It
is obvious that there is much room for improvement, particularly at wavelengths
approaching the band-gap cut-off.

The poor performance of a-FegO3 has been shown to be due to a number of
factors including: poor visible absorption characteristics, rapid electron-hole recom-
bination resulting in short diffusion lengths of charge carriers (26), slow surface
reaction kinetics (27), and unfavourable band-edge positions which mean that spon-
taneous water splitting is not possible and a bias voltage must be applied to generate
hydrogen (reducing the overall efficiency) (11). The poor visible absorption of -

FeoO3 means that a thick film is required so a significant fraction of the incident

9 Julie Anne Glasscock



1.2. RESEARCH DESIGN

(o)}

— AM1.5

(93]

IS

w

N

—_
1

Photon Flux/10"® (m?s'nm™)

o

300 400 500 600 700

Wavelength (nm)

Figure 1.3: Solar photon flux as a function of wavelength, where the black curve
represents the AM1.5 standard solar spectrum. The shaded regions represent the
amounts of solar photon flux absorbed and used to generate charge carriers for an
ideal a-FesO3 film (100 % absorption and 100 % conversion efficiency) and the
current state-of-the-art a-FegOg3, calculated from IPCE values published by Kay
et al. (2).
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solar radiation is absorbed. But in order for generated charge carriers with a short
diffusion length to be utilised, a thin film is required to minimise the distance the
charge carriers must travel to participate in the water splitting reaction. These
competing requirements contribute to the poor photoelectrochemical performance

of a-FegO3 films.

In order to combat the short diffusion lengths of charge carriers in a-FegOs,
recombination can be minimised by reducing the distance that holes and electrons
need to travel to reach the surface of the semiconductor to participate in the water
splitting reaction. This can be achieved by restricting the a-FeoO3 to a very thin film
(28), or via nanostructuring (2, 7, 29). However, in the case of very thin films, the
absorption of the solar photon flux is severely limited, and nanostructuring provides
a long path length for absorption. Itoh and Bockris (28, 30) showed theoretically
and experimentally that an increase in the photocurrent can be achieved by reducing
the thickness of a-FeoOg3 films below that of the depletion layer width. In order to
provide sufficient absorption, a number of thin film electrodes (~ 100 nm a-FeyOg
deposited onto conducting glass) were stacked one behind the other. The electrodes
were electrically connected and all of the a-FeoO3 films were in contact with the
electrolyte. Hence photons not absorbed by the first film were transmitted through
the transparent substrate to be absorbed by the film behind, and so on. Their model
showed that ten stacked films each 60 nm in thickness increase the photocurrent

compared to a thick (~ 1 pum) electrode by a factor of up to four.

The concept that will be investigated in this thesis is that of a composite nanos-
tructured electrode, as shown in Figure 1.4. a-FeaO3 (or equally another low mo-
bility photoactive material) is coated onto a nanostructured transparent conducting
substrate (for example an array of nanowires or nanotubes). Wavelengths below
the band-gap cut-off are absorbed by the photoactive material and longer wave-
lengths penetrate. Such an electrode can be used as the front-half of a tandem
cell or multilayered electrode, where a photovoltaic cell behind the photoelectro-
chemical cell can utilize the longer wavelengths to provide an electrical bias to drive
the photo-electrochemical cell. A cross-section of a single coated nanowire illus-

trating the charge transfer mechanism is shown in Figure 1.4. The incident light

11 Julie Anne Glasscock



1.2. RESEARCH DESIGN

(hv) is absorbed by the semiconductor and produces an electron-hole pair (e — h).
In the case of an n-type semiconductor such as a-FesO3, the holes migrate to the
semiconductor-electrolyte interface and participate in the oxygen-production half
of the water splitting reaction. The electrons are transferred to the core material
and travel to the back contact, where they are conducted around the circuit to the
counter-electrode to participate in the hydrogen production reaction at the counter-
electrode. By restricting the absorbing coating material to a thin film, the distance
that electrons and holes need to travel in the semiconductor to reach the electrolyte
or the underlying conducting substrate is minimized. Similar “core-shell” structures
have previously been fabricated for photovoltaic applications (31) and theoretically
examined for water splitting (32) (although in this case narrow band-gap materials,
acting as the anode, were coated with a cathode material to protect them from
corrosion in the cell).

A modification to the composite electrode structure that may be necessary, is
the deposition of an inter-layer between the a-FegO3 and the nanostructured sub-
strate. It is possible that a nanostructured material with all the required properties
(discussed next) may be difficult to fabricate. Hence a material that is easily nanos-
tructured could provide a template for a film of a conducting material that will
effectively transfer electrons from the a-FegpOs. A schematic of this three-layered
structure is shown in Figure 1.4 (B).

The nanostructured composite electrode concept will be investigated experimen-
tally through the development of doped a-FepOg thin films and nanostructured
substrates, which will be combined to fabricate the electrodes. The design of the
composite electrode will also be explored theoretically to optimise the geometry of
the nanostructured substrate, given the restriction of the a-FeoOg film thickness

and the requirement of long absorption paths.
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(A) (B)
photoactive
<«—— coating —>
interlayer
trans- trans- ./
parent parent
core core
hv%
electrolyte
<he
conducting
film

Y\
T msswetae | desssbetste
Figure 1.4: Composite nanostructured electrode design. (A) Cross-section of a
single coated nanowire showing charge transfer mechanism. A narrow band-gap
photocatalyst is coated onto a nanostructured substrate to optimize the absorption
and charge transfer properties. Photons (hv) are absorbed by the photoactive layer,
producing electron (e) and hole (h) pairs. The holes have only a short distance
to travel to reach the electrolyte. The electrons are conducted through the core

material to the conducting substrate. (B) Three-layer concept showing an inter-

layer between the a-FeoOg film and the nanostructured substrate.
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Nanostructured substrates

The ideal material to be used as a nanostructured substrate for a-FegO3 thin films

has to satisfy a number of challenging requirements, as listed below.

e Wide band-gap (> that of a-FeaO3) with conduction and valence band edges
below those of a-FeyOs.

Good electron conductivity.

Electrochemically and chemically stable.

Crystal structure and lattice spacings similar to that of a-FeyOsg.

Easily nanostructured.

Although a-FeoO3 has an almost ideal band-gap for water splitting, its conduc-
tion band energy is below the HT /Hy redox potential, and so spontaneous water
splitting is not possible. A bias voltage must be applied in order to increase the
energy of the photo-generated electrons. This reduces the overall water splitting
efficiency of the system unless a tandem-cell or built-in photovoltaic configuration
can be used, where the bias is applied by a photovoltaic cell behind the photo-
electrochemical cell. The photovoltaic cell is able to utilize part of the remaining
solar spectrum not absorbed by the photoelectrochemical cell. Hence the substrate
material must have a wide band-gap (much greater than the ~ 2 eV band-gap of
a-FeoO3) to minimise absorption in the substrate.

The conduction band edge of the substrate material must be below that of a-
FeoOg in order to facilitate electron transfer. This concept is illustrated schemati-
cally in Figure 1.5 using ZnO and SnOg as example substrates. ZnO has a conduction
band edge higher than that of a-FegO3. Hence there exists a potential barrier for
electrons moving from the a-FeoOg to the substrate. In the case of the SnOs/a-
Feo O3 interface, the energy levels of the conduction bands are similar, so efficient
electron transfer is possible. The band-gaps of both ZnO and SnO9 are wider than
that of a-FeoO3, with valence band edges below that of a-FeoOg. Hence any holes
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Figure 1.5: Band-edges of example substrate materials (ZnO and SnO9) compared
to those of a-FeoOs. Both ZnO and SnO9 have valence band edges below that of
a-FegO3 so hole transfer is facilitated. However, the conduction band-edge of ZnO
is above that of a-FeoOgs, so there is a potential energy barrier to electron flow;
whereas the CB edges of SnO9 and a-FeoOg are similar so electron transport should

be more energetically favourable.
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generated in the core (which would not occur in an ideal system) can transfer to the
a-FesO3.

Figure 1.6 shows the band edges of various metal oxides (sourced from the liter-
ature (5, 11, 33, 34)) compared to those of a-FesO3 and the HT /Hy and O9/HoO
redox potentials. Those materials with a conduction band edge at a lower (or simi-
lar) energy than that of a-FesOg are shown in bold. There are a range of conduction
band edges quoted for many of these materials, for example those of SnO9 shown
in Figure 1.6 have a spread of 0.6 V/NHE. This must be considered when band-
edge positions are compared. Of course, the conduction band edge is not the only
selection criterion and many of the materials shown can be eliminated due to poor
stability (e.g. Cd compounds and PbO) or having too small a band-gap (e.g. Cu
compounds). Some materials with suitable band-edge positions and stability include
Sn0O9, IngO3, and BisOs3.

Heavily doping the nanostructured substrate material could sufficiently reduce
the width of any potential barriers resulting from misaligned band-edges to allow
charge transfer via tunneling. Doping can also be required to improve the conduc-
tivity of wide band-gap metal oxide materials. The substrate needs to have high
electron mobility so electrons are removed without significant potential drops. How-
ever the introduction of a dopant may complicate fabrication and potentially affect
other desirable properties of the material.

There are several nanostructured transparent conducting oxide (TCO) semi-
conductors being developed that may be suitable substrate materials. The most
common are fluorine-doped tin oxide (FTO), tin-doped indium oxide (ITO) and
aluminium-doped zinc oxide (AZO). Both FTO and ITO are used extensively as
coatings to produce conducting glass which is used for a variety of commercial and
research applications. Much research has already been undertaken on doped tin
oxide materials, and the optical and electrical properties are well known. ITO is an
expensive product due to the rarity of indium. Aluminium-doped zinc oxide (AZO)
is being investigated as a cost-effective replacement for ITO (35).

The substrate material forms part of the photoelectrode in the photoelectro-

chemical cell and needs to be electrochemically and chemically stable. Hematite
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Figure 1.6: Conduction and valence band edge positions of various metal oxides compared to those of a-FegOg and the

HT/Hy and O9/H50 redox potentials. Those materials with a conduction band edge energy lower than that of a-FesOs

are shown in bold.
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electrodes are usually operated in electrolytes of pH around 14, and hence the sub-
strate material will need to be stable in a highly corrosive alkaline environment.
Materials that degrade when a voltage is applied to them are not suitable e.g. most
Pb- and Cd-based materials. The stability of water splitting electrodes will be a
critical issue in determining the viability of the technology. Materials known to
have poor stability must be avoided because, even though the material is coated

with a-FegOg3, a completely uniform coating of a very thin film is unlikely.

The quality of the substrate-a-FeoOgs interface will be affected by differences in
the crystal structure between the two materials. If epitaxial growth of the a-FeoOg is
not possible, other iron oxides or intermediate phases may be formed as an interlayer.
Such a layer may impede charge transfer and may also be photocatalytically inactive.
The substrate may require pre-treatment, such as the deposition of an intermediate
layer to improve charge transfer from the a-FeoO3 to the core material. Hence it is
desirable that the substrate material have a similar crystal structure (and preferably

similar lattice spacings) to the hexagonal close-packed corundum structure of a-

FesOs3.

It is unlikely that an existing material will satisfy all the criteria for an ideal
nanostructured substrate. Introducing nanostructure to some materials may not be
easily achieved and the resulting properties may be very different to the bulk or thin
films of the material. Two materials have been selected for further investigation,
SnO9 and doped-ZnO. Tin oxide has a conduction band-edge similar to that of a-
FeoO3, and is very stable and well-investigated as a transparent conducting oxide
material. As shown in Figure 1.5, the conduction band-edge of ZnO is higher than
that of hematite, meaning electron transfer will be impeded. In this sense, ZnO
is not the ideal substrate material. However, much research has been undertaken
producing nanostructured ZnO, and it has been shown that doping ZnO with Al
can greatly enhance its conductivity. Relevant literature relating to the fabrication

of such nanostructures is discussed in Chapter 4.2.
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1.3 Overview of the study

The motivations and aims of this thesis have been presented in this chapter. The
development of the composite nanostructured electrode for water splitting can be
viewed as three bodies of work. Firstly, the development and characterisation of
doped a-FegO3 thin films; secondly, the fabrication of nanostructured substrates;
and thirdly, the design, modelling and fabrication of the composite electrodes. The
Literature, Methods and Results and discussion Chapters will address these topics in
separate sections. Chapter 2 introduces relevant theory relating to semiconductors
and their interaction with the electrolyte when used as photoelectrodes in a photo-
electrochemical cell. Chapter 3 describes the water splitting efficiency measurements
undertaken in a photoelectrochemical cell. Chapter 4 examines the literature relat-
ing to the conduction mechanisms of a-FegO3 and its use for water splitting, along
with techniques for preparing selected nanostructured metal oxide materials. Chap-
ter 5 describes the experimental methods used to fabricate and characterise the
electrodes. The results of the characterisation are discussed in Chapter 6 and finally
conclusions of the thesis and recommendations for further work are presented in
Chapter 7. Information about the crystal structure of a-FeoOg is presented in Ap-
pendix A. Further discussion of the conduction mechanisms of a-FeyOg is included

in Appendix B.
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Chapter 2

Theory

“..man will occasionally stumble over the
truth, but usually manages to pick himself

up, walk over or around it, and carry on.”

W. Churchill Nano-doughnut

There are many theoretical concepts that underpin the development of photo-
catalyst materials for water splitting. This chapter presents some important theory
relating to semiconducting materials and their interaction with the electrolyte when
used as photoelectrodes in a photoelectrochemical cell, along with an introduction
to the solar spectrum. These concepts will be further discussed during the analysis

of the hematite electrodes.
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2.1. WATER SPLITTING

2.1 Water splitting

Water can be split into hydrogen and oxygen gases by illuminating a semiconductor
photoelectrode in a photoelectrochemical cell. Equations 2.1 to 2.4 describe the
water splitting reaction for the case of an n-type semiconductor photoanode and
a metal counter-electrode (cathode) in an alkaline electrolyte. The absorption of
n photons hv of energy > 1.23 eV produces n electron-hole pairs (Eq. 2.1). The
electron-hole pair must separate and migrate to the surface of the semiconductor
(hole) and to the counter-electrode (electron) without recombining. At the photoan-
ode, adsorbed OH™ ions from solution react with the holes forming oxygen gas and
water molecules (Eq. 2.2). At the cathode (counter-electrode), the free electrons
react with water molecules to produce hydrogen gas and OH™ ions (Eq. 2.3). Note
that the absorption of n photons generating n electron-hole pairs produces only
n/2 Hy molecules. The overall water splitting reaction is shown by Eq. 2.4, which
requires four photons with energies greater than or equal to the band-gap energy
of the semiconductor to produce a single molecule of oxygen and two molecules of
hydrogen, i.e. two photons per Hg molecule. The water splitting reaction requires
an energy (Gibb’s free energy at 298 K) of 237.141 kJ mol™!, or 2.4578 eV per
Hs molecule produced. Therefore the water splitting energy is 1.2289 eV (usually
rounded to 1.23 eV) per electron. A photon with energy of 1.23 eV has a wavelength
around 1000 nm (near infra-red), so theoretically the entire ultraviolet and visible
parts of the solar spectrum are available for solar water splitting. However in prac-
tice around 2.0 eV (cut-off wavelength around 620 nm) is required. The extra energy

is to account for unavoidable loss mechanisms such as electrode overpotentials.

4hy — 4e” + 4T Photon absorption (2.1)

4hT +40H™ — Oy +2H50 Anode  (2.2)
de” +4Ho0O — 2Ho +40H™ Cathode (2.3)
2H50 + 4hv — 09 (9) T 2H2(g) Overall (2.4)
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2.2 Semiconductor theory

The band theory of solids defines the available energies for electrons in solids. The
valence band is the highest energy band (in a semiconductor or insulator) that is
fully occupied by electrons at 0 K, its upper edge labelled E,. The next energy band
above the valence band is referred to as the conduction band, its lower edge labelled
E.. The energy gap between the valence band and the conduction band is known
as the band-gap, E4. Electrons in the valence band are bound to the atoms in the
solid and cannot conduct unless they are excited to the conduction band. Electrons
promoted to the conduction band leave behind empty states in the valence band not
occupied by electrons which are known as holes. These act essentially as positive
charges. In conducting materials, such as metals, the valence and conduction bands
overlap. Insulating materials have a very large band-gap, too large for any valence
electrons to be thermally excited into the conduction band. Semiconductors have
a small band-gap (0.2 - 3.5 eV) (3) that allows thermal and optical excitations of

valence band electrons into the conduction band.

In the case of direct band-gap semiconductors, the bottom of the conduction
band and the top of the conduction band occur at the same position in wavevector
momentum k space, k = 0. The absorption of a photon, with an energy greater than
or equal to the band-gap energy will generate an electron-hole pair. The electron is
excited to the conduction band, leaving a hole in the valence band. This is known as
the direct or optical transition. In indirect band-gap semiconductors, the bottom of
the conduction band is shifted in k space (by k¢) and no longer matches up with the
top of the valence band. The indirect transition involves both a photon, to excite
an electron the the conduction band energy level, and a phonon (lattice vibration),
to move the electron across k space. Schematic diagrams of the direct and indirect

processes are shown in Figure 2.1.

All real crystal lattices deviate from ideal atomic structures and possess defects
which influence various physical properties of the material, including the electri-
cal conductivity (36). Intrinsic semiconductors (such as very high-purity Si) have a

negligible number of impurities, while extrinsic semiconductors have impurities that
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Direct Indirect

Figure 2.1: Schematic diagrams of the direct and indirect band-gap transition
processes, where E is energy and k is the wavevector. The direct transition requires
a photon to excite the electrons across the band-gap. The indirect transition also
requires a phonon to move the electron across k space by an amount k.. Reproduced

from Kittel (3)

“donate” electrons to the conduction band, or “accept” electrons from the valence
band. Usually intrinsic semiconductors are “doped” with foreign impurities to pro-
duce an extrinsic semiconductor. Donor or acceptor energy levels are formed just
below the conduction- band edge or just above the valence-band edge, respectively.
Donor impurities result in n-type conductivity, where conduction is dominated by
electrons, the negative charge carriers. Alternatively, acceptor impurities result in
p-type conductivity, where conduction is dominated by holes, the positive charge
carriers. In the case of an n-type semiconductor, such as a-FesO3, the dominant
charge carriers (electrons) are known as majority carriers and the holes as minority

carriers.

In the case of an intrinsic semiconductor thermal excitation of electrons from
the valence band to the conduction band occurs, leaving behind an equal number
of holes as electrons, n = p = n; (intrinsic carrier density). The “mass action law”
shown in Eq. 2.5 shows that the product of the electron concentration (n) and the
hole concentration (p) is equal to the intrinsic carrier concentration (n;) squared,

where N, and N, are the number of charge carriers in the conduction band and
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valence band respectively.

E
n-p= NcNy exp (—ﬁ) = ”22 (2.5)

Metal-oxide semiconductors are generally of much lower purity than traditional
semiconductors, such as Si and Ge, and often possess lattice defects (such as vacan-
cies and interstitials) that act as donors or acceptors. lonic defects such as vacancies
and interstitials are known as point defects. Electronic defects, such as extra elec-
trons from dopants and polarons (electron and local lattice distortion created by the
charge carrier) are electrically active, and can introduce charge carriers into mid-
bandgap energy levels (36). Metal-oxide semiconductors cannot be thought of as
intrinsic semiconductors. However, as the intrinsic carrier density is highly temper-
ature dependent, there exists a high temperature range where the concentration of
intrinsic charge carriers exceeds that of the extrinsic carriers, so the electrical prop-
erties of the semiconductor are independent of the impurities within the material
and the semiconductor exhibits intrinsic behaviour (3). At lower temperatures, the
conductivity is dominated by impurity conduction mechanisms (3) resulting from
the largely temperature-independent extrinsic defects (36).

For oxides such as hematite, that have transition metal ions with incompletely
filled 3d shells, conduction can be achieved through the introduction of vacancies
or impurity ions into the lattice (4). The deviation in valency as a result of the
introduction of a dopant (either point defects or foreign ions) is compensated by
a neighbouring parent metal ion. For example the substitution of Fe3t with Ti*t
ions, produces a Fe?t to compensate (as shown in Eq. 2.6), producing an n-type
semiconductor. The metal ion that has undergone a valency change as a result of
the dopant (to retain charge neutrality) is referred to as a donor centre, or more
specifically as a majority centre or a minority centre depending on valence change
(4).

Fe3t 4 T3t — pet 4 7itt (2.6)

The Fermi function (Eq. 2.7) describes the probability f(E — Ep) that a given

available energy state will be occupied at a given temperature T (K), where E' is
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the energy, Fr is the Fermi level and k is Boltzmann’s constant.

F(E - Bp) = {1 + exp (%)1 - (2.7)

The Fermi level is the energy at which the probability of an energy level being
occupied by an electron equals one half. The Fermi level can also be defined as the
electrochemical potential of the electron in a material (37). In semiconductors the
Fermi level is within the band-gap. For intrinsic semiconductors E'r is around the
midpoint between E. and E,. In the case of an n-type semiconductor, E is shifted
towards E. and is often between the donor level and the conduction band.

An electronic band structure (e.g. for the case of n-type Ti-doped hematite (4))
is shown in Figure 2.2. The impurity ions produce a donor level Ep just below the

empty conduction band. The Fermi energy has been shifted towards the conduction

band edge.
0
ED ——————————— ggnor
Ee Fermi
E, VB
E v

Figure 2.2: Electronic energy diagram of doped, n-type a-FeoO3 showing localised
energy levels (reproduced from Jonker and van Houten (4)). The conduction band
edge (CB) and valence band edge (VB) differ by the band-gap energy E;. The
dopants introduce a donor level Ep below the conduction band. The Fermi energy

has been shifted towards the conduction band edge.

The diffusion length L of the minority carriers in a semiconductor can be defined
by Eq. 2.8 where D is the diffusion coefficient and 7 is the lifetime of the minority
carriers.

L=(D-7)'/? (2.8)
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The diffusion coefficient D is related to the mobility u by Eq. 2.9, known as the

D= (k—T) I (2.9)

Einstein relationship.

e
By combining Eq. 2.8 and Eq. 2.9, the mobility can be expressed in terms of the
diffusion length of charge carriers, as shown by Eq. 2.10.

L2e

——— 2.10
ETT ( )

1

The electrical conductivity o (27! m™1), is given by Eq. 2.11 where e is the
electronic charge (C), n and p are the electron and hole concentrations respectively
and, pe and py, are the mobilities (m? V=1 s71) of electrons and holes respectively
(3). Hence charge carrier mobilities and diffusion lengths can be calculated from
measured conductivity values (38). The electrical resistivity p (£2 m) is the reciprocal

of the conductivity.

o = e(npe + pup) (2.11)
For the case of intrinsic conductivity n; (Eq. 2.5) can be substituted into Eq.
2.11 to give an expression for the intrinsic conductivity (Eq. 2.12).

1 _E
= 2 —9 ,
o = elpe + 1) (Ney) ea:p(m) (2.12)

The conductivity can be determined experimentally by measuring the d.c. re-
sistivity and the thermopower o (mV K1) (also known as the Seebeck coefficient
). Measurements are performed at elevated temperatures under a controlled at-
mosphere to ensure equilibrium conditions between the solid and gas-phase oxygen
(39). For magnetic materials, experiments to determine defect and transport proper-
ties are usually undertaken above the Néel temperature (point at which the thermal
energy is large enough to destroy the magnetic ordering of an antiferromagnetic
material), where magnetic ordering is not an issue (40). A negative Seebeck voltage
or thermopower indicates n-type behaviour and a positive value indicates p-type
behaviour. The charge carrier mobilities and the intrinsic carrier concentration can

be determined from the conductivity and thermopower measurements.
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The d.c. conductivity of a semiconductor varies exponentially with temperature
T according to Eq. 2.13, where F, is the activation energy and k is Boltzmann’s

constant.
—E,

o= 0q exrp (W) (2.13)
Eq. 2.14 is thought to be more appropriate for semiconductors with conduction
that occurs via a hopping mechanism (discussed in Appendix B), if conductivity is
dominated by one type of carrier moving by a single mechanism, rather than band
conduction (4, 40). The 1/T term arises from the substitution of Eq. 2.15 (mobility
of a thermally activated polaron) into Eq. 2.11 for conductivity.

—E
o= % exp (k—jfl) (2.14)

The slope of the linear region of a log o (or log(¢T)) vs. T~ plot yields the
activation energy for electrical conductivity. The E, values calculated from the two
methods differ significantly only at high temperatures (4). Often these plots show
a number of distinct linear regions representing different activation energies over
certain temperature regimes (41). The activation energy values provide information
about the lattice traps that localise the electrons (4).

Charge carrier conduction in many transition metal oxides is often described
by the small polaron model. The charge carriers are considered to be polarons (an
electron or a hole and the local lattice distortion created by that charge carrier).
The distortion of the lattice moves with the migrating charge carrier and so has
an activation barrier associated with it. Small polarons create lattice distortions
that extends over distances smaller than the lattice constant. In contrast, large
polarons have wider regions of lattice distortion. A charge carrier can lower its
energy by delocalising into the conduction band or by localising on a metal site
inducing a distortion of the nearby lattice. The polarisation of the lattice acts as
a potential well that traps the charge carrier (known as Landau trapping (4)) and
reduces mobility. Small polarons move via a “thermally activated hopping process”
in which thermal activation is required for the carrier to escape the trap site (42).
An activation energy (arising largely from the reorganisation energy associated with

the distortion or relaxation of the lattice during charge transfer) is required for a
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charge carrier to hop from one site to another (43, 44). The movement of charge
carriers in such a system can be considered as a diffusion process (4). The mobility
of a hopping polaron can be described by Eq. 2.15, where a is the jump distance, v is
the jump frequency, F, is the activation energy for conductivity, T the temperature

and k is Boltzmann’s constant (4).

1= (a®ev/kT) exp(—Eq/kT) (2.15)

2.3 The semiconductor-electrolyte interface

In semiconductor physics, the vacuum level is usually used as a reference energy.
However in electrochemistry a number of different energy scales are used where the
electrical potentials are reversed with respect to the vacuum scale as it is the poten-
tial of the electrons that is of interest. Figure 2.3 shows a number of electrochemical
energy scales, where H' /Hy and Oo/HoO represent the hydrogen production and
oxygen production redox potentials respectively. The normal hydrogen electrode
(NHE) potential is defined as that of a platinum electrode at 298 K at pH 0 (in
equilibrium with 1 atm of Hg). The reversible hydrogen electrode (RHE) potential
differs from the NHE potential by +59.2 mV/pH at 25 °C. The saturated calomel
electrode (SCE) is often used as the reference electrode in three-electrode photo-
electrochemical cells. Details regarding photoelectrochemical cells and associated
measurements will be presented in Chapter 3 and Section 5.2.1.

When a semiconducting electrode comes into contact with electrolyte in a pho-
toelectrochemical cell a complex interface is formed. The properties of this interface
are critical to the cell performance and various photoelectrochemical experiments
can be performed to elucidate the nature of the interface. Several review articles
give detailed descriptions of the semiconductor-electrolyte interface (11, 45, 46).

The semiconductor-electrolyte interface will be discussed with respect to an n-
type semiconducting electrode (photoanode) submerged in an electrolyte with a
metal electrode acting as the counter-electrode (cathode), as shown in Figure 2.4,

reproduced from Nozik and Memming (5). The vertical axis represents potential
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Figure 2.3: Water splitting redox potentials with respect to the reversible hydrogen
electrode (RHE), normal hydrogen electrode (NHE), saturated calomel electrode

(SCE) and vacuum reference levels.

energy, and the three sections horizontally in each image show the semiconductor
electrode, electrolyte and metal counter-electrode respectively. The flat band poten-
tial, Vp, is the potential of the semiconductor when at a condition of zero charge
(analogous to the potential of zero charge for metals). Vj;,s is the bias voltage
applied to the cell and Vg is the band bending.

Four electrochemical conditions are shown in Figure 2.4: (A) initial condition
before equilibrium is reached, (B) equilibrium condition in the dark, (C) illuminated
condition, and (D) illuminated condition with a bias voltage applied.

Initially the Fermi level of the electrolyte can be anywhere between the two wa-
ter splitting redox potentials, the exact position depending on the concentration of
hydrogen and oxygen in the electrolyte (5). In Figure 2.4 (A) it is assumed that the
metal cathode is in equilibrium with the electrolyte, therefore the Fermi levels of the
electrolyte and metal are the same. At equilibrium in the dark (Figure 2.4 (B)) the
Fermi level of the semiconductor (electrochemical potential of the electrons (13))
equilibrates with that of the electrolyte by flow of electrons from the semiconductor
to the electrolyte, resulting in a region depleted of electrons at the semiconductor

surface known as the depletion layer or space charge layer. This positively charged
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Figure 2.4: Band diagrams of a two-electrode photoelectrochemical cell. (A) The

system before the semiconductor-electrolyte interface is formed. (B) The semicon-

ductor in equilibrium with the electrolyte. (C) The semiconductor is illuminated.

(D) The semiconductor is illuminated and a bias voltage is applied. Ej is the semi-

conductor band-gap, Ep represents the Fermi energies, Vyy, is the flat-band potential,

Viias 1s the bias voltage, Vg is the band bending, Vireimnoits 1s the potential of the

Helmholtz layer, and V)5, is the difference between the Fermi energies of the semi-

conductor and the electrolyte when the semiconductor is illuminated. Reproduced

from Nozik and Memming (5).
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2.3. THE SEMICONDUCTOR-ELECTROLYTE INTERFACE

region attracts negatively charged ions in the electrolyte, which form a very thin
(< 1 nm) Helmholtz layer. The equilibration of the electrochemical potentials of
the electrolyte and the semiconductor leads to “band bending”, of magnitude Vp.
The potential drop across the Helmholtz layer Viz imnoit», Which increases the band
bending, is determined by the interaction between the semiconductor and the elec-
trolyte and is not greatly dependent on the applied potential.

The width of the depletion layer is represented by Eq. 2.16 where A\p is the
Debye length, the distance over which significant charge separation can occur (Eq.
2.17), €q is the permittivity of free space, ¢, is the relative permittivity, Np is the
charge carrier concentration, V' is the applied voltage, k is Boltzmann’s constant

and T is the temperature.

2|V —V 1/2
1/2
eregkT
Ap = 2.17
b ( s ) (2.17)

The capacitance per unit area of the space charge layer can be expressed by Eq.
2.18. Substituting wy (Eq 2.16) into Eq. 2.18 yield the Mott-Schottky relationship
(Eq. 2.19), where A is the surface area of the electrode and other symbols have been
defined previously. A Mott-Schottky plot of (A/C)? as a function of applied voltage
will yield a straight line. The charge carrier concentration Np can be determined
from the slope of this line and the flat-band potential determined from the intercept.

C €€

R 2.18
A Wy ( )

(A/C)? = 2(eNpereg) " ([V = Vi | — kT /e) (2.19)

When the photoelectrochemical cell is illuminated, Figure 2.4 (C), charge carriers
are generated, which are separated by the electric field in the space charge layer. In
the case of an n-type semiconductor, the electrons move into the bulk and the holes

migrate to the electrolyte interface. A photovoltage is generated and the Fermi level
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24. SCHOTTKY BARRIER CHARGE TRANSFER MODELS

is moved upwards toward the flat-band potential. The band bending is reduced as a
result of electron-hole pairs being generated by the absorbed photons. Under these
conditions no current is lowing. The overpotential of an electrode is the difference in
potential of an electrode at equilibrium (with no current flowing) and when current
is flowing. It is a measure of the additional energy required to drive the reaction.
The value of the overpotential will depend on the magnitude of the energy barriers
involved in the chemical reactions, arising from factors such as the thermodynamics,
kinetics, and charge carrier concentration differences between the solution and the
interface (5, 13). The total overpotential 7 is the sum of the overpotential across
the depletion region 7, and that across the Helmholtz layer ng. The voltage drop
in the electrolyte can be assumed to be small (in concentrated solutions) and can
be ignored in most cases. The interfacial activation energies for electron and hole
transfer are related to the overpotentials.

Under illuminated conditions, Figure 2.4 (C), the maximum Fermi energy pos-
sible is the flat band potential, which is still below the HT /Hs redox potential, so
hydrogen generation is not possible. When a bias voltage V;,s is applied, Figure
2.4 (D), the Fermi energy in the metal electrode is raised above the H*/Hy po-
tential, allowing the water splitting reaction to proceed. If a bias voltage needs to
be applied the efficiency of the water splitting is reduced. The properties of the
semiconductor photoelectrode are critical to determining the efficiency of the water

splitting process.

2.4 Schottky barrier charge transfer models

The interface formed at a semiconductor-electrolyte junction, as described in the
previous section, is analogous to a Schottky barrier formed between a semiconductor
and a metal. Figure 2.5 shows a schematic of such a barrier, where w, is width of the
Schottky barrier (depletion or space-charge region), L is the charge carrier diffusion
length and h is the thickness of the semiconductor. The analogy with the Schottky
barrier is valid, so long as the concentration of ions in the electrolyte is high enough

to ensure that there is a negligible potential drop in the electrolyte (47). The analogy
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is particularly valid if the reaction kinetics can be ignored (48). The analogy is less
applicable to electron transfer as there is limited availability of electron states in the
electrolyte compared with a metal, the ions in solution can change the Helmholtz

layer, and irreversible chemical changes can occur in the electrolyte (47).

o,
h+‘ ° e
Electrolyte | | L |
Z
B Semiconductor -
h

Figure 2.5: Schematic of the Schottky barrier formed at a semiconductor-electrolyte
interface, where w, is width of the Schottky barrier (space-charge region), L is is

the charge carrier diffusion length and A is the semiconductor film thickness.

A number of models have been developed to describe the Schottky barrier at the
semiconductor-electrolyte interface (48-55). A good review of the charge transfer
processes at the semiconductor-electrolyte interface and the relevant models was
presented by Wilson (47). The complexity of the models differ, although the major-
ity are variations on the early work of Gértner (49) and Butler (48), with different
assumptions and boundary conditions applied.

Gértner (49) considered a metal-semiconductor Schottky barrier and proposed
that a fraction of the incident light (depending on the wavelength and the absorption
coefficient of the semiconductor ) will be absorbed in the depletion layer. Minority
carriers generated within the depletion layer of the film are assumed to be rapidly
transported to the electrode surface by the strong electric field in this region. A

fraction of the minority carriers generated in the bulk of the film are assumed to
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diffuse to the edge of the depletion layer from where they are rapidly transported to
the surface. Gértner derived an expression (Eq. 2.20) for the generation of electron-
hole pairs g(x) as a function of depth in the semiconductor x, where is the photon
flux and « is the absorption coefficient of the semiconductor. This expression does
not consider scattering losses or optical absorption not leading to excitations across

the bandgap (47).
g(x) = Ega exp (—ax) (2.20)

By integrating the generation rate expression (Eq. 2.20) in the depletion layer,
and assuming that all carriers generated in this region contribute to the photocur-

rent, a current density for the depletion layer Jg, can be derived (Eq. 2.21).

Jgep = €Es (exp(—awg) — 1) (2.21)

Gértner (49) derived the diffusion current density Jy;r¢ (Eq. 2.22), where L is
the minority carrier diffusion length, pg is the equilibrium hole density and D), is
the minority carrier diffusion coefficient. The boundary conditions for this solution

are p = pg for x = oo, and p = 0 for x = wy.

al Dy

oL &P (—awy) — P07 (2.22)

Jaiff = —ebg

Butler (48) applied Gértner’s model to a semiconductor-electrolyte system. The
total current density J is the sum of the current density in the depletion layer,
Eq. 2.21, and the current density in the bulk, Eq. 2.22, derived from the Gértner-
Butler expression (Eq. 2.23), where the second term is neglected (for wide band-gap
semiconductors). Eq. 2.23 can be expressed as a quantum efficiency (or IPCE) by

dividing J by e.

exp (—awy)
D 1 - =~ "4/ 2.2
J=cks ( 1+alL ) (2.23)

Wilson (52) modified the Gértner-Butler equation to consider reflection losses,
surface recombination and surface electron transfer processes to yield Eq. 2.24,

St

IPCE=(1-R) g

(2.24)

[1 —eTQWg 4 p—awy oL LP }

aL+1L+D/S
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where R is the reflectivity of the semiconductor surface, S¢ and S, are the rate
constants for transfer and recombination, respectively, of minority carriers at the
surface, D is the diffusion coefficient and S is the boundary condition shown by Eq.

2.25, where the symbols have their usual meaning.

S = (Sr+ 5¢) exp [e(V — Vi) /ET] (2.25)

It is useful to define the direction of illumination through electrodes with trans-
parent substrates. Commonly the abbreviations SE (substrate-electrode) and EE
(electrolyte-electrode) are used to refer to back-side and front-side illumination re-
spectively (54). Ghosh and Maruska et al. (51, 56, 57) derived the following equa-
tions for the IPCE for illumination from the electrolyte side (Eq. 2.26) and illumina-
tion from the substrate side (Eq. 2.27), by modifying the Gértner-Butler expression
assuming a finite semiconductor thickness. Eq. 2.20 was integrated assuming that
carriers generated at distance z will have exp[—(h — wy)/L] carriers diffuse to the
junction, where (3 is the inverse of the carrier diffusion length L, h is the film thick-
ness and G is the surface transfer coefficient (between 0 and 1) that corrects for

transport processes and photoconductive gain in the depletion layer (57).

]PCEEE =G <1 — e AWq 4 {(o{j—ﬁ)] eﬂwd)

(2.26)
v (e—(a+ﬂ)wd _ 6—(a+ﬁ)h>

_ - —B(h—wy)  —a(h—wy) —ah (aw;)—1
IPC’ESE—Gl((a_m) e d’—e d’ + (e e\ >1 (2.27)

In Eq. 2.26, the first term describes the contribution from carriers generated in
the depletion region, while the second term describes the contribution from carriers
generated in the bulk. The opposite is true for Eq. 2.27 when the direction of
illumination is changed.

Lindquist et al. (54, 55) simplified the Géartner-Butler expression by assuming
that the absorption coefficient « is small and hence . < 1. It was shown that

when the IPCEgp is a maximum, Eq. 2.28 is true.

w
IPCEpp = Td (IPCEsE, maz) (2.28)
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Hence if the film thickness of the semiconductor can be independently determined,
the width of the depletion layer can be calculated from I PCEgE data.

Sodergren et al. extended this analysis under the condition that the transport is
by diffusion and that the diffusion coefficient of holes is constant. By assuming that
the diffusion length is shorter than the film thickness, L < h, the IPCEgp can be
simplified to Eq. 2.29.

La
1+ Lo

[PCEgp = (2.29)

A maximum for IPCEpp was found, assuming (La)? < 1, when o = 1/h.
Hence an expression for /PCFEgp as a function of the diffusion length and film
thickness can be derived from Eq. 2.29 at the condition where I PCEgE is maxi-
mum, as shown by Eq. 2.30.

L
IPCEgp =7 (IPCEEE, maz) (2.30)

These simplified expressions can only be applied to experimental data if the as-
sumptions made in the model can be verified. This model was used to analyse
nanoparticulate TiO9, and may not be as suitable for other materials, for example
where maximum values of the I[PCEgrp or IPCEgE do not occur.

The Schottky barrier models are based on the concepts of band-bending and a
potential drop across the film (as discussed in Section 2.3). For the case of a very
thin semiconducting film, or a nanostructure (where the dimensions are approach-
ing those of the depletion region and diffusion length) these concepts no longer
hold. Alternate models have been developed to describe the charge transport and
photoelectrochemical response of semiconductor particles/films on the nanoscale
(55, 58-60). Most of these models were developed in response to the large interest
in dye-sensitised solar cells, where colloidal nanosparticles of TiO9 are intercon-
nected. The small particle size (5-50 nm(58)) results in no significant potential drop
between the centre and the surface of the individual semiconductor particles (59),
that is, no large electric fields are present. Hence charge transport in these alternate

models is only diffusion.
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Chapter 3

Efficiency measurements

“That orbed continent the fire
That severs day from night.”

W. Shakespeare Nano-tyre-treads

This Chapter presents a summary of Paper 3 (12) which discusses some of the
pitfalls of water splitting efficiency measurements, in particular the overestimation
of published efficiency values as a result of using artificial light sources with spectra
that differ from the solar spectrum. An extended version of Table 1.1 (showing
maximum theoretical efficiency values) appears in this publication, showing data

for various semiconductors using different illumination sources.
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Photoelectrochemical measurements to determine the water splitting efficiency
of a photocatalyst are usually undertaken in a three-electrode cell, as pictured in

Figure 3.1.
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Figure 3.1: Schematic of the three-electrode cell used for photoelectrochemical mea-
surements, showing a simplified version of the potentiostat circuit. The ammeter A
measures the photocurrent. The voltages between the working and Pt counter elec-

trodes Vi, and between the working and reference electrodes Vyy g, are labelled.

The three electrodes are the working electrode (the photocatalyst sample), a
counter-electrode (often platinum wire), and a reference electrode. In this study
the reference electrode is a saturated calomel electrode (SCE), though Ag/AgCl
electrodes and others can also be used. The cell is filled with an electrolyte, in
which the photocatalyst material of interest is stable. A simplified version of the
potentiostat circuit is shown were the ammeter A measures the photocurrent. The
voltages between the working and counter electrodes Vi, and between the working
and reference electrodes Vi g, are labelled.

The conversion efficiency 7. (%) of the water splitting reaction can be determined
using Eq. 3.1,

ip(Vivs — V)
pr— ‘1
Tle cE, (3 )
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where jp is the photocurrent produced per unit irradiated area, Vg = 1.23 V is the
water splitting potential per electron, Eg is the photon flux (photons Cm_l), Vg is
the bias voltage applied between the working and counter-electrodes (Vi ¢ in Figure
3.1) and e is the electronic charge. This relationship assumes that every electron
that contributes to the current, produces half an Hg molecule. In practice this
may not be true and strictly the rate of hydrogen and oxygen production should be
monitored in addition to measuring current. In the situation where gas production
was not monitored (as is the case with this study), efficiency values are an upper
bound for hydrogen production.

The incident photon-to-electron conversion efficiency, IPCE (%), is defined as
the fraction of incident photons that generate a photoelectron in the external circuit.
The IPCE can be calculated using Eq. 3.2,

ip(N)

IPCE = eFs(\)

(3.2)

where E4()) is the incident photon flux at wavelength A (within the band-pass of the
monochromator) and e is the electronic charge. An IPCE of 100 % indicates that
every incident photon generates an electron-hole pair, which is effectively separated
and results in current flow in the external circuit. A plot of the IPCE as a function
of wavelength is often referred to as an “action spectrum”.

In practice, the photoelectrochemical water splitting system will be illuminated
with the local solar spectrum. A common standard solar reference spectrum is the
AM1.5 global solar spectrum shown in Figure 3.2. The air mass (AM) factor de-
scribes the effect of the Earth’s atmosphere on the incident solar spectrum, where
AM = 1/cos(«r), where «, the zenith angle, is the angle between the overhead and
actual position of the sun. The sharp dips in the spectrum are due to the absorp-
tion of certain wavelength bands by gases such as HoO, O3, Og and COg in the
atmosphere.

The solar spectrum reaching the surface of the Earth is dependent on the lo-
cation, season, time of day and the weather. Hence most measurements of the
water splitting efficiency are undertaken in laboratories using illumination from ar-

tificial light sources (e.g. xenon or mercury lamps). Spectral differences between
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Figure 3.2: AM1.5 standard solar reference spectrum

artificial light sources and the AM1.5 reference spectrum can lead to erroneous effi-
ciency measurements as the photocurrent generated by the photocatalyst material
is highly dependent on the spectrum and intensity of the illumination source. Fig-
ure 3.3 shows the spectral photon flux for a xenon lamp compared to that of the
AM1.5 global solar spectrum. The xenon lamp spectra is also shown for the case
where a water filter is used to remove infrared radiation (above around 1000 nm)
and UV radiation (below about 250 nm), as was the case in this study. The spectral
photon flux of the xenon lamp differs from that of the AM1.5 solar spectrum, and is
significantly higher at short wavelengths, particularly when the water filter is used.
As a result, the use of a xenon lamp can overestimate the water splitting efficiency.
Other types of lamps, such as mercury-xenon lamps have a higher photon flux in
the ultraviolet region than the xenon lamp discussed here, leading to a higher over-
estimate of the efficiency. This effect is largest for wide band-gap semiconductors
(such as TiO9) whose photoresponse is primarily in the UV region. For example the
ratio of efficiencies (AM1.5 / Xe lamp, using a water filter) for rutile TiOg (E, =
3.0 eV) is 0.6, whereas the same ratio for a-FeoO3 (g = 2.2 €V) is 0.92 (12). The
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Figure 3.3: Spectral photon flux for a xenon lamp, with and without a water filter,
compared to the AM1.5 global solar spectrum. The inset shows detail of the short

wavelengths. The total irradiance was normalised to 1000 W ~2.

spectrum of the illumination source will also change over time. It was observed that
the proportion of photon flux in the spectrum decreases as the lamp ages. There are
a number of reports in the literature of efficiencies obtained using artificial illumi-
nation that are close to, or higher than, the maximum theoretical efficiency possible
for the semiconductor (61-63). Losses due to non-ideal absorption, recombination
of charge carriers and reflections will significantly reduce the theoretical maximum
efficiency and hence such values are obviously incorrect (12).

To obtain a reliable estimate of the water splitting efficiency under AM1.5 con-
ditions, the IPCE (measured at a bias voltage giving maximum efficiency) should be
integrated over the AM1.5 standard solar spectrum (12). It should be noted however
that some photocatalysts have a non-linear response with light intensity, and hence
integrating the IPCE values (measured with low intensity monochromated light)

may not give photocurrents representative of those under broad-band illumination.
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Chapter 4

Literature

“Give me a firm place to stand and I will

move the earth.”

Archimedes Nano-turtle

The pioneering work of Fujishima and Honda in 1972 (64) demonstrated that
water splitting was possible by illuminating a titanium dioxide (TiO9) electrode with
sunlight. There exists an enormous body of literature regarding the development
of catalyst materials for photoelectrochemical water splitting, reflecting the keen
international interest in the topic over the last thirty-five years, prompted in part by
the international energy crisis in the 1970s during which much interest was generated

in using hydrogen as a fuel source.
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The search for the ideal photocatalyst material continues and research has re-
cently been stimulated by the advances in nanotechnology as well as the ever in-
creasing need for a renewable energy source. The vast majority of water splitting
publications present research relating to TiOsg, a popular photocatalyst for water
splitting, as well as catalysis applications such as water and air purification, remedi-
ation of toxic waste and for use as a semiconductor in photovoltaic and photoelectro-
chemical systems. Although TiO9 is an excellent catalyst, it will never split water
with high efficiency due to its wide band-gap around 3 eV (unless the band-gap can
be reduced without introducing trap states), and will not be discussed further here.
Water splitting research to date has been summarised in a number of comprehensive
reviews over the years including Maruska and Ghosh, 1978 (56), Nozik, 1978 (65),
Somorjai et al., 1984 (66), Getoff, 1990 (67), Bard and Fox, 1995 (68), Amouyal,
1995 (69), Bolton, 1996 (10), and Momirlan and Veziroglu, 2002 (8).

The review of the literature presented here is limited to those materials of direct
relevance to this thesis: hematite and metal oxide nanostructures. The literature
relating to the use of a-FeoO3 for water splitting is discussed, with particular em-
phasis on the possible rate-limiting steps that prevent a-FegOs3 splitting water with
high efficiency. The electrical properties of a-FeoOg are critical to understanding
the conduction mechanisms of this material, hence a significant part of the litera-
ture review has been dedicated to this topic. As discussed in Section 2.2, the charge
carrier concentrations, mobilities, and diffusion lengths can be derived from mea-
surements of the conductivity. Factors such as diffusion length are directly related
to the quantum efficiency of the semiconductor.

An introduction to the crystal structure of a-FeoOg is presented in Appendix
A, as the structure is highly relevant to the measurement of the electrical and mag-
netic properties. Other related areas of relevance to the conduction mechanisms
of a-FeoOg3 (such as the anistropy and temperature dependence of the conductiv-
ity), are presented in Appendix B, along with tables summarising the results of
conductivity measurements of undoped and doped a-FeoOs. It should be noted
that conductivity measurements primarily give information about majority carriers,

whereas the minority carriers are more important in photoelectrochemical processes.
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Finally, the fabrication of nanostructured metal oxides such as ZnO, SnO9 and
indium-tin oxide (ITO) will be discussed. These materials are of interest for use as

the nanostructured substrate in the composite electrode structure.

4.1 Oz—F6203

4.1.1 Photoelectrochemistry

The first report of a-FeoOs being used for photoelectrochemical hydrogen produc-
tion was by Hardee and Bard in 1976 (70), very soon after the first report of water
splitting using TiOg (64). The limitations of wide band-gap semiconductors (such
as TiO9) and the instability of materials such as CdS and Si with much narrower
band-gaps were already being realised and hematite was being investigated as a
non-reactive semiconductor with visible light photoactivity (70). However, it was
quickly realised that hematite gave very low photoconversion efficiencies. This was
attributed to poor optical absorption (26, 71), rapid electron-hole recombination
resulting in short diffusion lengths of charge carriers (26), slow surface reaction
kinetics, and unfavourable band-edge positions (27) (meaning an electrical bias is
required). Hematite, in various forms, has been extensively studied for water split-
ting in the last thirty years. The reported water splitting efficiencies for a-FesO3,
however, have not yet come close to the theoretical maximum efficiency for this
material of 12.9 % (12). Some increases in the water splitting efficiency of hematite
have been achieved through doping and nanostructuring, but even the performance
of the current state-of-the-art material (2) is well short of the target of 10 % solar-
to-hydrogen conversion efficiency (8).

Doping of a-FegO3 has been investigated in an attempt to yield a reasonable
photoelectrochemical performance. The majority of dopants decrease the photocur-
rent (72-74). The introduction of group I A or IV B dopants such as Ge, Pb, Sn,
Si and Ti produce n-type material while group IT A, I B or VII B dopants such as
Ca, Cu, Mg and Ni produce p-type material. Shinar and Kennedy (74) published a

good review of doped hematite for water splitting, and presented photoelectrochem-
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ical data for sintered polycrystalline a-FeoOs doped with ZrOs (IV B), HfO9 (IV
B), CeO9, V2O5 (V B), NboOj5 (V B), TagO5 (V B), WO3 (VI B) and Al,O3 (III
A), as well as sub-oxide materials.

Of the many dopants introduced into a-Feo O3, Ti (26, 72, 75, 76) and Si (2, 7, 77—
79) appear to be the most promising for enhancing the photoelectrochemical re-
sponse. Jorand Sartoretti et al. (72) observed that doping a-FeoOg with around 5%
of titanium produced a four-fold increase in the photocurrent of films prepared by
spray pyrolysis. They proposed that this increase in photocurrent was due to im-
proved conductivity of the iron oxide as well as stabilization of oxygen vacancies by
the Ti*t ions. The photocatalytic activity of the Ti-doped a-FegOg was enhanced
by the addition of 1 % Al which was attributed to the formation of AlyOg, itself
isostructural with hematite and thereby responsible for directing the crystallinity of
the films. Early research into doping polycrystalline a-FeoOg powders with group
IV A elements indicated that Si is a better dopant than Ti (a group IV B element)
(77, 78). It was suggested that additional energy levels introduced by the Ti metal
ion centres may be acting as recombination sites, leading to lower photocurrents
(78). The influence of the dopants on carrier mobility remains poorly constrained
due to uncertain contributions from grain boundary resistance in polycrystalline
specimens (41, 80), difficulties linked to the magnetic susceptibility of a-FesOg dur-
ing Hall measurements (81), and uncertainty in impurity quantity and type (38).
The influence of Ti and Si dopants on thin film electrodes (where impurities could

also affect film morphology) is even less well understood.

Hematite has been reported to have a very high recombination rate resulting in a
diffusion length of holes of only 2 - 4 nm (26). Note that in TiOg this value is a few
hundred nanometres(12). Itoh and Bockris (28, 30) presented an interesting study
discussing the use of stacked thin-film electrodes of a-FeoOs deposited onto trans-
parent conducting glass. Their hypothesis was that recombination can be reduced
by making the a-FeyOg film thinner than the space-charge layer, thereby enhancing
the electric field in the Schottky region and improving charge separation. It should
be noted that when films are thinner than the Debye length, there is essentially

no electric field in the semiconductor. Their electrodes were stacked one behind
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another in order to maximise absorption. The predicted increase in photocurrent
with increasing number of electrodes was verified experimentally. Another approach
to combating the effect of the short diffusion length of charge carriers is through
introducing nanometre-scale structure to a hematite film as a means to improve
conversion efficiency. Hematite has been nanostructured to produce well-aligned
nanowires by aqueous chemical growth (18, 29) and thermal oxidation of iron foil
(82-86), and dendritic nanostructures using atmospheric pressure CVD and spray
pyrolysis (2, 7). Nanostructures produced by thermal oxidation of Fe substrates
are not ideal for water splitting applications as the metal substrate will corrode
in the strong electrolytes used in the photoelectrochemical cell. Beermann et al.
(29) showed that undoped nanorod arrays of a-FesOg exhibit higher photocurrents
than nanoparticulate films. This was attributed to better electron transfer as a
result of fewer grain boundaries to act as recombination sites for charge carriers.
Kay et al. (2) and Cesar et al. (7) observed high photocurrents from Si-doped
dendritic nanostructured films. The formation of nanostructures was attributed to
the structure-directing behaviour of the Si dopant, producing a film with preferred
crystallographic orientation. It was claimed that the Si also acts as a dopant, in-
creasing the electrical conductivity. However, it was not clear whether doping or
nanostructuring is the dominant factor contributing to the observed improvement

in photoelectrochemical activity.

It has been suggested that the electrical conductivity of hematite influences the
photoelectrochemical performance (2, 7, 72). This is because a substantial potential
drop is expected during the transport of photoelectrons through the bulk of the elec-
trode in high resistance materials. High-purity hematite has a very low conductivity
(< 10741 m_l), and doping has been shown to increase the conductivity for sin-
gle crystal and bulk polycrystalline electrode samples (38, 41, 80, 87-89) (discussed
further in Section 4.1.2).

It has been observed by a number of researchers that the shape of the action
spectra (IPCE vs. wavelength) for hematite does not match that of the absorption
cross-section (26, 29, 73, 90). Beermann et al. (29) compared optical and photo-

electrochemical data and showed that the absorption extends out beyond 600 nm,
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but the IPCE drops away quickly to almost zero beyond 500 nm. It is reasonable to
expect that holes generated deep within the semiconductor (from long wavelengths)
are lost by recombination before reaching the surface. However, it has been proposed
that some of the absorption processes in hematite cannot generate a photocurrent
(26, 27, 29), explaining the observed differences in absorption cross-sections and
action spectra. Beermann et al. suggest that perhaps charge carrier generation is
more favourable at the 3.0 eV transition (direct band-gap in a-FeoO3) rather than
at the indirect band-gap of 2.2 eV. Kennedy and Fresse (26) calculated an effective
absorption coefficient curve from the photocurrent data using the depletion layer
theory of Gartner (49) which was significantly smaller than the measured optical
absorption coefficient. It was suggested that there were two charge transfer processes
occurring: an 02~ — Fe3T transfer that gives rise to reactive holes in the valence
band (oxygen sites), and a metal-metal transfer (2Fe3t™ — Fe?t + Fe*™), which
produces holes on iron sites. Kennedy and Frese postulated that the Fe™t hole may
not be capable of participating in the oxygen evolution reaction. Dare-Edwards
et al. suggested that this may be due to the energy mismatch between the holes in
the Fe d-orbitals and the p-orbitals of the hydroxide (27). As a result of the low
transfer rate of the holes to the electrolyte, positive charges build up at the surface,
perturbing the space-charge layer and enhancing recombination processes. If the
electron on the Fe?T site is also trapped, then no current will flow (26). The surface
rate constant for hole transfer has been quoted as 0.1 - 1 cm s~ 1, a factor of 10%
lower than for WO3 and TiOy (18). Surface treatment with cobalt (2) and KI (77)

have been shown to increase the photocurrent from doped a-FegOg films.

Apart from the most recent results reported by Kay et al. (2), the IPCE values
of nanostructured electrodes reported to date are not substantially better than those
previously reported for solid polycrystalline or single crystal specimens (see IPCE
data from the literature compiled in Figure 4.1, with corresponding preparation and
measurement details shown in Table 4.1). It has been noted that the best per-
forming samples are highly crystalline (72). This brings into focus the question of
the relative importance of nanostructuring and morphology versus the modification

of the electronic properties by dopants or the catalytic properties of the a-FeqOs3
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surface. Improved understanding of the role of these factors in hematite photoelec-
trodes, and identification of the rate-limiting step will be necessary before informed

progress can be made.

40

—— This study
Kay et al., 2006
—&— Duret & Graetzel, 2005
Jorand Sartoretti ef al., 2005
30 - —a— Miller et af,, 2004
Khan & Akikusa, 1999
—4— Sanchez ef al., 1988 (Ge)
Sanchez et al., 1988 (Nb)
— — Kennedy et al,, 1981 (Si)
Kennedy ef al., 1981 (Ge)

300 350 400 450 500 550 600
Wavelength (nm)

Figure 4.1: Comparison of IPCE values as functions of wavelength as presented in

the literature (see Table 4.1 for sample and measurement details).
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4.1.2 Conduction mechanisms

There have been numerous experimental and theoretical studies of the conduction
mechanisms of a-FeoOg from the early 1950s to today. However, the validity of
much of this work has been debated and the conduction mechanisms are still not
well understood. It was observed experimentally in the 1950s that a-FeoOs had
quite different conduction behaviour to semiconductors such as silicon and germa-
nium. Morin (96) observed that a much higher doping level (1072 at.% Ti) was
required to change the room temperature conductivity of a-FeoO3 compared to a
comparable change in Ge (10™7 at.% As). The measurement of very low mobility
values (inconsistent with other transition metal oxides) and observation that the
mobility had an activation energy, led Morin to suggest that conduction in hematite
occurs in very narrow (highly localised) energy levels (Fe d levels). The density
of states in a-FeyOg has been determined to be around 1022 cm™3 (approximately
equal to Ny, the number of metal ions per cm® at room temperature), which is

possible only for a system with highly localised energy levels (4).

Hematite (and most transition metal oxides) are often described by the small
polaron model of conduction (39, 42-44, 97, 98) as described in Section 2.2. The
movement of charge carriers through the hematite lattice is usually considered to
be via the Fe sites, where electron transfer is between Fe3t and Fe?t states and
hole transfer can be viewed as the Fe3t to Fe* electron transfer (44). In hematite
the localisation of an electron or hole on an iron site changes an Fe3t to an Fe?™
or Fe't respectively resulting in a change in the ionic radius of the iron site (44).
In other metal oxides such as TiO9, the transport of electrons occurs via thermally
activated hopping between metal sites, but the hole transfer occurs via the oxygen
sites (band mechanism in O 2p band) (99). Morin (96) suggested that the oxygen
ions in FesO3 may be expected to form 2p energy bands, which have a high mobility
for holes. Jonker (4) agreed that only a small concentration of holes in the oxygen
band would contribute significantly to conduction. However they commented that if
there was considerable band conduction then the jump distance a (calculated from

Eq. 2.15) should be large; experimental results showed otherwise. Warnes et al.
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(38) showed that the jump frequencies of a hopping polaron in a-FeoO3 were of
similar magnitude to thermal atomic vibrations, suggesting thermal activation of
the charge carriers, supporting the small polaron conduction mechanism. The low
values of the drift mobility of a-FeoO3 and its exponential increase with temperature
have been used as experimental evidence for small-polaron behaviour. Bosman and
van Daal (42) comment that such characteristics in the drift mobility can be due to
the presence of high-ohmic grain boundary layers (non-homogeneous samples) and

as such, the conclusions regarding small-polaron conductivity may be erroneous.

Conductivity experiments

This section summarises relevant experimental results of conductivity measurements
(as described in Section 2.2) on hematite samples. There is a large variation in the
types of materials used (polycrystalline or single crystal) and the type and quantity
of dopant. The results of conductivity measurements are highly sample-dependent,
so a consistent description of the properties of hematite is lacking. The experimental
results must be considered in the context of the quality of the sample.

There are several factors that complicate the interpretation of results of conduc-
tivity measurements. These include the introduction of defects and formation of
other phases during heating and cooling, grain boundary effects, the use of inappro-
priate samples, and the moisture sensitivity of hematite. Another concern with the
high temperature techniques is whether the conduction mechanisms deduced from
such measurements are representative of the properties of the material at room tem-
perature. The conductivity and Seebeck voltage are highly dependent on impurity
type and concentration (80, 89, 96, 100), and so there is little agreement between
published values for materials with different purity (38). Further discussion of the
conductivity experiments appears in Appendix B.

Conductivity measurements can yield information about both intrinsic and ex-
trinsic conductivity. The conductivity in the high temperature intrinsic region is
independent of dopant and impurity concentration as the concentration of ther-
mally generated carriers exceeds that of the donor centres. Further discussion of

intrinsic conductivity measurements is included in Appendix B. For photoelectro-

51 Julie Anne Glasscock



4.1. a-FEy0s

chemical applications, the extrinsic conductivity (of doped a-FeoO3) is primarily of
interest and will be presented here.

Jonker (4) compared the conductivity of hematite doped with various transi-
tion metals at a level of 2 at.%. The dopant elements with lower values of the
fourth ionisation potential (I4) led to doped a-FeoOg with lower resistivity values
than undoped material. Little change in the resistivity was observed when a-FeyOg
was doped with elements with higher 14 values. By constructing an electronic en-
ergy level diagram it was shown that those elements that reduced the resistivity of
hematite had energy levels above the empty Fe2t level. These levels were not con-
sidered as donor levels as they cannot trap electrons at low temperatures, and occur
at energy differences from the empty level larger than the 0.02 - 0.05 eV commonly
seen with transition metal dopants. It was concluded that the donor centres are
ions neighbouring the impurity. Ti ions were shown to increase the conductivity of
hematite. Given the I values of Si and Ge (45.1 eV and 45.7 €V) these elements
would be expected to produce energy levels above the empty Fe?t level and hence
increase the conductivity. It should be noted that the Jonker’s analysis (4) relies on
the ionisation potentials of Sn and V. Values of I; for Sn and V of 46.4 eV and 48.0
eV respectively were used. Recent values of Iy for Sn and V are 40.7 eV and 46.7
eV respectively (101). If the latter value of I for Sn is used, then Si and Ge would
not expect to lower the resistivity of hematite.

The effect on the conductivity depends on the type of impurity and the prepa-
ration of the sample. Jonker (4) comment that the concentration of impurity ions
required to increase the conductivity significantly is large and hence impurities as
high as 0.1 % are often of little importance. Morin (96) observed a small change
in conductivity with the addition of 0.05 % Ti, while de Cogan and Lonergan (87)
observed a much larger increase in conductivity with the addition of only 0.01 % Ti.

Bosman and van Daal (42) provide a good discussion of impurity conduction
as a charge transfer mechanism in a-FeoOs. This process occurs when thermally
activated electrons hop between neighbouring Fe?t sites (majority centres). An
energy difference is present between occupied and neighbouring unoccupied majority

centres as a result of locally varying electric fields, produced by neighbouring charged
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majority and minority centres (Fe4+). The partial compensation of majority centres
by the presence of minority centres is critical to this charge transfer mechanism.
The authors note that this process was often neglected in earlier work leading to
incorrect interpretation of electrical and magnetic data which is affected by impurity
conduction. The effects of impurity conduction on the resistivity of highly doped
(2 at.% Ti) hematite samples as a function of temperature have been observed
experimentally (42).

Ti-doped (26, 72, 75, 76) and Si-doped (2, 7, 77-79) a-FesOg are of interest for
water splitting applications and selected studies of the conductivity of such mate-
rials will be presented here. Tables summarising the experimental results of these
measurements on doped a-FepOg are included in Appendix B. There have been
several studies of the electrical conductivity of Ti-doped hematite, but none relating
to Si-doped hematite. Ge-doped FeoOg will be considered as an analogue system
for Si-doped FesO3.

Ti-doped a-FeoO3

There have been a number of studies of Ti-doped FeoO3 (38, 42, 80, 87, 89, 96, 98) all
showing an increase in the conductivity (reduction in the resistivity) and a decrease
in the activation energy for conductivity as a result of doping. A summary of the
experimental results of electrical measurements on Ti-doped hematite samples is
shown in Table B.2 (Appendix B). Selected studies will be discussed here in detail.

Both Morin (89) and de Cogan and Lonergan (87) produced polycrystalline sin-
tered samples of a-FeaO3 doped with 0 - 1 % Ti (mixtures of powders), fired at
1100 °C. Morin’s samples were heated in either an oxygen or a 74No + 209 at-
mosphere, while de Cogan and Lonergan’s samples were heated in air. The purity
of the a-FeoO3 and TiO9 powders used by Morin were 99 % and 98.1 % respec-
tively. de Cogan and Lonergan did not quote reagent purity values. Conductivity
measurements undertaken by de Cogan and Lonergan were restricted to the low
temperature “extrinsic” region (where the effects of the dopants are the strongest)
and presented resistivity and activation energy values at 100 °C. Resistivity values

from Morin’s data at the same temperature have been presented in Table B.2 along
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with activation energy values calculated from the published data. The addition of
Ti to FeoOg decreased the measured resistivity and activation energy, which de Co-
gan and Lonergan attributed to the formation of Ti*T - Fe?t pairs (substitutional
doping) as proposed by Jonker (4). The resistivity and activation energy values of
Morin’s samples (heated in O9) are much higher than those of de Cogan and Lon-
ergan. The results of de Cogan and Lonergan are closer to those of Morin when
the samples were heated in a reducing environment. Comparison of the undoped
samples is not meaningful at 100 °C as extrinsic conductivity dominates and the
electrical properties are dependent on trace impurities and defects.

Morin (89) initially interpreted the conductivity data for Ti-doped FesOg accord-
ing to the usual band theory of semiconductors. There were several inconsistencies
in the analysis, including an unusually low mobility calculated using this theory and
the calculated impurity concentration disagreeing with chemical analysis by several
orders of magnitude. In a later publication, Morin (96) analysed the data using
the model of localised energy levels (Fe d levels), which has since been accepted as
a good model for describing hematite (4). The carrier concentration and mobility
values from this later publication are presented in Table B.2. Values at 400 °C have
been presented as data were available for all dopant levels. Doping FeoOs with Ti
resulted in an increase in both the charge carrier concentration and the mobility. At
room temperature, a sample doped with 1 at.% Ti had an electron mobility around
1073 em?2V~1s71 and a carrier concentration around 102 cm™—3. Morin suggests
that the very low mobility values and apparent activation energy are due to the

conduction electrons being confined to the narrow Fe d levels.

Velev et al. (102) have undertaken a theoretical study of transition-metal-doped
hematite. They found that substitutional doping occurs with states produced by
the impurities within the band gap of hematite, the position of which determines
the electronic and magnetic properties of the doped material. From the density of
state data it was concluded that hematite doped with Sc (group III B), Ga (III A),
V (V B) and Cr (VI B) remains insulating, Cu (I B) and Zn (II B) doping produces
p-type material (observed experimentally by Ingler et al. (103, 104)), doping with
Ti (IV B) produces an n-type semiconductor and a-FeoOg doped with group VII B
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elements (Ni, Mn and Co) have potentially both n and p type carriers (though carrier
density and hence conductivity are expected to be low). All of the dopants other
than Ti and Zn behave as D31 cations which substitute for Fe3*. Ti substitutes
as Ti*T and Zn as Zn%t. In the case of Ti-doping, the “extra” electron is localised
on an Fe site (Fe?’Jr to Fe2+), appearing as an occupied state below the Fermi level.
This electron could be thermally activated into the conduction band. However due

to strong localisation, mobility could be low.

Ge-doped a-FeyO3

For the measurements of conductivity Ge-doped a-FegOs3 is considered analogous to
Si-doped a-FesOg (for which no studies of the conductivity could be located). Table
B.3 shows the resistivity data for three studies of Ge-doped FegO3. In all cases the
resistivity of the FegOs decreased by at least four orders of magnitude with the
addition of 2 % Ge. All of the samples are sintered powders (polycrystalline) except
those of Sieber et al. which are single crystals. Sanchez et al. (105) produced solid
solutions of GeOg in FeoO3 (up to the solubility limit of 5 mole %, Feq 95Geq.0503)
by mechanical mixing of powders and via sol-gel preparation with subsequent firing
at 1000 °C. The substitution of Fe by Ge according to the Eq. 4.1 was confirmed
by weight loss up to the solubility limit of GeOs.

(1 —2/2)Fex03 + xGeOy — Feg_Ge O3 + (1/4)09 (4.1)

The resistivity of the hematite dropped from 10% Q em for undoped material to <1
2 cm at the solubility limit.

Sieber et al. (106) produced Ge-substituted FeaO3 single crystals by chemical
vapour transport. The exposed crystal plane was primarily the basal plane (001)
and both the doped and undoped material exhibited the corundum crystal structure.
A drop in the room temperature resistivity from >10% Q cm (undoped material) to
5+ 4 Q cm (2 mole% Ge-doping) was observed, similar to the results presented
by Sanchez et al. (105) and Patterson (107). An activation energy of 0.12 eV was
calculated from the slope of the log o vs. 1/T graph. In a later publication (95) a
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carrier density of 1.25 x 1017 ¢cm™3

mobility of 0.1 em?V~1s™h).

was calculated (assuming a room temperature

Primary conclusions from the literature review of a-FeoOj3

e a-FeyOg has been extensively investigated for water splitting, but photocon-
version efficiencies are still very much lower than theoretically predicted and

the rate-limiting step has not been clearly identified.

e Single crystal, polycrystalline and most nanostructured a-FeoOs samples show

similar IPCE values.

e Doping appears to be essential in most cases to achieve reasonable photocur-

rents.

e The effect of doping is not well understood, and is complicated by some

dopants affecting the morphology.

e The roles of doping and (nano)structure need to be separated in order to study

the doping mechanism.
e The conduction mechanism in a-FeoO3 is not well understood.

e The conductivity of hematite is highly sensitive to the quality of the sam-
ple (impurities, dopant concentration and type), and so the validity of some

measurements is questionable.
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4.2 Nanostructured substrates

As discussed previously, SnO9 and doped-ZnO have been selected as materials of
interest for use as nanostructured substrates. Relevant literature relating to the

fabrication of these (and similar) nanostructured materials is presented here.

4.2.1 SnO, and ITO nanostructures

Nanorods and nanowires of tin oxide and ITO have recently been synthesised by
various methods. Vayssiéres and Gratzel have recently produced arrays of ordered
tin oxide nanorods using an aqueous chemical growth method (108). The nucleation
and growth of the tin oxide nanorods from SnCly-5H50O is controlled via the thermal
decomposition of urea in an aqueous solution. The resulting films show arrays of
aligned nanorods with a tetragonal “rutile” structure. These nanorods have a small
aspect ratio.

Limmer et al. have fabricated arrays of tin oxide nanorods using a templated
sol-electrophoresis technique (109-111). Electrophoretic techniques involve the de-
position of sol-gel particles from solution via the application of a bias between the
conducting substrate to be coated and a counter-electrode. The substrate is pre-
coated with a porous template (polycarbonate or anodic alumina). The charged
particles in the solution (in this case tin oxide nanoparticles) are attracted to the
templated electrode and are deposited. The template is later removed, leaving an
array of nanorods. The quality of the nanostructures is poor as the removal of tem-
plate allows the rods to bend and break. The lowest resistivity achieved was around
0.01 Qcm, which is high compared to current transparent conducting oxides. For
a 100 nm thick film, a resistivity of 0.01 Q2cm is equivalent to a sheet resistance of
approximately 103 /square, whereas FTO conducting glass commonly has a sheet
resistance of around 14 Q/square.

ITO nanorod/nanowire powders have also been produced via a hydrothermal
method (112). These materials are not tethered to a substrate, but the process may
be able to be modified to achieve hydrothermal growth on a substrate (similar to

the process of Vayssiéres and Grétzel (108)). Indium oxide (InpO3) nanocubes (113)
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and ITO (tin-doped indium oxide) nanostructures (112) with a corundum structure
have recently been fabricated and may be of particular interest if high aspect ratio

features can be achieved.

4.2.2 7ZnO and AZO nanowire arrays

ZnO nanowires have been fabricated using solution-based techniques, such as hy-
drothermal growth (114-122) and electrodeposition (86, 111, 123, 124), vapour-
phase transport methods (125-133), and metal-organic chemical vapour deposition
(MO-CVD) (134-136), for photovoltaic, opto-electronic, catalysis and biomedical
applications. Solution-based techniques such as hydrothermal growth and elec-
trodeposition are low-temperature methods, whereas vapour-phase transport and
CVD techniques often require very high temperatures. The fluorine-doped tin ox-
ide (FTO) glass used as a substrate for the composite electrodes cannot be heated
above 550 °C, so for this study a low temperature method is required. Therefore
the literature presented here will focus on the solution-based methods, in particular
the “aqueous chemical growth” (ACG) technique developed by Vayssiéres (137) to
produce arrays of well-aligned ZnO nanorods and nanowires.

The ACG technique was developed in order to produce purpose-built nanoma-
terials by controlling the thermodynamics and kinetics of the hydrothermal growth
process (137, 138). The nucleation, growth and ageing processes of the system
(which control the size, shape and crystal structure) can be tailored by controlling
the interfacial tension. The interfacial tension is minimised by increasing the surface
charge density of the system, by having a high ionic strength, and by keeping the
solution pH far from the point of zero charge (the pH at which the surface charge
density is zero). As a result, highly anisotropic structures such as nanowires are
able to be produced. The diameter and length of the structures can be increased by
increasing the reactant concentration and the growth time respectively. Vayssiéres
et al. have used this technique to fabricate various nanostructures including ZnO
nanowires (115, 137, 138), ZnO nanorods (116) and ZnO microtubes (139), FeoOg
and CroO3 nanorods (137, 138), and SnOy nanorods (108).
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Several research groups worldwide used modified versions of the Vayssiéres tech-
nique to produce arrays of well-aligned ZnO nanorods and nanowires (117-122, 140).
A common variation from the original process is the application of a layer of ZnO
“seed” crystals to the substrate before hydrothermal growth. Many researchers
have found this to be a necessary step to producing nanowire arrays with good
alignment, narrow diameter distribution, and high rod density (117, 121, 140). This
is attributed to the ZnO nanoparticle crystals acting as nucleation sites for the
nanorods (121, 140). Seeding is particularly important on polished substrates (such
as silicon) where the nucleation density is low (121). The seed solution can be a
ZnO sol-gel solution applied to a substrate by spin coating (117), dip coating (120)
or electrodeposition (121), or a ZnO precursor, such as zinc acetate, which is ther-
mally decomposed (119) to produce ZnO nano-islands. Guo et al. (140) presented
a thorough and useful study of the hydrothermal growth conditions including sub-
strate preparation, deposition temperature, precursor concentrations, growth time,
and the effect of seed layers. It was shown that the nanoparticulate ZnO seed layer
was important to nucleate the nanorod growth. This is in contrast to comments by
Vayssiéres et al. (116) who claim that the type and crystallinity of the substrate
have little effect on the resulting nanorod array. In later publications (137) they
do, however, use a ZnO nanostructured thin film as a substrate for nanorod growth,
which may be acting as a seeding layer. A further modification to the original
process is the introduction of polyethylethenimine to restrict the lateral growth of

the nanowires to achieve higher aspect ratio nanowires (119).

Cui and Gibson (121) were able to vastly enhance the nucleation and growth
rate of ZnO nanowires via an electrochemical method that required no seeding.
By applying a small negative potential up to -1.2 V (relative to a gold reference
electrode), the growth rate of the nanowires was increased by 35 times compared to
that for unbiased growth. They also observed an increase in the packing density of
the nanowires due to enhanced nucleation. Cui and Gibson also demonstrated that
metallic dopants (in this case Co) were able to be introduced using this technique,
highlighting the possibility of modifying this technique to produce aluminium-doped
Zn0O (AZO) nanowires.
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Aluminium-doped zinc oxide (AZO) is being investigated as a possible alternative
to tin oxide- and indium oxide- based transparent conducting oxide materials. A
replacement material is being sought due to the rarity (and hence expense) of indium
and the toxicity of the indium precursor compounds used (particularly InCls). AZO
thin films have been fabricated by solution-based techniques (141-143), pulsed laser
deposition (35, 144), spray pyrolysis (145, 146) and magnetron sputtering (147).
Recent developments in AZO film fabrication by pulsed laser deposition have shown
resistivities and carrier concentrations comparable to those of ITO (35).

There have been only a few published reports of the fabrication of doped-ZnO
nanowires (148, 149) with the study of Cui and Gibson (121) being the only one
using low temperature techniques. Hsu et al. (148) used a vapour-liquid-solid
(VLS) method to produce AZO nanowires on ZnO:Ga/glass substrates. Zinc and
aluminium metal powders were heated in a tube furnace in an argon/oxygen at-
mosphere. An argon plasma was generated by a pulsed high-voltage bias applied
to the chamber which bombarded the aluminium source, doping the ZnO nanowires
as they grew. The nanowires were grown epitaxially on a gallium-doped ZnO film
which was previously deposited by r.f. sputtering onto a glass substrate. The doped
and undoped nanowires had a similar morphology: very well aligned and dense with
an aspect ratio around 25. However, the AZO nanowires were slightly less regular.
The energy-dispersive X-ray spectrum showed around 1 at. % Al fairly well distrib-
uted throughout the rod. He et al. (149) produced Ni-doped ZnO nanowire arrays
on sapphire substrates. The nanowires were grown using a VLS method and doped
with around 6 at.% Ni using a metal vapour vacuum arc ion source doping tech-
nique. The electrical conductivity of the doped nanowires was thirty times higher

than that of the undoped nanowires.
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Chapter 5

Methods

“When I am working on a problem I never
think about beauty. I only think about how to
solve the problem. But when I have finished,

if the solution is not beautiful, I know it is

wrong.”

Nano-surfboard

B. Fuller

This chapter describes the experimental techniques used to fabricate and char-

acterise the a-FeyOg films, nanostructured substrates and composite electrodes.
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5.1 Sample preparation

5.1.1 Sample substrates

The a-FesO3 thin films, nanostructured films and composite electrodes were fab-
ricated using fluorine-doped tin oxide (FTO) conducting glass substrates ( Pilk-
ington TEC15 borosilicate float glass coated with a conducting FTO thin film, 14
2/square). The conducting glass cannot be heated above 550 °C as the conductivity
of the FTO can be thermally degraded. However, the FTO is very chemically sta-
ble. The glass substrates were cleaned as follows: ultrasonic cleaning in tap water
(with a few drops of Teepol detergent); rinsed well in hot water to remove detergent;
rinsed in acetone; ethanol and finally de-ionised water; and dried in an air oven at
120 °C.

Substrates other than the FTO conducting glass were required by various charac-
terisation techniques. The optical measurements and some electrical measurements
required the use of quartz glass (Electron Microscopy Sciences, 1 mm thick). a-
FeyOg films deposited on Silicon wafers (Silicon Wafer Enterprises N100 test wafer,
1 - 10 Q/square, 500 £+ 50 pm thick) were used for step-edge profilometry as the
Si provides a much flatter uniform surface than the glass substrates. Etched tita-
nium sheet (Aldrich, 99.7 %, 0.25 mm thick, etched in Kroll’s solution for 5 s) was
used as a substrate for some electrochemical characterisation. Energy-dispersive x-
ray spectroscopy (EDS) measurements (Section 5.2.2), required different substrates
depending on the element of interest. A substrate without the target element is
preferable, for example when determining the doping levels of Si on a-FeyOg, glass

or Si substrates cannot be used.

5.1.2 «a-FeyO3 thin films

Hematite thin films have been fabricated using various techniques, including wet
chemical methods (e.g. sol-gel (150-153), hydrothermal growth (18, 29, 154) and
electrodeposition), spray pyrolysis (7, 72), vacuum deposition (e.g. magnetron sput-

tering (93)), and chemical vapour deposition (CVD) (155).
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The type of fabrication process suitable for coating the nanostructured substrates
will depend not only on the chemical and thermal stability of the substrate material
but also its ability to conformally coat the nanostructures with a thin (< 100 nm)
film, and its ability to dope the films in situ, with ease, safety and efficiency. Due
to the temperature restrictions of the conducting glass substrates, any very high
temperature processes are unsuitable.

Vacuum deposition was chosen as the technique for depositing the a-FeoO3 thin
films. The laboratory where these experiments were performed has excellent facil-
ities for techniques such as filtered arc deposition (FAD) and reactive magnetron
sputtering (RMS). Both of these methods use a metallic target as the source of
Fe, sputtered in an atmosphere containing oxygen. Unlike wet chemical and spray
pyrolysis techniques, no precursor materials are used that may potentially conta-
minate the iron oxide film. Dopants can be incorporated using an alloyed target
or introduced in the gas phase. The disadvantage of using alloyed targets is that
dopant concentration cannot be easily changed (as with wet chemical or CVD meth-
ods). The sample composition and film thickness are easily controlled using vacuum
deposition techniques. Solution-based techniques such as hydrothermal growth and
electrodeposition are highly dependent on the kinetics and thermodynamics of the
system, which will be changed by the introduction of a dopant phase which may
lead to ineffective or inhomogeneous doping. However, it has been suggested that
electrochemical deposition may aid the doping process by minimising the energy
barriers to dopant incorporation (121). Solution-based techniques may also have
the advantage of coating highly nanostructured substrates more easily than vacuum

deposition methods.

Filtered arc deposition (FAD)

Filtered arc deposition is a vacuum arc deposition technique used to produce thin
films of metals, oxides and nitrides (156-158). A plasma discharge is generated
between two electrodes at low pressure ( ~ 0.01 Pa). The plasma contacts the
cathode in small, high current density spots that move randomly around the cathode

surface. The cathode material is evaporated by the “cathode spots” and liberated
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from the target surface. The plasma stream is “filtered” to remove micron-sized
macro-particles by being passed through a curved duct in the presence of a magnetic
field. As a result, only ionic species and small charged particles reach the substrate,
producing hard, smooth and dense films. An electrical bias can be applied to the
substrate during deposition, which accelerates the ions, and has been shown to alter
the crystal phase and crystallographic orientation of the film (156). Materials that
are commonly deposited using FAD include carbon, metals such as Ni, Fe, Ti and
Co, nitrides such as TiN and CN,, oxides such as TiO9 and others such as AlSiO,.
No reports of iron oxides produced by this technique have been found.

Thin films of pure and Si-doped a-FeoOs were deposited by filtered arc deposi-
tion. The system used in this study has been described in detail elsewhere (156).
The deposition conditions were as follows: 99.9 %-pure iron cathode, arc current of
120 - 140 A, substrate temperature around 200 °C, 0 V applied substrate bias, Ar
partial pressure of 3.9 x 1073 Pa, and O9 partial pressure of 7.3 x 1073 Pa. The
vacuum system was pumped by an oil diffusion pump with a water-cooled baffle and
had a base pressure of 5 x 10~% Pa. The temperature of the substrates was not
measured directly but estimated using a sheathed thermocouple suspended in the
chamber at approximately the same distance from the heating coils as the substrate
holder. The chamber was left to equilibrate for one hour before deposition. Under
these conditions a-FegOg films were deposited at a rate of 70 nm/min. Various sub-
strates were used including FTO conducting glass, quartz glass, silicon and etched
titanium sheet. Silicon doping was undertaken by introducing 2.5 x 10~% mbar of
tetramethylsilane (TMS, Si(CHg)4) or tetraethoxysilane (TEOS, Si(CoH50)4) into
the chamber during deposition. After deposition, all samples were annealed in air at
550 °C for one hour (heated at rate of 10 °C/min from 250 °C, cooled from 550 °C
to 200 °C over 1.5 hr), to ensure any organic precursors were completely removed

and to enhance the crystallinity of the film.
Figure 5.1 shows photos of the filtered arc deposition system. Figure 5.1 (A)

shows the deposition chamber with the sample holder positioned in front of the
inlet port for the filtered arc plasma beam. A heater coil is also visible on the left

of the image and inlet pipes for gases at the top of the image. Figure 5.1 (B) shows
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the iron target (35 mm diameter), the trigger wire used to start the plasma, and the
shield to prevent the deposition of material behind the target and confine the arc

spots to the front face of the electrodes.

Figure 5.1: Photographs of filtered arc deposition system. (A) Deposition chamber
showing the sample holder positioned in front of the inlet port for the filtered arc
plasma beam. A heater coil is also visible on the left of the image and inlet pipes

for gases at the top of the image. (B) Iron target, trigger wire and shield.

Reactive magnetron sputtering (RMS)

Hematite thin films were deposited using a reactive DC magnetron sputtering sys-
tem described in detail by Savvides (159). Alloyed sputtering targets were used to
incorporate the dopant. As a result, the dopant concentration was not easily varied.
The purity and dopant level of the iron targets were selected after considering previ-
ous studies of the effects of dopants and impurities on the photoelectrochemical and
electrical properties of hematite (4, 73, 78, 89). For depositing pure a-FeoOg, Ti-
doped a-FegO3 and Si-doped a-FeyOg respectively, the following sputtering targets
were used: 99.95 % Fe, Fe with 5 at. % Ti, and transformer steel (Fe with around 5
wt % Siand <1 wt % Al). Oxygen was the major impurity in the 99.95 % Fe target
with all other impurities in the parts-per-million range. The presence of around 1
% Al in the transformer iron alloy may be beneficial to the doping process. Jorand

Sartoretti et al. (72) observed that the addition of 1 % Al to Ti-doped a-FeyOg
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improved the photocurrent. They attributed this to Al being a structure-directing
agent (AlpOj is isostructural to corundum a-FeoO3) and assisting the incorporation
of the dopants.

The deposition of the a-FegO3 films using the reactive magnetron sputtering
system was undertaken in a vacuum chamber evacuated to a base pressure of 10~4
Pa. The substrates were heated to 300 °C using a heating coil within the substrate
mounting block. The temperature of the substrates was measured using a thermo-
couple which was embedded in a copper block fixed to the substrate holder. The
substrate was held at 300 °C for one hour prior to deposition. The pure and doped
iron targets (75 mm diameter) were sputtered in an atmosphere of 1:4 Oy to Ar
mix at a pressure of 1 Pa. The magnetron was operated at a power of 100 W (~
330 V and ~ 0.3 A). Under these conditions films were deposited at an average
rate of around 200 nm/h (approximately twenty times slower than deposition by
the FAD process). Various substrates were used including FTO conducting glass,
quartz glass, silicon and etched titanium sheet. After deposition the films were left
to cool in the chamber, then annealed under the same conditions as the FAD films.
Annealing at lower temperatures had a negative effect on the photocurrent of the
a-FegO3 films. Quenching the films by removing the samples from the furnace at
550 °C to room temperature, produced the same photocurrents as samples cooled
slowly.

Various deposition parameters were investigated, including lower oxygen par-
tial pressure (1:9 Og to Ar ratio at 1 Pa), lower temperature (higher temperatures
were not achievable with the heating system) and lower magnetron power (to reduce
the deposition rate). Reducing the oxygen pressure and temperature reduced the
photocurrent of the films, while the lower deposition rate did not change the pho-
tocurrents. A reduction in deposition rate was investigated, as good photocurrents
have been reported for ultrasonic spray pyrolysed a-FeoO3 films deposited at a low
deposition rate (<1 nm/min) (7), and our experience that films deposited using
filtered arc deposition at high deposition rates (70 nm/min) produced very small
photocurrents. It should be noted, however, that the current state-of-the-art films

produced by atmospheric CVD were deposited at a deposition rate of 100 nm/min
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(2).

Part-way through the study of the RMS a-FeyOg films, intermittent problems
with the film oxidation were encountered. Sometimes, instead of depositing or-
ange transparent a-FeoOs films, metallic blue or opaque brown/black films were
produced. XRD analysis showed that these films were poorly crystallised iron sub-
oxides. After annealing, some of the samples changed to orange-brown films, that
showed some photoactivity; these were inferior to those produced using the standard
deposition conditions. The source of these problems was extensively investigated.
The oxygen and argon gas supplies were checked which involved leak-testing and
replacing suspicious valves. The chamber and target were cleaned to ensure that no
contaminants were present in the chamber that may be reacting with the oxygen to
reduce that available for oxidising the films. Also, the problem occurred when using
other targets. The source of the poor oxidation was not identified, so the magnetron
sputtering conditions had to be modified. Initially the oxygen partial pressure was
increased (up to 1:1 O9 to Ar ratio) in an attempt to oxidise the films. However,
in a high-oxygen atmosphere a surface oxide can form on the metal targets, which
makes the plasma less energetic and more unstable. Reproducible sputtering condi-
tions could not be achieved with a high percentage of oxygen in the chamber. Film
oxidation was achieved by increasing the total chamber pressure (but leaving the
oxygen-to-argon ratio at 1:4). The sections of work affected by this change include,
the surface modification experiments (Section 6.1.8), the very thin a-FeoO3 films
used for the Schottky barrier modelling (Section 6.1.9), and the a-FeaOg and ITO
films deposited for the composite electrode study (Section 6.3.2). In the case of the
surface modification experiments the oxygen partial pressure was increased to give
1:3 oxygen to argon ratio at a pressure of 1.2 Pa. For the very thin a-FeyOg films
used for the Schottky barrier modelling study, and Ti-doped a-FeaO3 and ITO films
deposited in the composite electrode study, the chamber pressure was increased (af-
ter the gas flows were established) by throttling the turbo pump. The ITO films
were deposited using a 1:3 O9 to Ar gas ratio, throttled to a chamber pressure of 30
Pa. The Ti-doped a-FeoO3 films were deposited using a 1:4 oxygen to argon ratio,

throttled to a chamber pressure of 5 Pa. Unless stated otherwise all other conditions
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(such as the substrate temperature) remain the same.

5.1.3 Nanostructured electrodes

This Section describes the preparation of two nanostructured materials for use as
substrates in the composite electrodes: SnO9 nanorods; and ZnO (and Al-doped

Zn0O) nanowires.

SnOy nanorods

The published method of Vayssieres and Grétzel (108) was undertaken to produce
SnOo nanorod arrays. This hydrothermal growth process is very similar to that
used to produce the ZnO nanowire arrays. However, the SnO9 nanostructures do
not self-assemble as readily as the ZnO nanowires and are far more sensitive to the
preparation conditions.

The recipe as published (108) was 100 ml of aqueous growth solution contain-
ing: 0.034 g SnCly-5H20, 0.92 g (NH2)5CO (urea), and 5 ml fuming (37 %) HCI.
Cleaned FTO conducting glass substrates were placed in a sealed glass bottle with
the solution and heated in an oven at 95 °C for two days. The resulting films were
rinsed in de-ionised water and dried.

The first several experiments failed to produce films with any structure. Al-
though no seeding process was used in the published technique it has been shown
for ZnO that such a layer is necessary to enhance the growth of well-ordered nanos-
tructures (as discussed in Chapter 4). As a result, SnOs thin films (on FTO) grown
from previous attempts were used as substrates to provide a seed layer.

Further modifications were made to the process after consultation with
Vayssieres. Much care was taken to ensure reagent concentrations and the solu-
tion pH were correct. As SnCly-5H20 is a highly hygroscopic material the weighing
of small amounts (mg) may have significant error. Therefore, the SnCly-5H20 was
dessicated in an oven, stored in a dry environment and weighed in a glove-bag under
a nitrogen atmosphere to avoid deliquescence. The order of adding the reagents was

also changed: rather than adding the solids (urea and tin chloride) to the water and
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then adding the HCI, the tin chloride was added last to the pH-adjusted aqueous
urea solution. A preparation using 45 mg of SnCly-5HoO rather than 34 mg (in case
the mass of the 5H9O was not taken into account in the paper) did not greatly affect
the nanorod growth. Long growth times (up to several days days) were undertaken

in an attempt to increase the aspect ratio of the nanorods.

Zn0O and AZO nanowire arrays

Arrays of well-aligned, tethered ZnO nanowires were grown on conducting glass sub-
strates using a two-step process: deposition of a seed layer on clean conducting glass
substrates to enhance dense nucleation of the nanowires, followed by hydrothermal
growth of the nanowires on the seeded substrates (using the method of Vayssiéres
et al. (116)).

Two seeding techniques were undertaken: a sol-gel preparation of ZnO nanopar-
ticles, and the thermal decomposition of zinc acetate to produce ZnO nanocrys-
tals (118). Initially ZnO sol-gel solutions were prepared by adding 0.03 M NaOH
(dissolved in methanol) drop-wise to 0.01 M zinc acetate dihydrate (dissolved in
methanol) (117). Both solutions were kept at 60 °C and the mixture stirred for two
hours. The hydrothermal growth solutions (equimolar 0.5 M zinc nitrate and hexam-
ine) (116) were also tried as seed solutions, both in de-ionised water and in ethanol.
Thin films of ZnO nanoparticulates were produced by spin-coating, dip-coating or
by applying the solution by dropper onto clean conducting glass substrates. Several
layers were applied to ensure adequate coverage of the nanoparticles. The substrates
were annealed at 150 °C in an air oven between each seed layer application to im-
prove adhesion. A final heat treatment of the resulting films was undertaken at 300
°C in an air oven for 10-15 minutes.

The second seeding technique involved the formation of ZnO seed particles via
the thermal decomposition of zinc acetate, as reported by Greene et al. (118). A
solution of 0.005 M zinc acetate dihydrate in ethanol was applied drop-wise to the
clean conducting glass substrates. After ten seconds, the substrate was rinsed with
ethanol and dried under nitrogen. The application of the zinc acetate solution was

repeated four times and then the substrates were annealed at 350 °C for 20 minutes
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to decompose the zinc acetate to produce ZnO nanocrystals. The entire process
(four coatings of zinc acetate, followed by annealing) was repeated once to ensure
an even coverage of ZnO seeds.

The seeded substrates were sealed in a glass bottle in an aqueous solution of 25
mM zinc nitrate hexahydrate (Zn(NO3)2-6H20) and 25 mM hexamine (CgH1oNy),
a well-known structure-directing agent (116). A small amount (2.5 mM) of poly-
ethylenimine (PEI), a cationic polyelectrolyte, was added to assist the growth
of high aspect ratio nanowires (120). For the preparation of AZO nanowires,
Al(NO3)3.9H20 was added to the reagent solution. The bottle was then heated
in an oven at 90 °C for up to 24 hr. For long reaction times it was necessary to
refresh the solution part-way through to provide additional reagents. The resulting
nanowire arrays were rinsed thoroughly in de-ionized water and annealed in air at
300 °C for 30 minutes.

Some electrodeposition experiments were undertaken, following the procedure
of Cui and Gibson (121). The precursor chemistry is identical to the Vayssieres
technique; but the deposition was undertaken in an open volumetric flask containing
the growth solution and heated to 90 °C in a water bath. Once the temperature
was stable, a cleaned substrate and a 1 mm gold wire (to act as a counter electrode)
were added to the flask. The conducting glass electrode was biased at -1.2 V with
respect to the gold wire. A typical reaction time was around 2 hours. The resulting

nanowire arrays were rinsed thoroughly in de-ionized water and annealed in air at

300 °C for 30 minutes.

5.1.4 Composite electrodes

The composite nanostructured electrode design was discussed in Section 1.2. The
fabrication of such electrodes by depositing a-FeoOs thin films (using the FAD or
RMS processes previously described) on ZnO nanowire substrates is discussed here.

Since there exists a potential energy barrier to electron flow from the a-FesO3 to
the ZnO (Section 1.2), it was hypothesised that the introduction of an interlayer may

aid electron removal from the a-FepOg. Additional experiments were undertaken
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to produce a three-layered electrode by depositing an interlayer of indium-tin-oxide
(ITO) between the a-FepOg film and the ZnO nanowires. An In-Sn target (90:10
In:Sn) was magnetron sputtered, in 1:2.5 Og to Ar ratio at a pressure of 5 Pa, to
produce ITO films. The chamber temperature was optimised by depositing and
characterising planar films. Deposition temperatures between 65 °C and 300 °C
were used. The resistance of the ITO films was measured (with two DVM probes
across the film about 1 cm apart) as an indicator of the quality of the films. The
resistance of films deposited above 100 °C was quite low (< 50 €2). Higher values
(kQ2) were found for the films deposited at lower temperatures. After annealing at
200 °C for 1 h, all samples showed resistances around 30 €2 (similar to the FTO
conducting glass substrate). The a-FesOg films are routinely annealed at 550 °C,
and hence another annealing treatment was undertaken on the ITO films at this

temperature. The further annealing reduced the resistivity of the films to under 25
Q.

5.2 Characterisation techniques

5.2.1 Photoelectrochemical characterisation

The photoelectrochemical (PEC) measurements were performed using a standard
three-electrode photoelectrochemical cell, as shown previously in Figure 3.1.

The cell was constructed of Pyrex glass, with a quartz window to allow the in-
cident radiation to enter with minimal attenuation in the ultraviolet. The three
electrodes were the working electrode (the photocatalyst sample), a platinum wire
counter-electrode, and a saturated calomel (reference) electrode (SCE). The work-
ing electrode was typically 1-2 mm from the window. The attenuation of light by
the electrolyte and the resistance of the electrolyte were shown to be insignificant
as swapping the positions of the working and reference electrodes had a negligible
effect on the photocurrent (12). A Utah Electronics Model 0152 potentiostat, or
a Radiometer Analytical VoltaLab® PGZ301 potentiostat was used to control the

potential difference between the working and reference electrodes. The a-FeqOs
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electrodes were typically immersed in 1 M NaOH electrolyte. The concentration
was reduced to 0.1 M when analysing the composite electrodes, as the ZnO is un-
stable in 1 M NaOH. A glass frit separated the counter-electrode from the working
and reference electrodes. Absorbed oxygen was purged from the electrolyte in the
counter-electrode compartment using a continuous flow of bubbled nitrogen gas as
it has been shown that measurements performed in an oxygen-rich electrolyte can
lead to erroneously large efficiency values, due to the reduction of oxygen molecules

rather than the generation of hydrogen molecules at the counter-electrode (12).

The working electrode was illuminated using an Oriel 6271 ozone-free xenon
lamp, fitted with an Oriel 61945 water filter). A total irradiance of 80 mW was
used, measured using an Oriel 71751 sapphire window thermopile. The IPCE as a
function of wavelength was measured using a monochromated beam from the xenon
lamp. The pass-band of the monochromator was 12 nm (FWHM). The irradiance
of the light was measured at each wavelength increment using the thermopile.

Photoelectrochemical measurements were undertaken using both electrolyte-
electrode (EE) and substrate-electrode (SE) directions of illumination. EE illu-
mination was generally used, unless otherwise stated. Illuminating an electrode
from both the EE and SE sides can yield additional information about the film (as
discussed in Section 2.4). This concept will be explored in more detail in Section

6.1.9 where the Schottky barrier model is applied to the photoelectrochemical data.

5.2.2 Structural characterisation
X-ray diffraction

X-ray diffraction (XRD) analyses the structure of crystalline materials by exploit-
ing the process of x-ray scattering from crystal planes. In crystalline structures the
atoms are arranged in a periodic lattice with planar spacings d. Constructive inter-
ference of x-rays of wavelength A will occur when the Bragg condition is satisfied,

Eq. 5.1,

nA = 2dsinf (5.1)
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where n is an integer and @ is the angle of incidence. Hence, by scanning a range of

angle of incidence, the characteristic d-spacings of the crystal can be identified.

The XRD pattern of a test material can be compared to those in a reference
database to identify the component compounds. Reference patterns are generated
from powder samples, where all possible crystallographic orientations are present.
In the case of thin films, preferred orientation of certain crystallographic planes is
common and the XRD pattern will show only some of the peaks evident in the
reference pattern. Standard XRD techniques are not sensitive enough to analyse
very small amounts of material. So small concentrations of secondary phases (less
than a few %) will not be identified and the analysis of thin films (< 100 nm) can
be difficult.

Further analysis of XRD patterns can yield much information about the structure
of the sample, including the crystal size, amorphous component and degree of stress
in the lattice. The Scherrer equation (Eq. 5.2) can be used to calculate the crystal

size t,
. K\
~ Bcosfp

(5.2)

where A is the x-ray wavelength (in nm), K is a constant (usually assumed to be
1), B is the full-width-half-maximum (FWHM) value of the diffraction signal (in
radians), and fp is the angle at which the peak of the signal occurs. The width
of the peak can also be dependent on instrumental effects and stress in the film.
Highly crystalline materials exhibit sharp peaks, while amorphous materials show
very broad features.

In this study, the crystalline structure of the a-FeqoOg3 films was analysed over
an angular range of 260 = 10° to 80° using a Philips PW 1830 diffractometer (for
the FAD samples) and a PANalytical X’Pert PRO 2 diffractometer (for the RMS
samples), both with Cu-Ka (A = 0.1541838 nm) x-ray sources. The XRD patterns
presented in Chapter 6 have had the background (broad amorphous feature from the
glass substrate) removed, have been normalised to the major tin oxide peak at 26 =
37.8°, and smoothed using the diffractometer software. The XRD patterns presented

for the magnetron sputtered films have also been corrected for x-ray attenuation in
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the hematite film, so that the peak intensity for films of different thicknesses can be

compared.

Raman spectroscopy

Raman spectroscopy is used to study vibrational modes in a material, via inelastic
(Raman) scattering of a laser beam which interacts with phonons in the material. A
Raman shift in the energy of the laser photons as a result of this interaction produces
a characteristic spectrum for a particular material. Hence Raman spectroscopy can
be used to identify compounds.

Raman spectroscopy was undertaken using a Renishaw inVia system. A 514.5
nm laser beam was focused on the sample to give a spot size of approximately 2 pm
in diameter. Phase transformations from FeO to Fe3O,4 (160) and from FegOy to a-
FeoOg3 (161, 162) have been observed in iron oxide films as a result of laser heating at
high laser powers. Hence the Raman spectra of the FAD a-FeyOg films were excited
using various laser powers to determine a suitably low power for measurement.
Below a power of around 1.4 mW, no change was observed in the spectra. At
higher laser powers the Raman peaks broadened and shifted to lower wavenumber
values as observed by others (162). A laser power of 1.36 mW was chosen, which
was low enough not to degrade the sample. Spectra were excited over a range of
wavenumbers 100 - 2000 cm 1. The acquisition time was 10 s and ten measurements

were averaged to increase the signal-to-noise ratio.

X-ray photoelectron spectroscopy

The chemical bonding of the deposited films was assessed by X-ray photoelectron
spectroscopy (XPS) using a Specs 150 SAGE instrument operated with a Mg Ka
X-ray source (the Mg anode operated at 10 keV and 10 mA). The energy scale
was referenced to the Ag 4dj /2 and Au 4f; /2 peaks from pure elemental reference
materials and the binding energies of the photoelectron peaks from the films were
referenced to the adventitious Cls peak at 284.6 eV to compensate for any surface

charging. No etching was undertaken prior to analysis. XPS investigates chemical
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bonding, but is difficult to uniquely identify compounds, for example distinguish
between a-FeoO3 and Fe304. However, it can be a useful technique for identifying

the presence of dopants.

Electron microscopy

Scanning electron microscopy (SEM) was undertaken using a high-resolution JEOL
6300 field emission microscope. Energy-dispersive X-ray spectroscopy (EDS) was
undertaken using an Oxford Instruments system integrated into a JEOL 5400 scan-
ning electron microscope. EDS is used to identify and quantify elements present in
a sample. A nickel reference was used to calibrate the EDS quantification analysis
program.

Focused ion beam milling and high-resolution SEM were undertaken using a
dual-beam FEI Nova microscope equipped with a scanning electron microscope and
Ga ion source for milling. The high energy gallium beam can be used to mill a
trench at an angle of 52° to the vertical and the film cross-section can be imaged

using the electron beam.

Profilometry

The thickness of planar thin films was measured using a Sloane Instruments Dektak
3030 surface profilometer. This is a surface contact technique in which a small stylus
is moved across the sample and changes in height are detected. A clean film edge
and a flat substrate are required in order obtain an accurate measurement of the
step height. A step in the films was produced by masking a section of the substrate
before deposition, either by covering with aluminium foil or by applying ink dots
that can later be removed with solvent. Applying ink dots is a preferable technique,

however thicker films (e.g. of a-FeoOg) can prevent the ink from being removed.

Micro-indentation

The hardness of the films was measured using a CSIRO UMIS 2000 ultramicroin-

dentation system (163), fitted with a diamond Berkovich indenter. Tests over a load
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range of 1 mN to 10 mN suggested an optimum indentation load of 3 mN. At this
load, the penetration depth did not exceed 10 % of the film thickness (to minimise

the effect of the substrate) so that the hardness of the film was measured.

AFM

Surface roughness measurements were undertaken using an atomic force microscope
(Autoprobe M5 AFM, Park Scientific Instruments) fitted with a boron-doped sil-
icon probe of tip radius 10 nm operated in contact mode. The root-mean-square
roughness was calculated over regions of a-FepOg film (deposited on silicon) of di-
mensions between 7 ym 2 and 25 pam 2 avoiding pinholes and dust particles on the
surface. The influence of measurement noise and the roughness of the silicon wafer
substrate were removed from the measured roughness (7,,cqsureq) Using the relation

. — 2 1/2
T film = (Tmeasured Tsubstrate) /

(Tsubstrate) and that of the deposited film (r;,,) are uncorrelated. Large scale

assuming that the roughness of the substrate

roughness of the substrate is likely to be correlated with that of the film, however

this correction is valid for small measurement areas as used.

Density measurements

In order to determine the density of selected hematite thin films, the masses and
film thicknesses of the films were carefully determined. Gravimetry experiments were
undertaken by weighing the glass substrates before and after both film deposition
and annealing. Weighing was undertaken using a Sartorius 30 g single-pan balance
with a stated standard deviation of 2.4 ug. The back and sides of the substrates were
masked with aluminium foil prior to deposition to ensure that only the front faces of
the substrates were coated. The mass of the glass substrate, which was typically 2.5
g, was measured with an uncertainty of 4 - 5 ug. For a 1 um coating, the change in
mass was typically 1 mg, and this was determined with an uncertainty of 6 - 7 ug, or
less than 1%. A control sample was included throughout the process (fully masked
during deposition) to ensure that the heating during deposition and annealing did

not change the mass of the substrate. The optical thickness was determined from
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transmittance and reflectance measurements (described in the next section), and

compared to results from profilometry and SEM of film cross-sections.

5.2.3 Optical characterisation

Direct transmittance (T) and total (diffuse plus specular) reflectance (R) measure-
ments were made over a wavelength range of 250 - 2000 nm using a Cary 5 spec-
trophotometer. Reflectance measurements were calibrated using gold and silicon ref-
erence surfaces. Infrared spectroscopy was undertaken using a Digilab FTS40 FTIR

spectrometer operated at 4 cm ™1

resolution, over a wavenumber range of 500 - 5500
cm~ L. To determine the refractive index n, extinction coefficient x and film thick-
ness, a Cauchy model (164) was fitted to the spectrophotometer and FTIR data at
wavelengths exceeding the band-gap value using WVASE software (WVASE32 TM,
J.A. Woollam Co. Inc.) Additionally, the optical constants were calculated explic-
itly using the formulation of Szczyrbowski (165). This approach considers a slightly
rough film on a transparent substrate polished on both sides with known optical
constants and includes the effects of thin-film interference and multiple reflections.
Szczyrbowski calculated a number of parameters in addition to n and k, such as film
thickness, roughness and variation in thickness, by minimizing the expression over
the whole measured absolute reflectance and transmittance wavelength range. In
contrast, we solved explicitly (using a numerical solver developed by P.R.F. Barnes)
for n and k at each measured wavelength given the film thickness (from WVASE),
the measured surface roughness, and the measured reflectance and transmittance of
the films on quartz slides. The optical constants at more strongly absorbing wave-
lengths were thus determined. The absorption coefficient o was calculated from the

extinction coefficient using Eq. 5.3.

ATk

The band-gap energy of a semiconductor can be estimated from the measured
absorption coefficient using the Tauc relationship (166-168). This relationship as-

sumes that the conduction and valence band edges are parabolic functions of crystal
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momentum and thus is only valid for photon energies exceeding the band-gap where
this approximation holds. There is a discrepancy in the literature over the appro-
priate form of the Tauc relationship. For example, Davids and Mott (166) and Moss
(167) who reference the work of Hall et al. (168) use the general relationship shown
in Eq. 5.4,

o = [A(hv — Eg)™)/(hv) (5.4)

where A is a constant related to the density of electronic states above and below the
band-gap, hv is the absorbed photon energy, and Ey is the optical band-gap relating
to direct allowed transitions (m = 1/2) or indirect phonon-assisted transitions (m =
2). However, an alternative expression is presented by Pankove (169) (who also

references the work of Hall et al.) in Eq. 5.5.
o= A(hv — Eg)™ (5.5)

Both forms of the expression appear to be widely used in the literature, and in
practice the choice does not have a large influence on the optical band-gap value
derived. We use the former expression to estimate the optical band-gap for both
indirect and direct transitions. The Tauc relationship can also be applied to photo-
electrochemical data by replacing the absorption coefficient with IPCE(A). This is
valid because the IPCE is proportional to the absorption coefficient, in the limit that
collection of charge is from a column in which attenuation of the incident radiation

is negligible.

5.2.4 Electrical characterisation

Electrical measurements were undertaken on FAD and RMS a-FegOs thin films
deposited onto specially prepared substrates, as shown in Figure 5.2 (A) and (B)
respectively. For analysis of the FAD a-FeqOg films, a shallow cross was cut through
the FTO film of the conducting glass using a diamond saw to create four isolated
pads of conducting film. For analysis of the RMS films the conducting glass was
prepared slightly differently; a strip of the FTO film around 4 mm wide was removed

from the centre of the conducting glass substrate (40 mm x 10 mm) by etching with
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Zn powder and fuming (37 %) hydrochloric acid to create two isolated pads of
conducting film each about 18 mm x 10 mm. Removing the FTO by etching is
thought to be preferable to sawing the substrate, as a cleaner edge is produced,
reducing the stress on the film at the step-edge. The substrates were masked at
both ends before deposition (to leave areas clear for making contacts), resulting in
a central pad of a-FegO3 film. Metal clips were used to make contact with the

conducting glass.

Lateral conductivity measurements were undertaken with the FAD a-FeoO3 films
in air (50 % humidity at 294 K) as a function of temperature between 294 K and
421 K by measuring the current due to an applied potential difference between sets
of co-planar FTO contacts. Similar measurements were undertaken with the RMS

a-FegO3 films in air and argon gas over a temperature range of 294 K - 460 K.

Figure 5.2: Schematic diagrams of the substrates used for the electrical measure-
ments of (A) the FAD a-FesOj5 films and (B) the RMS a-FesOg films. The dark-grey
area is the conducting glass substrate, the light-grey region is where the FTO has

been removed, and the hatched area represents the a-FeoOg film.

The dielectric properties of the material were determined by evaporating a silver
contact (3 mm in diameter) onto the upper surface of an FAD a-FesO3 film on an
FTO substrate. The impedance of the resulting device was measured as a function
of frequency and the bias voltage applied between the silver contact and the FTO
substrate, using a potentiostat (Radio Analytical VoltaLab® PGZ 301) at 294 K.
The measurements were corrected for both the presence of pinholes in the film and
the series resistance of the conducting glass substrate using current-voltage scans

(170).
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Electrochemical impedance spectroscopy measurements were made using a po-
tentiostat (Radiometer Analytical VoltaLab® PGZ 301) in the photoelectrochemi-
cal cell described previously, by sweeping both the working electrode potential (d.c.
potential, 100 mV steps) and the signal frequency (100 kHz - 2.5 Hz, amplitude 10
mV). Data from the high frequency ranges (where the influence of the Helmholtz
layer and surface states can be neglected (171)) were used to determine the capac-
itance of the space charge layer, C, at the semiconductor-electrolyte interface by
fitting a simple series/parallel equivalent circuit (as shown in Figure 5.3) to the

impedance values using a nonlinear least-squares routine.

W

R

R

Figure 5.3: Series/parallel equivalent circuit used to model the impedance spec-

troscopy data.

The cell impedance Z in the chosen frequency range was modeled according to
Eq. 5.6 at each applied potential, where I is the series resistance of the cell, R} the
resistance of the space charge layer (assumed to be in parallel to the space charge

layer capacitance C), and w is the angular frequency of the measurement.

Z =R+ (iwC+Ry1) ™! (5.6)

The values of C(V) were then used to determine the flatband potential, Vp, and
the conduction electron concentration, Np, of the a-FeoO3 of the films using the
Mott-Schottky relationship (Eq. 2.19), where the dielectric constant of hematite €,

was taken as 24 (27). The uncertainty range on these measurements was estimated
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by calculating the spread of Np and Vy;, values determined from single-frequency
capacitances with Mott-Schottky plots within the fitted frequency range. We note
that values determined at lower frequencies than the fitting range yielded substan-
tially higher Np values and more positive V;, values as the capacitance increased,
probably due to surface states.

Models of the lower frequency impedance of semiconductor electrodes can be
extremely complicated, incorporating an array of circuit elements (172, 173). In
an effort to determine the approximate concentration of surface states per unit
potential, Ngg, and the time constant, 7, for emission and capture of electrons by
the states, we made the simple assumption that the frequency-dependent residual
capacitance (Eq. 5.7) could be attributed predominantly to part of a continuum of
electronic surface states at V within the band-gap (6), where C'is the high-frequency

component of the capacitance.

Cs(w) = C(w) — C (5.7)

We fitted the residual capacitance due to states according to Eq. 5.8 at each
measured potential (174) where the states become “frozen out” at high frequencies
since 7 is inversely proportional to the thermal velocity of electrons and the trap

cross-section.

82
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Chapter 6

Results and discussion

“There is nothing like looking, if you want
to find something. You certainly usually find
something, if you look, but it is not always

quite the something you were after.”

J.R.R. Tolkien

Nano-heart

The results of the fabrication and characterisation experiments outlined in Chap-
ter 5 are presented and discussed here. This Chapter is separated into three sections,
relating to the a-FegO3 thin films, the nanostructured substrates, and the composite

electrodes.

82
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6.1 «-FeyO3 thin films

This section presents the results of photoelectrochemical, optical, structural and
electrical characterisation of the a-FeyOg films fabricated using filtered arc deposi-
tion (FAD) and reactive magnetron sputtering (RMS). This research forms the basis
of two journal publications, one relating to the FAD a-FesO3 films (175) and the
other to the reactive magnetron sputtered a-FegoO3 films (91). The results of mod-
elling the IPCE of Ti-doped RMS a-FeoO3 films using the Schottky barrier model
described in Section 2.4 will also be presented. An additional discussion section is

included to further analyse significant findings from this study.

6.1.1 Photoelectrochemical properties

The characterisation of the photoelectrochemical properties of the a-FegOg films
is critical as they will determine how effectively the material will split water. The
doped and undoped a-FegOg films fabricated using filtered arc deposition did not
show significant photocurrents, and so the results presented here are limited to those
of the magnetron sputtered films.

The dependence of the photocurrent on the film thickness was tested by de-
positing RMS a-FegOj3 films of various thickness. Figure 6.1 shows the measured
photocurrent as a function of film thickness for the Si-doped and Ti-doped a-FeqOs3
films. The electrochemical measurements were undertaken at 0.2 V vs. SCE, in 1M
NaOH electrolyte, with an illuminated area of 0.5 cm?. The photocurrent is inde-
pendent of the film thickness, over the thickness range measured. Ti-doped RMS
a-Feg O3 films deposited at higher oxygen partial pressure and higher total chamber
pressure showed an increasing photocurrent with increasing film thickness, up to
a thickness of around 100 nm (Figure 6.2). It is likely that a thickness-dependent
photocurrent would be observed for very thin films deposited under the standard
conditions, however no films < 100 nm in thickness were deposited.

The photoelectrochemical performance of the doped and undoped RMS a-FeyOg
films was quantified by measuring the photocurrent density as a function of voltage

vs. the SCE reference electrode, as shown in Figure 6.3 (A). The undoped hematite

83 Julie Anne Glasscock



6.1.

a-FE9 O3 THIN FILMS

Ti-doped j, (mA/cm?)

-
)
J

o
<o
1

o
'S
1

o
(=]
1

0

I

200

0.4
o Ti-doped FepO3 —_
Si-doped FesOg NE
- 0.3 5
. -
. . E
02 &
©
Qo
o
01 S
1
()
I T 1 0.0
400 600 800 1000

Film thickness (nm)

Figure 6.1: Photocurrent density j, of doped a-FegOg films as a function of film

thickness at a potential of 0.5 V vs. SCE, in 1M NaOH.
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Figure 6.2: Photocurrent density j, of Ti-doped a-FeoOg films deposited at high

pressure as a function of film thickness at a potential of 0.2 V vs. SCE, in 1M NaOH
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Figure 6.3: (A) Steady-state photocurrent density. (B) Chopped light potential
sweep (+20 mV/s) showing transient current relaxation of the doped and undoped
a-FegOs3 films as a function of voltage (V vs. SCE), where the traces have been
displaced for clarity. (C) IPCE as a function of wavelength of the doped a-FeoOg
films at 0.5 V and 0.2 V vs. SCE. Measurements undertaken in 1 M NaOH.
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shows a very small photocurrent (< 1 pAcm™2 at 0.2 V vs. SCE), with a steady state
onset potential of 0.1 V vs. SCE. The doped films exhibit enhanced photocurrents
compared to the undoped material, with the Ti-doped a-FegO3 having the highest
photocatalytic activity. Ti-doping resulted in a significant shift of the steady state
onset potential to lower voltages (-0.15 V vs. SCE), while Si-doping increased the
onset potential to 0.2 V vs. SCE. Our RMS a-FesO3 films exhibit onset potentials
similar to those of polycrystalline films (doped and undoped) presented in the lit-
erature (2, 92, 94). Doped single crystal a-FeoOg samples (95, 106) showed much
lower onset potentials, around -0.5 V/SCE (at a pH of 14), than polycrystalline
films. This may indicate differences in surface recombination rates (27) as discussed
later.

A film deposited in a 1:4 oxygen to argon gas mix at a chamber pressure of 5 Pa
is also shown (“Ti-doped a-FeoOg (High P)”), which has a photocurrent 1.7 times
higher than that of the Ti-doped film (at an applied voltage of 0.2 V) deposited under
standard conditions (1:4 oxygen to argon gas ratio at a pressure of 1 Pa). Films
deposited at lower oxygen pressure (1:9 oxygen to argon gas ratio at a pressure of 1
Pa) showed less than 5% of the photocurrent (results not shown) of those deposited
under standard conditions.

A reduction in deposition rate using the RMS process was investigated as good
photocurrents have been reported for ultrasonic spray pyrolyzed a-FeoOs3 films de-
posited at a low deposition rate (<1 nm/min) (7), and given that the FAD films
deposited at high deposition rates (70 nm/min) produced very small photocurrents.
It should be noted, however, that the current state-of-the-art films produced by
atmospheric CVD were deposited at a deposition rate of 100 nm/min (2). The
RMS deposition rate scales approximately linearly with power, so a set of films was
prepared at half of the standard power setting of the magnetron (i.e., at approxi-
mately half the deposition rate). The photocurrents generated by the Si-doped and
Ti-doped a-FeoOs3 films deposited at half the magnetron power (lower deposition
rate) did not show a significant change in photocurrent or onset potential relative

to films of similar thickness deposited at the higher deposition rate.

Potential sweeps of the electrodes under chopped illumination are shown in Fig-
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ure 6.3 (B), where the traces have been displaced for clarity. All films showed
transients (high frequency oscillations as a result of chopping the light source) in
the photocurrent, though these were small in the case of the undoped a-FegOg. The
relaxation of the transient photocurrents for the electrodes were analysed at a num-
ber of fixed potentials, and were found to be composed of two relaxation processes,
71 and 79, (as shown in Table 6.2). The transient photocurrents (not shown) from
which the time constants were calculated, were measured at a single potential for
around 30 s following the cut-off of the radiation. The two time constants were
determined by first fitting one exponential curve to the tail of the decay, subtract-
ing this component, and then fitting the second additional exponential term to the
beginning of the decay. The faster process had mean time constants of 0.20 + 0.09
s and 0.11 4+ 0.03 s for the Ti-doped and Si-doped films respectively and a slightly
slower process (considering the large uncertainty) of 0.3 £ 0.2 s for the undoped
film. The photocurrents also displayed a second, slower relaxation with a time con-
stant of approximately 3 s for the doped films and around 6 s for the undoped film.
The chopped sweeps in Figure 6.3 (B) were also used to determine the transient
photocurrent onset potential which is thought to be closely related to the flat-band
potential of the electrode (27). As listed in Table 6.2 these values are -0.7, -0.1
and -0.25 V vs. SCE for the undoped, Si-doped and Ti-doped hematite films re-
spectively. Surprisingly the undoped sample showed the most negative measurable

transient onset.

Action spectra (IPCE as a function of wavelength) of the doped films, measured
at potentials of 0.2 and 0.5 V vs. SCE are shown in Figure 6.3 (C). The undoped
film had a negligible response at these potentials and is not shown. The Ti-doped
film has a substantially higher response than the Si-doped film at all wavelengths.
The drop-off in the IPCE at short wavelengths has been observed previously for
hematite (see Figure 4.1) and other materials such as TiOg (176). Wilson (47)
suggests that this may be due to hot electron processes, recombination of charge
carriers in the depletion layer, or changes in the absorption coefficient. The IPCE
values of the magnetron sputtered films are broadly similar to those presented by

others (see Figure 4.1), however, due to the high onset potentials of our films, a more
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positive bias voltage is required (which will limit the photo-conversion efficiency).

Integrating the product of the IPCE, the photon flux of an illuminating spec-
trum, and the electronic charge over wavelength yields the expected photocurrent
density generated by the film in broadband illumination if the photo-response is
assumed linear with intensity. This photocurrent density can be compared with di-
rect measurement under broadband illumination. At 0.5 V vs. SCE the integrated
photocurrent for the xenon lamp photon flux spectrum yields 0.62 mAcm 2 for the
Ti-doped sample shown in Figure 6.3 (C), which is slightly lower than the directly
measured 0.75 mAcm ™2 at this potential. The discrepancy could be linked to vari-
ation in the lamp spectra with time or non-linearity of the electrode photo-response
at low intensities (as discussed in Chapter 3). Similarly the Si-doped sample yields

an integrated photocurrent of 0.10 mAcm ™2

in reasonable agreement with the di-
rectly measured value of 0.11 mAcm™2. Performing the same integration using the
solar AM 1.5 photon flux spectrum gives photocurrents of 0.57 mAcm ™2 and 0.10
mAcm ™2 for the Ti- and Si-doped electrodes respectively at 0.5 V vs. SCE, and a

photocurrent density of only 0.04 mAcm™2 for the Ti doped film at 0.2 V vs. SCE.

In order to investigate the differences in the photoelectrochemical performance
between the FAD a-FesO3 films and the doped and undoped magnetron sputtered a-
FeoOg films, characterisation of the structural, optical, and electrical properties was
undertaken. The results of these experiments follow. Some of the characterisation
techniques required the hematite films to be deposited onto substrates other than
conducting glass, as described in Section 5.1.1. A potential problem with the use
of various substrates is that the properties of the a-FeoOg film (in particular, the
crystallographic orientation) may differ. Differences in XRD relative peak heights
were observed for hematite films deposited onto conducting glass, silicon and silica
substrates, consistent with small changes in crystallographic orientation. Therefore
the results of the optical and electrical measurements reported below may not be
truly representative of the material deposited on the conducting glass (used for the

photoelectrochemical characterisation).
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6.1.2 Dopant levels

The dopant levels of the hematite films were determined by EDS, where the dopant
was quantified as an elemental percentage relative to iron. The Ti-doped and Si-
doped RMS a-FeqOsg films contained 5.0 £ 0.3 % Ti, and 5.3 + 0.3 % Si respectively,
which is in agreement with the composition of the targets, indicating that no sig-
nificant preferential sputtering occurred. The Si-doped FAD a-FeyOg films (doped
using tetramethoxysilane) had a dopant level of 0.5 % + 0.08 % Si. Various con-
centrations of Si-dopant from < 2 % (2, 78) up to 10% (79) have been incorporated
into hematite. Ti-doped a-FeoOs has been widely investigated (26, 72, 73, 76, 78),
and dopant levels ranging from 0.05 % to 5 % have been used. As discussed in
Section 5.1.2 the dopant levels for the RMS a-FegO3 films were selected from op-
timum compositions reported in the literature. A study of the dependence of the
photoelectrochemical performance on doping levels was not undertaken as it would
be unlikely to offer substantial insight beyond that already available from previous

studies.

6.1.3 Morphology

Properties of the hematite thin films such as the microstructure and roughness are
described here, and are of relevance as they can affect the interaction between the
films and the electrolyte. The hematite thin films deposited using the FAD and RMS
techniques ranged in color from orange to deep red, depending on the thickness of
the film. The films were transparent, uniform and adhered strongly to all substrates
used. The RMS Ti-doped a-FegOg films deposited on silicon substrates exhibited
some minor crazing. The films deposited using RMS at lower oxygen partial pressure
(0.1 Pa O9) were dark blue and reflective, but changed to orange-red after annealing.

The film thicknesses of the magnetron sputtered a-FeyOg films were found to
have a linear relationship with deposition time (as shown in Figure 6.4). The un-
doped and doped hematite were deposited at rates of 3.7 nm/min and 3.1 nm/min
respectively (under the conditions of 1:4 Og to Ar ratio at a pressure of 1 Pa). A

slightly lower deposition rate of 2.8 nm/min was observed for films deposited at a
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higher pressure (1:4 O9 to Ar gas mix at a total chamber pressure of 5 Pa). The
FAD process deposited films at a much higher rate of 70 nm/min.
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Figure 6.4: Film thickness of magnetron sputtered doped and undoped a-FegOs

films deposited under standard conditions as a function of deposition time.

Figure 6.5 shows SEM images of two FAD a-FeyOg films deposited on Si, with
thicknesses of 1500 nm (A) and 130 nm (B) along with a cross-sectional image of a
typical film (C) deposited on FTO conducting glass. The films are relatively smooth
with little microstructure. The morphologies of the undoped and Si-doped FAD a-
FesO3 films are shown in Figure 6.6 (A) and (B) respectively. The films are similar
in appearance, but the grain size of the Si-doped a-FeoO3 appears to be smaller

than that of the undoped material.

Figure 6.7 shows SEM images of the surface microstructure of an FTO conducting
glass substrate (A), and an undoped (B), Ti-doped (C) and Si-doped (D) a-FeaOg
film deposited using RMS along with their respective cross-sections (E, F, G, and
H). In the cross-sectional images of the magnetron sputtered films three layers are
visible. The top layer is the a-FeoOg film, the middle layer is the FTO and the
bottom layer is the glass substrate. Figure 6.7 (E), showing the cross-section of the

bare FTO substrate, has only the glass and FTO layers.
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Figure 6.5: SEM images of (A) 1500 nm, and (B) 130 nm thick FAD a-FepOg
films deposited on silicon. (C) Cross-section of a typical film deposited on FTO

conducting glass substrates.

Figure 6.6: SEM images of (A) an undoped and (B) a Si-doped FAD a-FesO3 film.
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|G| 500nm 4]

Figure 6.7: SEM images of (A) an uncoated FTO substrate, (B) undoped, (C) Ti-
doped and (D) Si-doped RMS a-FesO3 films, and their respective cross-sections (E,
F, G, and H).

All of the magnetron sputtered and FAD films appear to be dense, with crack-
ing apparent in some of the films. Both the as-deposited and annealed samples
exhibit cracks, most likely thermally generated during cooling (after deposition or
annealing). The undoped and Ti-doped RMS a-FesO3 films have a similar surface
microstructure consisting of irregular grains. From the cross-sectional images it ap-
pears that the grains have a columnar structure. The Si-doped RMS a-FeyOg3 film
is composed of smaller grains that extend throughout the bulk of the film. Grain
sizes of the undoped, Ti-doped and Si-doped a-FeoOj3 films, as estimated from the
SEM images of the surfaces, are in the range 75 - 150 nm, 40 - 100 nm and 15 - 30
nm respectively. A reduction in the grain size with doping was observed for both
the FAD and RMS films. Morl et al. (177) and Miller et al. (93) used reactive sput-
tering to produce a-FeoOj3 films, and both observed very similar surface structure
to those shown in Figure 6.7 (B) and C). Morl et al. also presented cross-sectional

images of fractured films that showed columnar growth.

SEM was also undertaken on the Ti-doped RMS a-FeyOg films deposited at
higher chamber pressure (5 Pa rather than 1 Pa) that were used for the Schottky
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barrier modelling study and for fabricating the composite electrodes. Figure 6.8
shows SEM images of these films, (A) deposited onto FTO under standard condi-
tions, (B) deposited onto FTO under higher pressure conditions, and (C) deposited
onto ITO (on an FTO conducting glass substrate). Figure 6.8 (D) shows an ITO
film deposited onto an FTO conducting glass substrate, where the inset shows the

structure of the underlying FTO film. The ITO film has a more structured appear-

Figure 6.8: SEM images of RMS Ti-doped a-FeoOs thin films. (A) deposited onto
FTO under standard conditions, (B) deposited onto FTO under higher pressure

conditions, and (C) deposited onto ITO under higher pressure conditions

ance than the FTO film. The Ti-doped a-FesO3 films deposited on FTO under
the two different deposition conditions have a different surface structure. The film
deposited at higher pressure has finer structure, appears to be more porous, and has
a similar grain size. The Ti-doped a-FegOj3 films deposited onto ITO films have a
broadly similar structure to the underlying ITO films and slightly larger structure
than the films deposited onto FTO.
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Figure 6.9 shows the r.m.s. roughness as a function of film thickness as deter-
mined by atomic force microscopy measurements of FAD a-FeoO3 thin films. The
surface roughness scales approximately linearly with film thickness for films between
70 nm and 600 nm thick. The roughness represents only a small fraction of the total
film thickness (~ 0.5 %) in all but the initial stages of film growth. The increase in
surface roughness seen as films exceed around 600 nm in thickness could be linked

to cracks formed on the surface of the thicker films during annealing (see Figure 6.5

(A) and (B)).
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Figure 6.9: Root-mean-square roughness of FAD a-FegOs3 films deposited on a silicon

substrates as a function of film thickness

6.1.4 Density and hardness

The density of the a-FeoOg thin films is relevant as significant porosity can affect
the behaviour of the electrode in the photoelectrochemical cell, and may influence
the analysis of various characterisation experiments. The hardness is not directly
relevant to photoelectrochemistry, but is an indication of the mechanical stability of
the films, and it useful for other applications of a-FeyOg thin films such as optical

coatings.
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Sample Density (g cm™3) Porosity (%)
Bulk hematite 5.24 0

Quartz - optical thickness (mean of 6 samples) 4.75 £ 0.27 99 £ 55
Quartz - SEM thickness (single sample) 52+ 1.0 1+£20

FTO - SEM thickness 1 3.8 £0.8 27 £ 15

FTO - SEM thickness 2 5.7 £ 1.2 -9 £ 22

Table 6.1: Table of density and porosity values calculated for FAD a-FesOs3 films

deposited on quartz and FTO conducting glass substrates.

The density and porosity of the FAD a-FegO3 films were determined using 600 -
1000 nm thick samples, deposited on quartz and FTO conducting glass substrates.
The density and porosity were calculated from gravimetric mass values, film area
and film thickness data as shown in Table 6.1. Thickness values were determined
from optical measurements fit using the Cauchy model with WVASE software, and
also from SEM images of film cross-sections. The density values calculated from
thicknesses derived from the SEM cross-sections varied from 3.8 g em™ to 5.7 g

—3_ corresponding to porosities of 27 % to -9 % respectively. The bulk density

cm
of hematite is 5.24 g cm™> (178). The large spread in density values calculated
for these samples is due to the uncertainty in the thicknesses from SEM imaging
(estimated to be 20 %, although no calibration of the SEM scale was performed).
The large uncertainty in the thicknesses from SEM measurements means that they
are of little use for calculating the porosity of the films. Consequently, only those
density values calculated from thicknesses determined from optical measurements
will be considered further.

The mean density of six FAD a-FegO3 films deposited on quartz was found to be
4.75 + 0.27 g em 3. The uncertainty in the mass and area measurements (typically
around 1 %) and thicknesses from optical measurements (typically around 5 %) have
been included in the uncertainty values of the density and porosity. The calculated
density of the FAD a-FegOj3 films is less than the bulk density of hematite of 5.24
g em ™3, indicating a porosity of 9.9 4+ 5.5 %. Hence it can be concluded that the

maximum film porosity is around 15 %. It is likely that the porosity is due to the
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thermal stress cracks observed in Figure 6.5. It is evident from the SEM images
that the cracks are only visible on the surface and do not extend through the film.
Any change in the thickness due to annealing was within the uncertainty of the
measurement.

Figure 6.10 shows the hardness of a FAD «a-FeoOg film deposited on a silicon
substrate as a function of penetration depth. The hardness of the silicon substrate
is also shown. The initial increase in the hardness at low penetration depths is due
to the shape of the indenter tip; at this low depth the shape is initially round and so
the contact is elastic (179). As the penetration depth increases, the hardness reaches
a plateau region. At this point the hardness was measured to be 17.5 + 1 GPa. At
larger penetration depths the influence of the substrate is observed, with a decrease
of the hardness according to the relative hardness of the film and the substrate
(the hardness of the silicon substrate is about 11 GPa). The film hardness can be
increased by residual stress in the film. Stress is not expected to have contributed
in this case, given that the samples have been annealed. An elastic modulus value
of 235 + 5 GPa was determined by extrapolating the elastic modulus as a function

of penetration depth curve (not shown) to a penetration depth of 0 nm.
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Figure 6.10: Measured hardness of a 700 nm thick a-FeyOg film deposited on silicon

and that of the silicon substrate.
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6.1.5 Structural properties

Hematite thin films can be contaminated by other iron oxide phases such as Fe3Oy4
(magnetite), 7-FepOg (maghemite), FeO (wiistite) and FeOOH (goethite). Raman
spectroscopy, XRD and XPS were undertaken in an attempt to identify the iron
oxide phases present in the films. XRD and Raman analysis also give information
about the crystal structure and crystallinity of the material. Crystalline material is
critical for good photocatalytic activity (72). Also, high photocurrents of Si-doped

a-FeoO3 have been attributed to a specific crystallographic orientation (2).

Raman spectroscopy is often used to identify iron oxide phases. The a-FeyOg
spectrum is distinctly different from that of common impurity phases such as Fe3Oy4
and 7-FeoO3 (161). The Raman spectra of a-FeoOg films deposited using FAD and
RMS are shown in Figure 6.11 and Figure 6.12 respectively, along with a hematite
reference spectrum (RRUFF ID R050300) (180). Figure 6.11 shows Raman spectra
of (A) the a-FeoOg reference compared to that of (B) an undoped FAD a-FeyOg
film deposited on a quartz glass substrate and (C) a Si-doped FAD a-FeyO3 film
deposited on an FTO conducting glass substrate. Figure 6.12 shows Raman spectra
of (A) the a-FegO3 reference compared to those of (B) undoped, (C) Ti-doped, and
(D) Si-doped magnetron sputtered a-FeoOg films on FTO substrates. All of the

Raman data shown were collected after the films were annealed.

The spectra of the undoped (FAD and RMS) and Ti-doped films clearly identi-
fied hematite as the only phase present and matched the reference spectrum well.
Raman spectroscopy is a surface analysis technique and hence there is no contri-
bution from the substrate in the signal. The FAD and RMS Si-doped a-FeoOgs
films exhibited similar Raman spectra, with very broad features that appeared to
be shifted to higher wavenumbers compared to the reference spectrum. Such be-
haviour is characteristic of a material with very small crystals or a high amorphous

content. This conclusion is discussed in further detail in Section 6.1.10.

1 is present in several published hematite

spectra (161, 162, 181, 182), though it has been assigned to other iron oxides that

The Raman mode around 660 cm™

also have a peak in this region. Jorand Sartoretti et al. (72) assigned this mode to
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Figure 6.11: Raman spectrum of (A) a hematite reference compared to that of (B)

an undoped FAD «a-FesOj3 film deposited on a quartz glass substrate and (C) a

Si-doped FAD a-FeyOg film deposited on an FTO conducting glass substrate (after

annealing).
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Figure 6.12: Raman spectra of (A) a hematite reference compared to that of (B)

undoped, (C) Ti-doped and (D) Si-doped a-FeoOj3 films deposited using magnetron

sputtering on FTO substrates (after annealing).
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Fe304, though no magnetite was observed by XRD. There is evidence that this peak
is characteristic of hematite and related to disorder (162, 182). It has been shown
that large inclusions of magnetite (> 30 %) are required (due to its weak Raman

1 magnetite peak to be discernible in the hematite

spectrum) in order for a 600 cm™
spectrum (160, 162). Such significant amounts of magnetite would be identifiable
by other characterisation methods such as X-ray diffraction. Bersani et al. (162)
have also correlated crystallite size with the intensity of the mode around 660 cm ™1,
which suggests that the mode may be related to surface and grain boundary disorder
in particular. This may explain why this peak is not always observed in hematite
spectra and possibly misassigned as magnetite in nanocrystalline samples (72). The
doped and undoped FAD a-FesO3 films and doped RMS films exhibited a peak
at 660 cm™1, while the undoped RMS film did not. The very large disorder peak
evident in the Raman spectrum of the Si-doped material supports the presence of
significant grain boundary defects. After annealing the intensity and width of the

peak at 660 cm™1 reduced, indicating enhanced crystallinity.

X-ray diffraction patterns of annealed FAD «a-FegOg films are shown in Figure
6.13. (A) Hematite powder reference pattern (with the crystallographic directions
(h,k,1) labelled), (B) undoped FAD a-FeoO3 pattern, and (C) Si-doped FAD «-
FeoOg3 pattern. Figure 6.14 shows XRD patterns of the doped and undoped RMS
a-FeoO3 films. (A) reference pattern, (B) annealed undoped RMS a-FeyOs film,
(C) annealed Ti-doped RMS a-FeqO3 film, (D) annealed Si-doped RMS a-FegO3
film and, (E) as-deposited undoped RMS a-FeyOg film. The peaks labelled with an
asterisk are tin oxide (casseterite JCPDS 21-1250) from the FTO substrate. The
data in Figure 6.13 have been normalised to the major a-FeoOg peak [104] at 6 =
33.15°. The data in Figure 6.14 have been normalised to the major tin oxide peak at
20 = 37.8°. These data have also been smoothed, and the background, containing
a broad feature from the amorphous glass substrate (centred around 26 = 30°) has
been subtracted. All peaks not assigned to those from the substrates were identified
as hematite (JCPDS 33-0664), with no other iron oxide or impurity phases identified.
The XRD patterns of the magnetron sputtered films are dominated by the scattering

from the substrate, with the hematite peaks small in comparison. If the hematite
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Figure 6.13: XRD patterns of (A) hematite reference powder, where the crystallo-
graphic directions (h,k,1) are labelled, (B) undoped and (C) Si-doped FAD a-FeyOg
films deposited on FTO conducting glass substrates after annealing. The asterisks

denote peaks from the FTO substrate.
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Figure 6.14: XRD patterns of (A) hematite reference powder, where the crystallo-
graphic directions (h,k,1) are labelled, and magnetron sputtered, (B) 265 nm thick
undoped film, (C) 550 nm thick Ti-doped film, and (D) 755 nm thick Si-doped
film on FTO substrates after annealing. The asterisks denote peaks from the FTO

substrate. An expanded view of the major (110) peak of each sample is also shown.
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films contain amorphous material (as suggested by the Raman spectra), it is likely
that the characteristic broad features in the XRD patterns would not be discernible

from those of the substrate.

The XRD patterns of the hematite films differ significantly from the hematite
reference spectrum. The XRD patterns of the FAD and RMS «a-FeyOg films have dif-
ferent relative peak heights compared to the powder reference spectrum, indicating a
preferred orientation of some crystallographic planes. Powder reference samples are
randomly oriented, exposing all crystallographic planes equally. However it is com-
mon for films be preferentially aligned. The undoped FAD a-FeoOg films (Figure
6.13) exhibited (110) and (113) peaks smaller than those of the reference material,
whereas the (006), (018) and (1 0 10) peaks are larger. The magnitude of the latter
peaks as well as the (202) and (300) peaks increased when the FAD a-FeoO3 was

doped with Si, indicating enhanced preferred orientation with doping.

On the whole, the XRD patterns of the RMS films (Figure 6.14) are weak,
indicating a low level of crystallinity (particularly in the case of the Si-doped film).
Most of the hematite peaks were present for the Ti-doped a-FegO3 film, but in the
case of the undoped and Si-doped a-FegOg films only the (110) and (300) peaks were
visible. If other peaks are present they are very small. The undoped film showed a
very strong (110) peak compared to the other films. Both the (110) and (300) peaks
for the Si-doped film were very weak. The relative intensities of the XRD peaks
compared to that of the reference spectrum, suggest that all three film-types are
preferentially oriented. In contrast to the FAD a-FeyOg, the magnetron sputtered
films were highly oriented. If the films had a random crystallographic orientation,
then the major hematite peaks, (104) and (110), as shown by the reference pattern,
should be very strong, and minor peaks such as the (300) should be weak. The fact
that the (104) peak is observed as a weak peak (only for the Ti-doped material) and
that the (300) peak is a major peak for all samples indicates preferred orientation.
The strong orientation of the (110) and (300) directions indicate that the c-axis of the
hexagonal hematite unit cell is aligned parallel to the substrate (or the basal planes
are aligned perpendicular to the substrate). The hematite peak positions of the Ti-

doped a-FegOg film are shifted to higher angles compared to the reference spectrum.
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The magnitude of the shift increases with angle, consistent with a decrease in the
lattice parameters. The FTO peak positions have not changed, indicating that the

shift is not an artifact of the measurement.

Crystal sizes were calculated using the Scherrer equation from the full-width-
half-maximum values of the (110) peaks from the XRD patterns of the undoped and
doped FAD and RMS a-FeyOg thin films. Crystal sizes for the undoped FAD and
RMS a-Fe9 O3 films were similar, around 70 nm and 65 nm respectively. Doping the
hematite resulted in a reduction of the crystal size. In the case of the Si-doped FAD
a-FepOs, the crystal size decreased to 30 nm. The Ti-doped and Si-doped RMS
a-Feo O3 film have crystal sizes around 40 nm and 20 nm respectively. An expanded
view of the (110) peak used to calculate the crystal sizes for the RMS a-FeqOs
films is shown in Figure 6.14 where pattern (E) is that of an as-deposited undoped
a-FegOs film. A large increase in the intensity of the (110) (and other) peaks is
observed after annealing, Figure 6.14 (B), along with an increase in the crystal size
from 50 nm to 65 nm, indicating enhanced crystallinity. No compositional changes
were observed after annealing. Here crystals are defined as the area of local order
for diffraction purposes. Grains may be single crystals or comprise a number of
crystals of the same or similar crystallographic orientation. Hence the grain size
as determined from observation of SEM images is not necessarily the same as the
crystal size determined by XRD. However the trend is the same, the dopants reduce

the grain/crystal size and the Si dopant appears to prevent grain/crystal growth.

Figure 6.15 shows XRD patterns of annealed Ti-doped RMS a-FegO3 films de-
posited at higher pressure conditions, (C) deposited onto an FTO substrate and,
(D) deposited onto an ITO film on an FTO substrate, compared to (B) a Ti-doped
RMS a-FeyOg film deposited onto an FTO substrate under standard conditions,
Figure 6.14 (B), and (A) the hematite reference pattern. The XRD patterns have
been normalised, smoothed and had the background removed as for Figure 6.14.
The peaks labelled with an asterisk or a cross are tin oxide or from the ITO film,
respectively. The Ti-doped a-FeyOg films deposited at higher pressure have a simi-
lar diffraction pattern to the film deposited under standard conditions. In all cases

most of the hematite peaks are evident. The smaller hematite peaks (such as (116),
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Figure 6.15: XRD patterns of a hematite reference powder and magnetron sputtered
Ti-doped a-FesOg films. (A) a-FegOs reference powder with the crystallographic
directions (h.,k,1) labelled. (B) 550 nm thick Ti-doped a-FeoOg film deposited on
an FTO substrate under standard conditions. (C) 250 nm thick Ti-doped a-FeoOs3
film deposited on an FTO substrate at higher pressure. (D) 270 nm thick Ti-doped
a-Feg O3 film deposited on an ITO film on an FTO substrate at higher pressure. All
films have been annealed. The asterisks denote peaks from the FTO substrate and

the cross denotes a peak from the ITO film.
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(122) and (1 0 10), not shown here) are stronger for the film deposited under the
standard conditions. The films shown by patterns (C) and (D) have weaker (110)
and (300) peaks, with film (C) also exhibiting a very weak (104) peak. The crystal
sizes calculated from the full-width-half-maximum values of the (110) peaks of films
(C) and (D) gave values within 7 % of the value of 40 nm calculated for film (B).

The XRD patterns of the RMS a-FeyOg films deposited at a lower deposition
rate (patterns not shown) showed a narrowing of the diffraction peaks (indicating
larger crystals) compared with those films deposited under standard conditions.
The crystal sizes of the magnetron sputtered Ti-doped and Si-doped a-FeoOg3 films
increased from 40 nm to 50 nm, and from 20 nm to 30 nm respectively. The Ti-
doped film also exhibited enhanced preferred orientation, with a 2.5 times increase
in the relative magnitude of the (110) peak.

Others producing nanostructured hematite thin films for photocatalytic appli-
cations have seen different crystallographic orientations. Kay et al. (2) observed a
very strong dominance of the (110) peak for Si-doped a-FesO3 films, (deposited by
atmospheric pressure CVD), while Jorand Sartoretti et al. (72) observed an XRD
spectrum similar to that of a hematite powder spectrum for Ti-doped FeoOg (de-
posited using spray pyrolysis). Kay et al. (2) suggested that the strong preferred
orientation of their samples is induced by the Si dopant. Miller et al. (93) saw
preferred growth in the (024) and (110) crystallographic directions (for magnetron
sputtered films of pure hematite), with the (110) peak dominant in the films de-
posited at higher temperatures. The orientation observed by these authors consists
of the basal plane of the hexagonal structure being aligned orthogonal to the sub-
strate (or the c-axis parallel to the substrate). The orientation of films produced
using FAD can be modified by changing the bias applied to the substrate during
deposition (183); no bias was applied to films produced in this study.

The broad features evident in the XRD and Raman spectra of the Si-doped a-
FeoOg suggest that the material may not be fully crystalline. Additional annealing
treatments (up to 165 h at 550 °C) of the RMS Si-doped material were undertaken in
an attempt to increase the film crystallinity. No change in the photoelectrochemical

performance of the film was observed after the extended annealing. The annealing
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temperature was limited to 550 °C due to the limitations of the FTO conducting
glass substrate and may not have been high enough to produce significant crystal
growth.

Figure 6.16 shows the XPS spectrum of the Fe 2p3/2 peak of a FAD a-FeyOg film
(both raw data and a fitted curve are shown). The Fe 2pg /2 peak of a number of iron
oxides, including FeoOg, Fe30y4, FeO and FeOOH, is located around 710 eV, with a
wide variation in the published values of this binding energy (184). For example the
Fe 2p3/2 peak of FeoOg varies between 709.9 eV and 711.6 eV, while that of FegOy
varies between 708.1 eV and 711.4 eV (184). The XPS data presented here cannot
uniquely identify a single iron oxide phase. It is likely that the Fe 2pq /2 peak is that
of FeoOgs, given that this was the only phase identified by other characterization

techniques.
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Figure 6.16: XPS spectra (raw and fitted) of an FAD a-FeyOg film deposited on an
FTO conducting glass substrate.

The characterisation of the morphology and structural properties of the hematite
thin films has provided a lot of information about the films, in particular the dif-
ferences between the doped and undoped material. All films exhibited a preferred

orientation, with the basal planes being aligned orthogonal to the substrate. The in-
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troduction of dopants changed the morphology of the films, as well as decreasing the
crystal size. In particular the Si-doping of both the FAD and RMS films appeared
to promote a rather amorphous material, with small crystals and a high level of
surface disorder. These characterisations experiments do not, however, explain why
the Si-doped RMS a-FegO3 films are photocatalytically active, while the Si-doped
FAD a-FeyOg films are not.

6.1.6 Optical properties

The optical properties of the a-FesO3 thin films have been carefully measured as
accurate values are important for analysis and modelling of the composite nanos-
tructured electrodes. The optical properties of a-FeaO3 thin films are also of general
interest for a wide range of applications, including catalysis (185), sensing (gas, al-
cohol and humidity) (186-188), optics (189) and electronics (190). a-FepOg is also
a major component of airborne dust in the atmosphere, and its optical properties
are required for calculations of single scattering albedo (191). There are currently
few data available in the literature on the properties of polycrystalline hematite thin
films, and there is often considerable variation in the presented data.

The optical properties of the a-FeoOs thin films such as the refractive index
n, the extinction coefficient x, and the absorption coefficient «, are of interest for
fundamental studies of hematite, as well as being useful data for the design and
modelling of the composite nanostructured electrode system. The absorption coef-
ficient determines the number of incident solar photons that will be absorbed by a
film of a given thickness. The refractive index of a-FegO3 will affect the reflection of
incident light within the nanostructured electrode and the effective path length for
absorption. Other information such as the band-gap energy can be determined from
the optical absorption values. The optical properties can also be used to determine
the optical thickness of the films.

The refractive index, extinction coefficient, and absorption coefficient were calcu-
lated from ultraviolet and visible (UV-vis) transmittance and total reflectance, and

FTIR diffuse reflectance data from films with different thicknesses. No changes in
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the reflectance and transmittance data were observed after the films were annealed.
Optical characterisation was undertaken with both the FAD and RMS a-FeyOg
films.

Figure 6.17 shows examples of the reflectance and transmittance curves from
a 980 nm thick FAD «a-FesOg film on a quartz substrate (grey points) along with
a Cauchy model fit of the data using the WVASE software (black curves). The
inset curve shows reflectance as a function of wavelength up to 4500 nm. The high
visibility interference fringes indicate that the film is smooth and relatively dense.
The Cauchy model does not describe the highly absorbing regions well. Therefore
fitting using the WVASE software was limited to the region 600 nm - 4500 nm.

10 e
0.4 4 R Ta
0.0 —mF— n I\ /
1500 3000 4s00ft f \ | /
0.6 wiw

0.4 A

0.2 4

Reflectance, transmittance

0.0 -~

400 800 1200 1600 2000

Wavelength, A (nm)

Figure 6.17: Reflectance and transmittance spectra of a 980 nm thick film deposited
on a quartz glass substrate (grey curves) along with a fit using the Cauchy model

(black curves). The inset shows the reflectance data up a wavelength of 4500 nm.

The refractive index and extinction coefficient of the FAD and RMS a-FeyOg
films deposited onto quartz substrates are shown in Figure 6.18. Figures 6.18 (A)
and (B) show n and  data (respectively) for the FAD a-FesOj3 films from the explicit
calculation of the optical constants using the measured reflectance and transmittance
(Szczyrbowski method), which is a compilation of both the 102 nm and 980 nm thick
films, along with WVASE output for both films. For wavelengths less than 600 nm
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Figure 6.18: Optical constants of FAD and RMS a-FeyOg films. (A) Refractive

index and, (B) extinction coefficient of undoped FAD a-FesO3 film as determined

by the Szczyrbowski method (average of result from 102 nm and 980 nm films)

and the Cauchy model. (C) Refractive index and extinction coefficient (k) and,

(D) absorption coefficient of a 120 nm thick RMS Ti-doped a-FeoOs film versus

wavelength.
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there was no significant transmission through the thick film, and so only the results
from the thin film were used in this region. At some wavelengths the calculated n
and x values failed to converge to reasonable and continuously varying values; this
was probably due measurement error and measurement of slightly different regions
of the film for R and T (with corresponding differences in thickness). On the graphs
these regions are labelled Szczyrbowski*. For wavelengths greater than 600 nm, the
calculated n and k values were averaged for the Szczyrbowski method calculation
when data were available for both films. Values of n and x derived for repeated
measurements of R and T showed variation of approximately + 8, + 3, + 2 and +
2 % at 250, 500, 1000 and 2000 nm respectively. Indicative error bars are shown in
Figure 6.18 (A). Good agreement between the refractive indices calculated by the
Szczyrbowski method and the fitted Cauchy n values for the thick and thin films
at wavelengths greater than 600 nm can be seen in Figure 6.18 (A). Figures 6.18
(C) and (D) show the refractive index and extinction coefficient respectively for a
120 nm thick Ti-doped RMS a-FegO3 film over the wavelength range of 250 nm -
2000 nm. It can be seen that the optical constants derived for the FAD and RMS

a-FegO3 films are similar.

There are few sources of refractive index data in the literature for comparison
with our a-FegOg films. The refractive indices determined by Tanaka (192),for sin-
tered polycrystalline material, and by Longtin et al. (193), for colloidal material
(194) and hematite plate (195), are within 5% of our values beyond 600 nm. The
peak in n values for the RMS a-FeyOg films at around 550 nm is similar to that
reported in Tanaka (192) and Longtin et al. (193), however, the peak value for
the FAD a-FegOg film is about 20 % higher. The refractive indices of r.f. sput-
tered FeoOs thin films produced by Morl et al. (177) are dependent on deposition
temperature (n increases with increasing temperature) and are approximately 10
% lower than our values at wavelengths greater than 500 nm. Different refractive
index values in the literature for hematite may be attributed to differences in the
composition and crystallinity, and uncertainties in the optical measurements. The
low porosity of the films in the present study should mean that the derived optical

parameters apply well to dense polycrystalline material.
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The absorption coefficients derived from the extinction coefficient (calculated
directly from the reflectance and transmittance data) of the FAD and RMS a-
FeoOg films are shown in Figures 6.19 (A) and (C) respectively. The s values
from the Szczyrbowski method were used rather than those from WVASE (due
to the limitations of the Cauchy model in the absorbing region). For the RMS
films, quantitative optical constant were derived only for a Ti-doped a-FeyOg film
deposited on a quartz glass substrate. Reflectance and transmittance measurements
of all three sample types (deposited on FTO conducting glass) were undertaken,
which showed that, after allowance for differences in thickness, the optical properties
of the undoped and Ti-doped a-FegOg films were identical within experimental
uncertainty. The optical properties of the Si-doped material were broadly similar
to the other films, but showed significant differences in the absorption coefficient
data (in particular slightly reduced absorption at short wavelengths), probably due
to the larger disordered component. Differences in optical properties of crystalline
and non-crystalline a-FegO3 have been reported (196). Figures 6.19 (B) and (D)
show Tauc plots for direct and indirect optical transitions for the FAD and RMS -
FeoOg films respectively. Examples of the linear fits used to determine the band-gap
energy are also shown. The optical band gap of the FAD a-FeyOg for both indirect
and direct transitions was found to be around 1.9 eV and 2.7 eV respectively. The
indirect band-gap values of the undoped and Ti-doped RMS a-FeyOg films were
also around 1.9 eV, with the Si-doped material having a slightly lower value of 1.8
eV. Hence the improved photocurrent with doping is not due to absorption effects.
Optical transitions can be assigned to the features in the extinction coefficient data
at approximately 265, 320, 395, (425 possible), 530 and 650 nm. The direct band-
gap values of the undoped and Ti-doped RMS a-FeyOg3 films were also around 2.2
eV, and that of the Si-doped material 2.4 eV. Often with Tauc plots, as is the case
for the Si-doped RMS a-FegOg film, the determination of the linear region can be
ambiguous. Hence there is high uncertainty in the band-gap values for the Si-doped

material.
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Figure 6.19: (A) Absorption coefficient as a function of wavelength of a 102 nm FAD
a-FesO3 film deposited on a quartz glass substrate as determined by the Szczyr-

*? g cal-

bowski method (average of result from two films) where “Szczyrbowski
culated from k values where the corresponding n failed to converge to reasonable
values. (B) Direct and indirect Tauc plots of a 102 nm thick FAD a-FeyOg3 film
deposited on a quartz glass substrate. (C) Absorption coefficient and (D) direct and
indirect Tauc plots for a 120 nm thick Ti-doped RMS a-FeoOg film deposited on a

quartz glass substrate.
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6.1.7 Electrical properties

The electrical properties of the a-FeoOg thin films can give important information
about the behaviour of charge carriers in the material. Electrical characterisation
can quantify the charge carrier concentrations and mobilities, which are directly
related to the quantum efficiency of a-FeoOg. A variety of electrical measurements
were undertaken on the FAD and RMS deposited a-FeoOg films. The electrical
conductivity was measured as a function of temperature, from which activation en-
ergies for the conductivity were derived. The dielectric constant was determined
for an undoped FAD a-FesO3. Electrochemical impedance spectroscopy (EIS) mea-
surements, from which values of the flat-band potential, carrier concentration and
surface state density were calculated, were undertaken only with the magnetron
sputtered a-FegO3 films.

Table 6.2 summarises the results of the electrical characterisation of the mag-
netron sputtered a-FeoOs films, allowing comparison of the doped and undoped

sample-types. This Table will be referred to throughout the following discussion.
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The temperature dependence of the electrical conductivity of an undoped FAD
a-FegO3 film, and for doped and undoped RMS a-FeyOg films is shown by Arrhe-
nius plots in Figure 6.20 (A) and (B) respectively. The results for the RMS films
must be considered with caution since the resistance of the films displayed unstable
behaviour during the measurements. Initial measurement of the room temperature
conductivity of the RMS films (after the samples had been annealed at 550 °C and
subsequently cooled) exhibited values of (1074 - 107°) Q=1 m~! for all samples.
The conductivity values showed drift over time scales of tens of minutes. The sam-
ples were then heated to determine the temperature dependence of the conductivity.
The conductivity behaviour changed to a more stable regime, exhibiting much higher
conductivity values, during heating (to less than 180 °C, under either argon or air).
Upon cooling the results presented in Figure 6.20 were measured. The lower con-
ductivity state could be reproduced by annealing the films again at 550 °C followed
by cooling. Further heating to temperatures lower than 550 °C re-established the
higher conductivity behaviour shown in Figure 6.20.

Ohmic behaviour was not observed for the undoped RMS sample despite the use
of a number of contact materials in addition to the FTO contacts. The undoped
a-Feg O3 conductivity values plotted in Figure 6.20 were consequently derived from
the linear region of the differential conductance determined at high applied voltages
from the current-voltage curves of the sample. The back contact of the undoped
sample may not have been ohmic, so collection of electrons may have been impeded.
To check this, an undoped sample was identically prepared on a Ti substrate. This
sample showed no improvement in photocurrent, whereas the native TiO9 layer alone
formed during preparation worked well.

Given the above caveats for the RMS films, the conductivity curves of the Ti-
doped sample measured in air and argon atmospheres are similar. The activation
energies for conductivity F4 were calculated from the gradients of linear fits to the
data shown in Figure 6.20. The undoped FAD and RMS a-FeoO3 films showed
activation energies of 0.69 eV and 0.68 eV respectively.

Gardner et al. (41) observed an activation energy of 0.7 eV from undoped poly-

crystalline hematite, which was attributed to the formation of other iron oxide phases
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Figure 6.20: The logarithms of conductivity as functions of inverse temperature

(Arrhenius plots). (A) An undoped FAD a-FeyOg film deposited on an FTO con-

ducting glass substrate, measured in air. (B) A doped and undoped RMS a-FeyOg3

films deposited on an FTO conducting glass substrate, measured in air and argon

atmospheres.
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(such as Fe30y) at grain boundaries. The narrow band gap of sub-oxide phases such
as Fe3O4 would allow recombination pathways for photoholes. These were caused
by the complete stoichiometric oxidation of Fe at grain boundaries when their spec-
imens were slowly cooled after firing. On rapid quenching from high temperatures,
insufficient time for re-oxidation at the boundaries resulted in lower activation ener-
gies. This explanation seems consistent with the gradual cooling (around 1.5 hours)
experienced by the FAD and RMS films following annealing, and helps confirm that
the undoped films are highly stoichiometric. Similar activation energy values were
theoretically calculated for hematite (4). Hematite films produced by Miller et al.
(93) using magnetron sputtering showed lower activation energies of 0.21 - 0.34 eV,
and the authors observed a reduction in activation energy values with increasing
crystal size. The activation energy of doped hematite has been shown to be highly
anisotropic (100). Therefore differences in reported activation energies for hematite
may be related to different crystallographic orientations. The activation energy for
conductivity of the RMS hematite thin films was reduced, from 0.68 eV to 0.34 eV
or 0.23 eV, by the introduction of Ti or Si respectively. This suggests a change to
the bulk properties of the material, rather than just a surface effect. The Ti or Si
impurities added to the RMS a-FeyOg films may segregate between the grains, pas-
sivating recombination at the grain boundaries. This would be expected to increase
carrier lifetimes and consequently hole diffusion lengths. This argument is consistent
with the results of Kay et al. (2) who showed that a thin SiOy layer at the base of

their nanostructured photoelectrodes led to an improvement in performance.

High-purity hematite has conductivity values several orders of magnitude lower
than impure material. Small inclusions of magnetite (FegO,4) can greatly increase
the conductivity (88); so the conductivity can be used as an indicator of the purity
of the undoped hematite films. As deposited, the conductivity of the undoped FAD
a-FegO3 was of the order of 1 Q71 m~!. After annealing in air, the conductivity
dropped to around 1073 Q=1 m~1 (measured in air). The decrease in the con-
ductivity after annealing could be due to the completion of the oxidation process
during the heat treatment. When the conductivity of the undoped FAD films was

measured in a nitrogen atmosphere rather than air, the conductivity was measured
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to be greater than 1073 Q=1 m~!. The differences in conductivity as measured
in air and nitrogen may be due to water adsorption on the film surface. This is a
well-known property of hematite thin films, exploited for humidity sensing appli-
cations (187). The undoped magnetron sputtered material in this study showed a
similar room temperature conductivity value (1074 o1 mfl) to that often quoted
for high-purity a-FeoO3 (38, 80, 88, 106). Miller et al. (93) also observed a room
temperature conductivity as high as 1074 Q=1 m™~! for undoped magnetron sput-
tered a-FeqO3, and samples deposited using magnetron sputtering at lower oxygen
partial pressure showed higher conductivity values, which they attributed to reduced

grain boundary scattering as a result of an increase in crystal size.

The room temperature conductivity values of the RMS a-FeoOg films (as shown
in Table 6.2) suggest that doping with both Si and Ti increases the conductivity of
hematite. This would be expected from the results of previous studies (38, 80, 89).
However, it should be noted that as the conductivity of the undoped sample was
determined using a method different to that used for the doped samples it may be
incorrect to directly compare the data. The conductivity of the Ti-doped film is
more than one order of magnitude higher than that of the Si-doped film at room
temperature. The conductivity of the Ti-doped hematite is around three orders of
magnitude lower than values quoted in the literature for 1-2 % Ti-doped material
(42, 87), while the conductivity of the Si-doped a-FesOg is around two orders of
magnitude higher than the largest of a range of values (105, 106) quoted for 2 mol.%
Ge-doped hematite (where Ge is considered as an analogous dopant to Si). The
conductivity of hematite is known to be highly dependent on the concentration and
type of impurity, as discussed in Chapter 4. It is therefore difficult to compare our
measurements with those from other studies when very small differences in dopant

levels and types can lead to large differences in the conductivity.

The dielectric constant of the FAD hematite films was calculated from measure-
ments of the the capacitance of metal films deposited on top of the FegO3. The
capacitance of the films did not vary significantly with applied bias (-0.9 V to +0.1
V), indicating that films up to 680 nm in thickness are fully depleted of charge

carriers. Measurements of films of differing thicknesses allowed the derivation of a
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dielectric constant of between 32 and 57 (measured at a frequency of 100 kHz). The
high uncertainty results from the influence of pinholes on the measurements, even
after correction for these effects. Pinholes also prevented the derivation of a complex
permittivity. Dielectric constant values quoted in the literature for a-FeoOgs vary
widely from 12 - 120 (101, 197-199).

Electrochemical impedance spectroscopy (EIS) measurements were undertaken
only with the magnetron sputtered a-FeoOg films. Examples of the EIS data mea-
sured at -0.5 V vs. SCE are shown in Figure 6.21 in the form of Nyquist plots (A - C)
and Mott-Schottky plots determined from the fitted space charge layer capacitance
values at each potential (D - F) for the undoped, Si-doped and Ti-doped a-FesO3
films respectively. Carrier concentration (Np) and flat-band potential (V) values
calculated from the impedance spectroscopy data are shown in Table 6.2, along with
mobility values calculated from the room temperature conductivities and carrier con-
centrations. The carrier concentration of the Ti-doped material is over one order
of magnitude higher than that of the Si-doped a-FesO3. The electron mobilities
of the doped films are similar, around of 107 m2s~1V~! which are smaller than
mobility values for Ti-doped hematite, of the order of 1079 m2s~tv—1 and 1077
m2s 71V~ presented by Gardner et al. (80) and Morin (96) respectively, although
similar to those calculated theoretically (44). If the thermally activated hopping
mechanism of conduction is assumed for hematite (42, 87), where electron trans-
port occurs via hopping between Fe3t and Fe?t sites, then similar mobilities for
Si-doped and Ti-doped a-FepO3 may be expected. Vy, values for our doped and
undoped a-FeyOg films tended to be more cathodic than those presented previously
(26, 27, 73, 173), as shown in Table 6.3. Our Si-doped material showed a more
anodic flat-band potential than a Ge-doped a-FeoO3 single crystal (106) (where the
Ge dopant is considered to be analogous to Si). Sastri et al. (73) observed a ca-
thodic shift in the flat-band potential with increased Ti-doping, with a maximum
occurring at a dopant level of 1.0 % Ti.

Figure 6.22 shows surface state densities and time constants derived from the
residual capacitance not attributed to the depletion layer. Despite the unsophisti-

cated description and assumptions a model (6) with only two adjustable parameters
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Figure 6.21: Examples of Nyquist plots showing the imaginary versus the real com-

ponent of the impedance at -0.5 V vs. SCE and modeled impedance, of the (A)
undoped (1 kHz - 10 kHz), (B) Si-doped (5 kHz - 32 kHz) and (C) Ti-doped (4 kHz
- 25 kHz) a-FepOg films (where Zr and Zi are the real and imaginary parts of the

impedance respectively), and corresponding Mott-Schottky plots for two samples of

each material (D, E, F).
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Author(s) a-Fes O3 sample Vi, (V)
This study Undoped —0.84418:8%

5 % Si -0.6910-42

5 % Ti -0.9970-2
Sastri et al., 1980 (73) Undoped -0.65

0.5 % Ti -0.67

1.0 % Ti -0.80

1.5 % Ti -0.72
McCann and Badwal, 1982 (173) 1.0 % Ti -0.75
Kennedy and Frese, 1977 (26) Undoped -0.73
Dare-Edwards et al., 1983 (27) 0.15 % Ti -0.50
Sieber, 1985 (106) 1.0 % Ge -0.95

Table 6.3: Flat-band potential of doped and undoped a-FeoOs from the RMS de-

posited films in this study compared to those presented in the literature.

fits the data surprisingly well, Figure 6.22 (A) shows examples. The Si-doped film
shows the highest concentration of states, around an order of magnitude higher than
the Ti-doped film, and about three orders of magnitude higher than the undoped
film, over most of the voltage range, Figure 6.22 (B). Figure 6.22 (C) shows the Ti-
doped film to have the smallest time constants followed by the Si-doped and undoped
films. These differences are likely to be inversely proportional to the capture/emis-

sion cross-section since the thermal electron velocity is expected to be constant for

all the films.
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Figure 6.22: (A) Examples of the residual capacitance as a function of frequency
measured at 0.5 V vs. SCE and model (6) fitted assuming this capacitance can be
attributed to surface states. (B) The surface state density per unit energy deter-
mined from the fits shown in (A) at each measured potential. (C) Corresponding

surface state emission/capture time constants plotted against potential.

122 Julie Anne Glasscock



6.1. «a-FE90O3 THIN FILMS

6.1.8 Surface modification

As discussed in Chapter 4, surface recombination is thought to be a problem in
o-FegO3. This has been proposed to be caused by very slow transfer of Fe*t ions
(holes) to the electrolyte with the consequent build-up of positive charge at the sur-
face perturbing the space-charge layer and enhances recombination processes (27).
The onset potentials of the RMS hematite films are far from the respective flat-band
potentials, which has been linked to surface recombination (27). The larger onset
potential and flat-band potential of the Si-doped a-FegOg compared to the Ti-doped
a-FeoO3 may be explained by the presence of amorphous (disordered) material at
the surface of the Si-doped film. The slow increase in the onset current evident
from the IPCE curves of all three RMS sample types has also been attributed to
recombination (27). Surface treatment with cobalt (2) and KI (77) have been shown
to increase the photocurrent from doped a-FesOs films. Surface modification ex-
periments were undertaken with magnetron sputtered a-FesO3 films in order to

investigate the charge transfer properties at the semiconductor-electrolyte interface.

It is possible that the enhanced photocurrent of Ti-doped hematite compared to
the Si-doped a-FesOg is due to TiOg (known to be a good catalyst material) forming
on the surface and providing a catalytic function for the water splitting reaction.
This hypothesis was tested by depositing very thin films (around 10 nm) of TiO9 or
Ti-doped a-FeyOg onto an undoped hematite film. The additional film was kept thin
so that it did not contribute significantly to absorption, but could provide catalytic
functionality. No improvement in the photoelectrochemical properties was observed
by the addition of either of these thin films. If the undoped material does indeed
have a highly defective surface layer, then perhaps the addition of a Ti-containing
layer would not be expected to solve the surface transfer problems. Differences in
the crystal structure between the films and the fact that Ti is a very good oxygen
getter (and may be reducing the hematite film) may also have affected the results.
It is also clear that the bulk properties of a-FeaO3 are affected by the dopant, and
that doping is required in order to generate a photocurrent. A better experiment

may have been to deposit a thin TiO9 film onto a doped a-FegOg film, however this
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Catalyst Ty, (°C) P Oz (Pa) P Ar (Pa) Power (W) tge, (s)

Co 300 1 - 100 10

Ir 350 2.8 - 100 2

Ni 300 0.4 1.1 100 2,10
300 0.4 1.1 50 1

Pd 25 - 2 30 2

Pt 25 - 2 30 2

Table 6.4: Table of deposition conditions for the thin films of oxygen evolution

catalysts deposited onto Ti-doped a-FegO3 films.

was not undertaken.

Further surface modification experiments were undertaken in which Ti-doped
a-FeoO3 films were coated with very thin layers (< 5 nm) of materials thought
to be good oxygen evolution catalysts: cobalt oxide, nickel oxide, iridium oxide,
Pt, and Pd. The catalyst materials were deposited by magnetron sputtering from
metal targets using the deposition conditions shown in Table 6.4. The Co, Ni and
Ir targets were sputtered at temperatures > 300 °C in the presence of oxygen in
an attempt to deposit an oxide film. The Co depositions were undertaken using a
different magnetron sputtering system (reproducing the standard operating condi-
tions as closely as possible) as the available Co target was too small for the original
magnetron system. The Pt and Pd were deposited as metal films (at room temper-
ature without oxygen present). Metals deposit at a much higher rate than oxides,
so the magnetron power was reduced when sputtering the Pt and Pd, in order to
accurately deposit very thin films.

Initially films several hundred nanometres in thickness were deposited on Si sub-
strates (to determine the deposition rate via film thickness measurements), and con-
ducting glass substrates. Depositions from the Pt, Pd, Co and Ir targets produced
films metallic in appearance, whereas the nickel oxide films were transparent and
slightly brown. Despite the metallic appearance of the films deposited from the Co
and Ir targets, it would be expected that a film of thickness ~ 5 nm would be fully

oxidised after annealing, even if full oxidisation did not occur during deposition. The
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actual thicknesses of the very thin films could not be measured using our standard
techniques. No structural analysis of the oxide materials was undertaken to confirm
the presence of an oxide (rather than the metal). All of the films were annealed
(in air at 550 °C using the procedure described in Chapter 5) after the deposition
of the catalyst film. A Ti-doped a-FeoOg sample was fully masked and placed in
the vacuum chamber during deposition of the catalysts (onto identical films) as a
control. Hence the control sample was heated in the chamber and annealed with

the modified samples.

The current-voltage curves of the surface modified Ti-doped a-FeoOg films are
shown in Figure 6.23 (A) and are compared to the curve of the Ti-doped a-FeoOg
control sample. It can be seen that, with the exception of the Ni coated sample (2 s,
100 W), all the catalyst materials had adverse effects on the photocurrent response:
the magnitude of the photocurrent was reduced at a potential of 0.2 V and the
onset potential shifted to much higher potentials. Such a shift in the onset potential
means that a greater bias voltage needs to be applied to split water. The Ir and
Co coatings degraded the photocurrent to the greatest extent. Further experiments
were undertaken with the Ni catalyst coatings. It was suspected that the film
thickness may still be too large, so a shorter deposition (1 s) at half the power (50
W) was undertaken. The deposition rate is approximately proportional to power.
Figure 6.23 (B) shows the photocurrent curves of samples with Ni coatings of various
thicknesses. The film with the thickest Ni coating had a reduced photocurrent with
an onset potential shifted to higher potentials as before. The thinnest Ni coating
appeared to increase the photocurrent slightly, however this change is well within

the uncertainty of the measurements and is not considered significant.

It has been observed that heating Co-activated a-FegO3 electrodes above 250°C
reduced the photocurrent, whereas the activated samples that were not heat treated
increased the photocurrent, compared to non-activated films (2). This was at-
tributed to aggregation of the cobalt oxide into larger particles, reducing the contact
area with the hematite and increasing absorption by the Co. All of the surface mod-
ification results presented so far are for samples that were annealed after deposition

of the catalyst (on to unannealed a-FeoOs films). The deposition of thin films of

125 Julie Anne Glasscock



6.1.

a-FE9 O3 THIN FILMS

Photocurrent density (mA cm'z)

0.5

0.4

0.3

0.4

0.3

0.2

0.1

0.0

Fe,O, control
Co

——Ir
Ni
Pd
Pt

/
s
- A
T
0.4 0.6
Fe,O, control
Ni 2s, 100W
| —— Ni20s, 100W A
Ni 1s, 50wW ~
e
-0.1 0.0 0.1 0.2 0.3 04

Voltage vs. SCE (V)

Figure 6.23: Current-voltage curves of magnetron sputtered a-FeoOg films with sur-

faces modified by deposition of (A) very thin films of various oxygen evolution cat-

alysts, and (B) Ni films of varying thickness (different deposition times and power).
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Ni was repeated using annealed a-FeoOg substrates, without heat-treating the Ni
(although the substrate was heated to around 300 °C during deposition to ensure
oxidation of the Ni). This experiment yielded similar results to those previously,
where the photocurrent was reduced or not changed by the Ni film.

In this study, the deposition of known oxygen evolution catalysts on top of Ti-
doped a-FeoOg had no effect, or unfavourable effects on the photocurrent. The
thicker catalyst films may form a potential barrier to charge transport at the a-
FeyOg surface, resulting in the reduced photocurrent, while the thinner films may
have been so thin as to have no effect on the surface charge transfer mechanism. It is
possible that the films were being deposited in a form that does not promote catalytic
function. The fact that these surface modification experiments did not lead to any
improvement in the photocurrent does not rule out poor surface charge transfer as
a major limitation of hematite. Investigating the surface charge transfer properties
of hematite thin films is worthy of further study. Once a greater understanding
of the surface is achieved, surface modification experiments can be designed more

effectively to overcome specific shortcomings.

6.1.9 IPCE analysis

The Schottky barrier model proposed by Ghosh et al. (51) as described in Section
2.4, has been used to model the action spectra, IPCE ()), of the magnetron sputtered
a-Feg O3 thin films, in an attempt to quantify the diffusion length L, the width of the
depletion layer w, , and the surface transfer coefficient G (which scales the calculated
IPCE value). All calculations used the absorption coefficient values presented in
Figure 6.19 (C) corrected for surface reflectance (12).

The IPCE of the Ti-doped magnetron sputtered a-FesO3 film shown in Figure
6.3 (C) was analysed by fitting the Schottky barrier model, allowing the hole diffu-
sion length, surface transfer coefficient and depletion layer width to vary, as shown
in Figure 6.24. In the least squares fit shown, the diffusion length is very small (<
0.1 nm), so the modeled fit is scaled by the width of the depletion layer (3 - 5 nm)

and the transfer coefficient (0.8 - 1). This barrier layer model does not describe the
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Figure 6.24: IPCE as a function of wavelength of a magnetron sputtered Ti-doped
a-FegO3 films at 0.5 V vs. SCE, with a Schottky barrier model fit of the data.

observed IPCE well. In particular, the modeled IPCE is noticeably higher than the
measured values at long wavelengths. If there are, as suggested (26, 27, 29), ab-
sorption processes in hematite that generate holes unable to participate in the water
splitting reaction, then it is not surprising that the measured photocurrent differs
from that calculated from the absorption coefficient. The Schottky barrier model
assumes that all absorbed photons are capable of contributing to the photocurrent.
This being said, the charge transfer model is still a useful tool for analysing (and
potentially quantifying), L, wg, and G of the doped hematite materials, and will be

investigated further.

The sensitivity of the Schottky barrier model to the diffusion length and depletion
layer width was explored. Figure 6.25 shows IPCEgg values (electrolyte-electrode
illumination) calculated for various conditions, where the transfer coefficient G was
assumed to be 1 and the film thickness h = 121.5 nm (thickness of the a-FeyOg
film from which the absorption coefficient was derived). The decrease in the IPCE
values with wavelength and the features within the curves are a result of the shape
of the absorption coeflicient curve. When w, is small, there are a small number of

charge carriers generated in the depletion region, and diffusion from the bulk must
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Figure 6.25: IPCEgE (electrolyte-electrode illumination) values calculated from the
Schottky barrier model using various depletion layer widths w,; and diffusion lengths

L, assuming G = 1 and the film thickness h = 121.5 nm.
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be substantial (i.e. a long diffusion length L) to achieve a large IPCE value. When
the diffusion length is short, the proportion of charge carriers diffusing from the
bulk is very small, and only charge carriers generated within the depletion region
will contribute significantly to the photocurrent. Even in the best case where wy
and L are large the IPCE is low at long wavelengths. This is due in part to poor
absorption in this region. Also, the long wavelengths are absorbed deeper into the
bulk and the generated charge carriers having a high probability of recombining
before diffusing to the depletion region.

It has been shown that the Schottky barrier model does not fit IPCE data for our
a-FegOs3 thin films well (Figure 6.24), and similar IPCE values can be calculated
for a range of L and w, values (Figure 6.25). The magnitude of the diffusion
length cannot be determined directly from modelling the IPCE, as the width of the
depletion region and the transfer coefficient G are also unknown. It is unlikely that
G is unity, given that surface charge transfer is known to be low in a-FesOg (as
discussed previously). By taking the ratio of the IPCE measured when the film is
illuminated from the substrate side to that measured when it is illuminated from the
electrolyte side (IPCEgg /IPCEgR), the term G cancels out and can be removed from
consideration, leaving only the diffusion length and width of the depletion regions
adjustable parameters. Figure 6.26 shows this ratio calculated for two different film
thicknesses (h = 20 nm and 100 nm) assuming a depletion layer width of 1 nm and
diffusion lengths between 1nm and 10 nm. When the film thickness is large there will
be significant absorption in the film and the shape of the curve is dominated by that
of the absorption coefficient. When the film thickness is reduced the shape of the
IPCE ratio curve flattens (because of reduced absorption) and IPCEgg approaches
IPCEgE. The IPCE ratios are then far more sensitive to the diffusion length. It
is proposed that this characteristic may allow the diffusion length to be estimated
from experimental IPCE curves of very thin films.

To this end, Ti-doped a-FegOg films 20 - 40 nm in thickness were deposited by
magnetron sputtering. In order to quantify the diffusion length from the ratio of
the IPCE values, the film thickness must be determined with as little uncertainty as

possible. Gravimetry measurements were undertaken, where the conducting glass
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Figure 6.26: Ratio of the IPCEgp to the IPCERR calculated for two different film
thicknesses (h = 20 nm and 100 nm) assuming a depletion layer width of 1 nm and

diffusion lengths between 1 nm and 10 nm.

substrates were weighed before and after deposition of the a-FeoOg in order to
calculate the film thickness via a change in mass. Many of the films in fact had a
negative mass change, probably due to mass changes during handling exceeding the
mass gain from a-FepOs. The expected mass gain for the 20 - 40 nm films was 20-40
pg, which is reaching the limit of the precision of the scales (around 7 ug). The
film thicknesses were also measured using step-edge profilometry of a-FeoOj3 films
deposited onto silicon substrates, which gave values of 24 + 5 nm and 40 £+ 5 nm

for the two films that will be discussed hereafter.

Figure 6.27 shows the ratio of the IPCEgg to the IPCEgg measured for a 24 nm
and a 40 nm Ti-doped RMS a-FegO3 film. In the case of the substrate-electrode
illumination, the glass substrate absorbs a significant fraction of the radiation be-
low 350 nm. The IPCEgg measurements were undertaken with a bare piece of
conducting glass between the monochromator and the photoelectrochemical cell to
compensate for absorption in the glass substrate. Reflection corrections were un-
dertaken as the glass substrate in the IPCEggp measurement was in air rather than

the electrolyte, which reduced the IPCE ratio curves by around 20 % (as shown in
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Figure 6.27: Ratio of the IPCEgp to the IPCERE for a 24 nm and a 40 nm Ti-doped
RMS a-FepOg film. The IPCE ratios corrected for reflections are also shown.

Figure 6.27). Even after the reflection corrections, the IPCE measured from the SE
side is higher than that measured from the EE side, and hence the ratio is greater
than unity. The Schottky barrier model predicts that at long wavelengths, where
the absorption coefficient and hence attenuation in the film is low, the IPCE is not
dependent on the direction of illumination. For thin magnetron sputtered a-FeoOg
films [IPCEgqg > IPCERgE is consistently observed, though it is not clear why this
should be the case. It is possible that the geometry of the measurement is affecting
the IPCE values; the a-FeyOg film is very close to the quartz window of the cell in
the EE illumination experiment and perhaps losses are arising from a concentration
overpotential as a result of restricted transfer of ions in the electrolyte. There are
also additional reflection terms (e.g. electrolyte-a-Feo O3 and glass-a-FeaOg) for the
electrodes in the cell and these have not been considered here. Reflection corrections
from the front and rear faces of the a-FeyOg films will cancel out to first order and
will not be large enough to correct the IPCE ratio to unity. It is also surprising
that the IPCE ratio curves of the 24nm and 40 nm films are so similar in shape and
magnitude. Figure 6.26 shows that for given w; and L values, the IPCE ratio is
highly dependent on film thickness, hence the IPCE ratio for the 40 nm film should
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be smaller than that of the 24 nm film, at short wavelengths.

The experimental IPCE ratios were normalised to unity at the longest wave-
length in order to apply the Schottky barrier model. The experimental data is quite
different to that predicted by the model, indicating that this description may not be
adequate for the a-FegOg thin films. The modeled values must be considered with
this in mind. Reasonably good fits to the experimental IPCE ratios for the 24 nm
and 40 nm films were achieved using the Schottky barrier model, where L and wy
were allowed to float, after the data was normalised (as shown in Figure 6.29). The
modeled IPCE ratios did not yield a unique solution for L and w,, a combination of
a large depletion layer width value and a low diffusion length value (or vice versa)
produced similar fits. In the case of the 40 nm film (fit over the region 340 - 600 nm)
the pairs of L and w, values that gave the best fit to the experimental data were: L
< 1 nm and wy = 30 nm; and L = 25 nm and wy < 1 nm. For the 24 nm film (fit
over the region 310 - 600 nm) these values were: L ~ 4 nm and wy = 10 nm; and L
= 10 nm and wy < 1 nm. As shown previously (Figure 6.25), when one parameter
is large, the model is quite insensitive to the other parameter, hence ranges of this
value give a similar result. Modelling of the 24 nm and 40 nm films yielded different
parameter values; the fits to the data for the 40 nm were much better and consid-
ered to be more reliable (with previous caveats still standing). The values of the
dominant parameter (either wy or L) of around 30 nm, from the modelling of the
40 nm films seem to be consistent with the photocurrent density being dependent
on film thickness up to a thickness around 100 nm (Figure 6.2). If the dominant
parameter was around 10 nm, as suggested by the modelling of the 24 nm film, it is
likely that the dependence of the photocurrent on film thickness would be limited
to thinner films. L and w,; are material properties of the a-FeoOg and should not
be dependent on the film thickness. If the depletion layer width is around 30 nm, a
24 nm film would be fully depleted (have no electric field), and have no bulk region.
The Schottky barrier model may not be suitable for describing such a situation.

A significant source of uncertainty in these calculations is that arising from the
film thickness. Figure 6.29 shows the experimental IPCE ratios along with those cal-

culated using the Schottky barrier model, where the error bars indicate the variation
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Figure 6.28: Normalised ratios of the IPCEgg to the IPCEgg for a 24 nm and a 40
nm Ti-doped RMS a-FeyOg film, and least squares fits from the Schottky barrier

model, where L and w, were allowed to float.
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in the modeled IPCE ratios corresponding to the error in the thickness measurements

of & 5 nm. It is clear that there is large uncertainty associated with the values of L

and w, calculated from the model.
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Figure 6.29: Normalised ratios of the IPCEgp to the IPCEgR for a 24 nm and a 40

nm Ti-doped RMS a-FesOg film, and modeled curves for various L and w, values,

where the error bars indicate the variation in the modeled IPCE ratios corresponding

to the error in the thickness measurements of &+ 5 nm.

It should be noted that for thicker (102 nm) RMS a-Fes O3 films, the photocur-

rents from SE illumination were much lower than for EE illumination. For many

practical applications including tandem-cells, it is necessary to illuminate the pho-

toelectrochemical cell from the SE side. Flat films of a-FeaO3 of several hundred
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nanometres in thickness are required to absorb a significant fraction of the inci-
dent radiation. In such thick films a small fraction of holes generated in the bulk
will reach the electrolyte to participate in the water splitting reaction, unless the
diffusion length is large. Also, in substrate-electrode illumination it is the long wave-
length photons that are absorbed in the depletion region. If the long wavelength
photons are absorbed via a mechanism than is unable to produce a photocurrent,
then this may further decrease the photocurrent. Such practical requirements may
put a-FeoOg at a very severe disadvantage for water splitting.

Under certain conditions, as described below, dividing IPCEgg by the absorption
coefficient can yield a value equivalent to the depletion layer width. The intensity
of the illumination at a depth x within a film can be expressed by Eq. 6.1, where
I is the incident intensity and « is the absorption coefficient. Differentiating this
Equation with respect to z (Eq. 6.2) and dividing by the incident intensity yields
Eq. 6.3, which is the fraction of incident photons absorbed. Assuming that all these
absorbed photons produce electron-hole pairs which are effectively separated and
contribute the photocurrent, then -dI /I is equal to the photocurrent. Assuming a
factor N which scales the fraction of absorbed photons for recombination losses, then
-ndI /1y is equivalent to IPCE. Under the condition that ax < 1, Eq. 6.6 is true,
where dr can be approximated as the width of the depletion region in a simplified
model where all of the photocurrent is generated from charge carriers produced in
the depletion region. This may be a reasonable assumption for materials such as

a-Feg O3 where the diffusion length is thought to be very short.

[ = Iy el=27) (6.1)
dl
T —a 1y e(—ax) (6.2)
_dr a el =) gy (6.3)
Iy
_ndl na =% dy (6.4)
Iy
— IPCE (6.5)
_IPCE ~ndr if ar < 1 (6.6)

«
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IPCEgE values calculated from the Schottky barrier model divided by the ab-
sorption coefficient at each wavelength are shown in Figure 6.30, where G = 1, h =
121.5 nm, and wy = 1 nm (A) or 10 nm (B). In the case where the depletion region
is narrow and the diffusion length is small the IPCEgg/a value is approximately
equal to the width of the depletion layer. When L is very small (e.g. L = 0.1 nm, w,
= 1 nm) there is no significant diffusion of carriers from the bulk and charge carriers
are only being collected from the depletion region. This is the case described above
and it can be seen that IPCEgg/« is approximately equal to the depletion region
width. For the case of a wider depletion region (w; = 10 nm), the IPCEgg/a values
are similar to wy for a wider range of L values (only because L < wg). The upward

slope is due to absorption of radiation so ax is not less than 1.

Figure 6.31 shows IPCEgg/a curves as a function of wavelength for the 550 nm
thick magnetron sputtered Ti-doped a-FegOg and the examples from the literature
shown in Figure 4.1. All IPCE values have been divided by the absorption coefficient
of our RMS a-FeyOg films shown in Figure 6.19 (C). The IPCEgg/« curve using
the results of Kay et al. (2) is relatively flat (ignoring the drop-off in the IPCE
at short wavelengths), whereas the other samples show a significant decrease at
longer wavelengths. The modeled curves in Figure 6.30 are flat for small values
of L and increase at longer wavelengths for larger values of L. The shape of the
curves for our samples and the selected examples from the literature suggest that
the diffusion length is small. However, the yield of electron-hole pairs may be less

at long wavelengths.

Figure 6.32 shows IPCEgg/a curves as a function of wavelength for a 24 nm
and a 40 nm Ti-doped RMS a-FegO3 film. These curves, as well as those shown in
Figure 6.31, exhibit a decrease in the IPCEgg/« values at long wavelengths. This
is indicative of the shape of the IPCE curves not matching that of the absorption
coefficient, as previously discussed. However for the relatively flat region up to
around 450 nm where the IPCE is proportional to the absorption coefficient, the
IPCEgEg/« value is around 3 nm. Using Eq. 2.16 and Eq. 2.17, with the flat-band
potential and carrier concentration values for Ti-doped RMS a-FegO3 shown in

Table 6.2 a depletion layer width of 2.8 nm is calculated. This is in good agreement
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Figure 6.30: IPCEgg values calculated from the Schottky barrier model divided by
the absorption coefficient o, assuming a depletion layer widths wy =1 nm, G =1

and the film thickness h = 121.5 nm.

138 Julie Anne Glasscock



6.1. «a-FE90O3 THIN FILMS

12 .
—— This study

10 - Kay et al., 2006

—e— Duret & Graetzel, 2005

8 Jorand Sartoretti et al., 2005

—a— Miller et a/., 2004
Khan & Akikusa, 1999
—a— Sanchez et al, 1988 (Ge)
Sanchez et al., 1988 (Nb)
—— Kennedy ef al., 1981 (Si)
Kennedy et al., 1981 (Ge)

IPCE__/ « (nm)

Wavelength (nm)

Figure 6.31: IPCEgg of magnetron sputtered Ti-doped a-FeoOs and IPCE values
from the literature (Figure 4.1) divided by our absorption coefficient o (Figure 6.19
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Figure 6.32: IPCEgg of a 24 nm and a 40 nm Ti-doped RMS a-FeyO3 film divided
by the absorption coefficient.

with the value from the IPCEgg/a curve.

Using the ranges of values of L and w, derived previously from the modelling
of the IPCEggr/IPCEgE curves, the Schottky barrier model was applied to the
IPCEgEg/a curves shown in Figure 6.32 to estimate values of the surface trans-
fer coefficient G. Under the conditions where L is small and wy is larger, G was
found to be between 0.2 and 0.25. When w, is small and L is significant, G increases
to between 0.25 and 0.35. These values are small, and similar to the quantum ef-
ficiency values at short wavelengths, supporting the conclusion that surface charge
transfer is a significant limitation for a-FeqO3.

In summary, extensive modelling of the IPCE values of Ti-doped RMS a-FeyOg
thin films was undertaken using a Schottky barrier model, yielding a lot of interesting
results, many of which are not fully understood at this stage. The modelling did
not yield a unique solution for values of L and wg, however it was only possible to
get good fits of the data where one parameter was dominant and much higher than

the other. The results of the modelling will be discussed further in the next Section
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within the context of other characterisation experiments.

6.1.10 Discussion

In the case of the magnetron sputtered a-FeoOg films, doping was necessary to
produce photocatalytically active material, with the Ti-doped a-FegOg exhibiting
a much higher photocurrent than the Si-doped a-FeoOg at the bias voltages inves-
tigated. It is not surprising then that the undoped a-FesOg3 films deposited using
FAD were inactive. However, it is unclear as to why the the introduction of Si into
the FAD a-FeyOs films did not improve the photoresponse. It is likely that the
dopant was not effectively incorporated into the a-FegoOs lattice using this tech-
nique. There was, however, evidence from the Raman and XRD that the Si was
present in the doped FAD films. It is surprising that the Si-doped RMS material
showed significant photoactivity, given that it appears to be highly amorphous and
have a high level of surface disorder. The substantial photocurrents achieved by
Si-doped a-FeoOs samples prepared by other techniques (2, 76) can probably be
attributed to their material being more crystalline, and also probably some con-
tribution from the nanostructuring. Several mechanisms have been proposed for
the improvement of the photocatalytic performance of hematite with doping. We
discuss these mechanisms in the context of our results and those presented in the
literature.

Kay et al. (2) and Cesar et al. (7) attributed the good photocatalytic behaviour
of Si-doped a-FesO3 produced by spray pyrolysis, in part, to a high degree of pref-
erential crystallographic orientation. Strong (110) and (300) peaks were observed in
the X-ray diffraction patterns, indicating that the basal planes (001) were aligned
perpendicular to the substrate. It was suggested that photoelectron collection was
enhanced because of the orientation of the strongly conducting basal planes, while
photo-hole transfer was facilitated by the short diffusion distances from nanostruc-
ture to electrolyte. Bedwell and McCartney (200) measured the photoelectrochem-
ical response of single crystals cut to expose different crystallographic planes to the

electrolyte. They found that an electrode exposing the (001) plane showed little
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photocurrent, but the (012) plane showed a good photoresponse. The difference
in photocurrent was attributed to the much higher resistivity in the [001] direction,
(110) plane (104 Qm), compared to the [012] direction (20 Qm). The anisotropic na-
ture of the electrical conductivity of hematite is well-known and has been observed
experimentally (100, 201) and demonstrated theoretically (44, 202) (discussed in
Section B.1). However, the magnitude of the anisotropy is highly dependent on im-
purities. In the present study the doped and undoped films all exhibited a preferred
orientation of the basal planes perpendicular to the substrate yet showed very dif-
ferent photocurrents. The Ti-doped a-FesO3 deposited at a lower deposition rate
showed a large increase in the preferred orientation, but no change in photocurrent.
Therefore it appears unlikely that crystallographic orientation is a dominant factor

determining the photocatalytic performance of these films.

A simple calculation can be made to determine the expected potential drop
through a film to quantify the effect of anisotropic conductivity. Considering a 1
pm a-FegOs film with a resistivity of 10°  cm operating at the theoretical maximum
photocurrent for solar illumination (assuming complete absorption and conversion
of photons with energies exceeding the band gap (jp, = 10.6 mA cm™2)), there will
only be a modest drop in potential (around 100 mV). In practice lower photocurrent
densities are obtained with correspondingly lower potential drops, such that photo-
electrode conductivity has only a minor direct influence on thin film performance.
Thus lowering ohmic drops in the electrode by increasing the conductivity can not
explain the large improvements in the photocurrent due to doping. Also, changes

in conductivity will not shift the onset potential of the material, as observed.

It is clear that the introduction of dopants affects the growth mechanism of the
hematite films, resulting in different crystallinity, alignment and morphology. The
Si appears to prevent the growth of highly crystalline material (small crystals and
a large amorphous content), whereas the presence of Ti allows crystalline growth.
Given the low partial pressure of oxygen during deposition, it is likely that Fe is
deposited onto the substrates and then oxidises to form a-FegOs. The mobility of
the Fe atoms will affect the crystal structure and orientation of the oxide. It has

been suggested that preferential growth in the [110] direction is due to facile Fe atom
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diffusion in this direction (85). It is possible that the Si is reducing the mobility of
the Fe atoms during growth, which might restrict the formation of large crystallites.

In the case of the FAD and RMS films, the Raman spectrum of the Si-doped
a-Feg O3 is strikingly different to the spectra of the undoped FAD a-FeyOg, and the
Ti-doped and undoped RMS a-FegO3 respectively. In fact, it would be impossible
to identify the Si-doped material as hematite without the x-ray diffraction data. In
contrast, the XRD patterns of the doped and undoped materials produced by each
technique are broadly similar. Raman spectroscopy is a surface measurement, while
XRD analyses the entire film. Hence these results suggest that the bulk material
of the doped and undoped films is similar (apart from small differences in crystal-
lographic orientation), while the surface of the Si-doped a-FesOg is substantially
more disordered than that of the Ti-doped and undoped films. Given the smaller
grain sizes of the Si-doped a-FegOs compared to the undoped and Ti-doped material
the Raman technique would be analysing a greater number of grains, with a higher
surface to grain boundary contribution. The magnitude of the Raman disorder peak
from the RMS Si-doped film is considerably larger than that of the Ti-doped film,
consistent with the higher calculated surface state density for the Si-doped a-FeoOs3.
The surface state density of the undoped RMS a-FeyOgs film was orders of magni-
tude lower than that of the doped materials and did not exhibit the disorder peak in
its Raman spectrum. These results support the suggestion by Bersani et al. (162)
that this Raman peak is related to surface disorder.

The concentration of charge carrier in the Ti-doped RMS a-FesO3 is over one
order of magnitude larger than that of the Si-doped RMS material. We would expect
lower carrier concentrations to correspond to wider depletion layers at the electrolyte
interface, thus leading to a greater harvesting of charge carriers. However, a Schottky
barrier model predicts that the transit time through the depletion layer varies as
the square of the Debye length (inversely with charge carrier concentration), so that
the greater harvesting of charge carriers may be offset by increased recombination.

If the number of charge carriers in the Ti-doped and Si-doped RMS films is
proportional to the number of dopant atoms that are substitutionally incorporated

into the lattice (creating Fe?T ions, inferred from Np values) and we assume that

143 Julie Anne Glasscock



6.1. «a-FE90O3 THIN FILMS

the remaining impurity is segregated at grain boundaries in an oxide phase, then
the approximate thickness of the proposed TiO9 or SiO9 interfacial layers can be
estimated. The percentage of dopant atoms that produce charge carriers is around
23 % and 0.6 % in Ti-doped and Si-doped «a-FeoOj respectively. The resulting
thickness of a TiO9 or SiO9 layer would be around 0.05 nm assuming a cubic grain
packing. This small dimension suggests that the TiO9 or SiOo phases could not
exist as uniform layers between grains. However, presence of Ti and Si may still
play a part in passivating grain boundaries.

The activation energy for electrical conductivity of the RMS hematite thin films
was reduced by the introduction of Ti or Si. This suggests a change to the bulk
properties of the material, rather than just a surface effect. As discussed, this may
be due to the passivation of grain boundaries by the dopants. However, if grain
boundary recombination was the rate-limiting step for hematite electrodes, then
it would be expected that single crystals would perform substantially better than
polycrystalline material, which is not generally true, see Figure 4.1. It is clear that
a-FegO3 needs to be highly crystalline in order to produce a high photocurrent.
However, it appears that surface recombination is likely to be the dominant factor
limiting the performance of our hematite thin films, rather than recombination at
grain boundaries.

Modelling the Ti-doped RMS a-FeyOg films using a Schottky barrier description
estimated that the dominant charge transfer parameter (either L or wy) is around
30 nm, with the other being small (< 1 nm). These values need to be considered
in the context of the large uncertainties related to this analysis. Calculating the
depletion layer width from I[PCEgg/a and directly from the electrical properties,
gave values around 3 nm. If the depletion layer width is small, then the diffusion
length would be the dominant parameter. However the large voltage dependence of
the photocurrent is not consistent with charge transfer being dominated by diffusion.
It is clear the the Schottky barrier model does not describe our IPCE data well and
it is likely that model is too simplistic. For example the model assumes that no
recombination is occuring within the depletion region; this is not a valid assumption

for a low mobility material such as a-FeoOs (203). Hence the depletion layer width
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may be underestimated due to recombination losses not being considered by the
model. As briefly discussed in Section 2.4, the Schottky barrier model may not be
entirely applicable for very thin films; a diffusion models may be more appropriate
and are worthy of further investigation.

As discussed previously, a major limitation of a-FeoOg3 electrodes for water split-
ting is that a (frequently high) bias voltage is required. Hematite will not spon-
taneously split water due the the position of the band-edges. The required bias
depends on the photocurrent onset potential and the shape of the current-voltage
curve. A potential around 0.2 V/SCE is equivalent to the water splitting potential.
Therefore, if a bias voltage exceeding 0.2 V/SCE is required, the water splitting
efficiency of the electrode (according to Eq. 3.1) will be negative. The mechanisms
related to the high onset potential of this material requires further investigation
in order to design a material with smaller bias requirements. Currently hematite
electrodes are only viable for water splitting when operated in a tandem-cell config-

uration, where a “free” bias is applied by a photovoltaic.

Significant findings from the a-Fe;O3 thin film study

e Doping was required to produce photocatalytically active RMS a-FeqO3 films.
e Si-doped FAD a-FegOj3 films probably inactive as a result of ineffective doping.

e Ti-doped RMS a-FeyOg showed significantly higher photocurrents than the
Si-doped material, perhaps due to enhanced recombination at the surface and

at grain boundaries.

e Both FAD and RMS a-FesO3 films exhibited preferred crystallographic orien-

tation, with the basal plane aligned perpendicular to the substrate.

e Orientation of the films does not appear to affect the photocurrent, consis-
tent with small differences in the potential drop in the film as a result of the

resistivity.
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e The poor performance of undoped RMS a-FegOg is thought to be due to short

charge carrier diffusion lengths or poor surface charge transfer.

e Increased photocurrent with doping attributed to enhanced surface charge

transfer and some passivation of grain boundaries.

e Photocurrent onset potentials were reduced by doping, though still high rela-
tive to the water splitting potential. Hence the water splitting efficiency will be

low unless a tandem cell configuration is used to provide a “free” bias voltage.

e Schottky barrier modelling of IPCE measurements with illumination from elec-
trolyte and substrate sides showed that either the depletion layer width or
the diffusion length is the dominant parameter, with a value around 30 nm.
Calculated values of the surface transfer coefficient were similar to measured
IPCE values, confirming that surface charge transfer is a major limitation for

a—FeQ 03.

6.2 Nanostructured substrates

The second step in fabricating composite nanostructured electrodes was to develop
the nanostructured substrates on which to deposit the hematite thin films. The
results of the characterisation of the nanostructured SnO9, ZnO and AZO substrates

fabricated according to the processes described in Section 5.1.3 are discussed here.

6.2.1 SnO> nanorods

SnOy was selected for use as a nanostructured substrate for a-FeoOg thin films as
it has a wide band-gap with a conduction band-edge below that of a-FeyOg, and
is electrochemically and chemically stable. The process to produce SnO9 nanorods
as presented by Vayssieres and Grétzel (138) (as described in Section 5.1.3) was
undertaken, with the intention of modifying the growth process to produce high

aspect ratio nanorods.
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Initial attempts to fabricate the SnO9 nanorods produced transparent, colourless
films that were visible by eye (via interference fringes). SEM images confirmed that
the surface was different to that of the FTO substrate, but no clear nanostructures
were observed. As discussed in Section 5.1.3, consultation with Vayssieres led to
several changes in the fabrication method. Some film structure was achieved by
carefully preparing the growth solution, and changing the order of addition of the
reagents. SEM micrographs of the most highly structured films are shown in Figure
6.33, where (A) is a top-view of the film with an inset showing square features that

resemble those shown in the literature (138). In this case the structures appear

Figure 6.33: SEM micrographs of SnOy nanorod films: (A) top-view with inset

showing square “rods” and (B) imaged at an angle of 60°.

to be clusters of square particles rather than nanorods. Figure 6.33 (B) shows the
film imaged at 60°. Some columnar structure is evident, though high aspect ratio
nanorods were not present. Modification of the growth solution to include slightly
more tin chloride precursor produced similar films. The film shown in Figure 6.33
was grown for 2 days. Shorter growth times resulted in less visible structure. It
is conceivable that very long growth times may improve the aspect ratio, but the
precursor solution would require refreshing as the reactants were used up.

As discussed in Section 4.2.2; it is common for seed layers to be used to enhance
the nucleation of nanostructures. In this case it might be expected that the FTO

film on the glass substrate would act as a seed layer, given that it has the same
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rutile SnO9 (cassiterite) structure of the desired nanorods. However, this did not
appear to be the case. SnOg thin films produced from previous depositions were
used as seed layers for subsequent growths, but this did not improve the nucleation

or growth of nanorods.

Arrays of SnO9 nanorods were not achieved using this technique. The growth
rate is slow, and at best produced nanorods with an aspect ratio of 1:10 (138). A
higher aspect ratio would be required for these nanostructures to be suitable as a
substrate for the hematite thin films. As discussed by Vayssieres and Grétzel, the
probability of the rutile SnOy structure growing in the [001] direction (c-axis growth)
is low, but can be increased by controlling the thermodynamics and kinetics of the
synthesis process. It appears that the process is highly sensitive to the preparation

conditions and is difficult to reproduce.

6.2.2 ZnO and AZO nanowire arrays

Since the SnO9 nanorods were difficult to fabricate, ZnO nanostructures were inves-
tigated. The conduction band-edge of ZnO is higher than that of a-FegO3, so there
will be an energy barrier to electron flow. This is problematic as the role of ZnO
nanostructured material in the composite electrode is to conduct electrons from the
a-FegO3 to the conducting substrate. The potential energy barrier to electron flow
at the a-FeoO3-Zn0 interface could be reduced by heavily doping the ZnO. To this
end, ZnO and Al-doped ZnO (AZO) nanowire arrays were fabricated. The results

of the production and characterisation of the nanostructures are presented here.

Firstly, optimisation of undoped ZnO nanowire arrays was undertaken to produce
nanowires of suitable diameter, length and coverage. Two very important steps in
the procedure for producing high-quality nanowire arrays are the deposition of a
seed layer before hydrothermal growth to assist the nucleation of the nanowires, and
the addition of polyethylenimine (PEI) to restrict lateral growth of the nanowires

allowing a high aspect ratio to be achieved.
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Seed layers

The hydrothermal growth processes developed by Vayssieres et al. do not require the
use of a seeded substrate. However, many researchers (117, 121, 140) have found a
seed layer necessary to produce uniform, well aligned arrays of nanostructures. This

was certainly the case in this study.

ZnO seed layers were applied to the conducting glass substrates by spin-coating or
dip-coating ZnO sol-gel solutions, or via the thermal decomposition of zinc acetate.
The ZnO nanowire arrays grown on the seeded substrates were of higher quality
(greater packing density and uniformity) than those grown on unseeded substrates.
Figure 6.34 shows SEM micrographs of ZnO nanowire arrays grown (A) without a
seed layer, (B) from a spin-coated seed layer, (C) from a dip-coated seed layer and,
(D) from seeds produced by the decomposition of zinc acetate. Films grown without
first depositing a seed layer, were of very poor quality. Large diameter (> 1 ym), low
aspect ratio nanorods were produced, which were poorly tethered, not aligned and
sparsely distributed. The inclusion of a seed layer provides nucleation points for the
nanowire growth. If the seeds are large and/or have a wide size distribution, as was
the case with the dip-coated and spin-coated sol-gel seed layers (as shown in Fig-
ure 6.35), inhomogeneous nanowire growth results (Figure 6.34 (B) and (C)). Spin
coating was found to produce superior seed layers to dip-coating. However, in both
cases uniformity of the nanowire arrays was poor, with microrods and disordered
clusters of nanorods often observed. Slow dipping rates were found to produce more
uniform films than faster dipping rates. Better results were observed when spin-
coating using ethanolic solutions (50 vol. %), rather than aqueous solutions, which
improved substrate wetting. The film quality was improved somewhat by treating
the sol-gel solutions with ultrasound (to break up particle flocs, reducing the size
of the seeds). The sol-gel seed layers were often visible by eye and milky in colour.
The better films were less milky and highly transparent, indicating smaller particle

sizes.

The decomposition of the zinc acetate to form a nanoparticulate ZnO film pro-

duced, by far, the best seed layers. These layers consisted of very small particles
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Figure 6.34: SEM micrographs of ZnO structures grown under different seeding
conditions. (A) Untethered microrods grown without a seed layer. (B) Disordered
nanowire arrays grown from a spin-coated seed layer. (C) Dense, untethered mi-
crorods and structures grown from a dip-coated seed layer. (D) High quality ZnO

nanowire arrays grown from seeds produced by the decomposition of zinc acetate.
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that were not visible by eye or electron microscopy. The nanowire arrays grown
from these very small seed crystals were uniform, densely-packed, and well-aligned,

as shown in Figure 6.34 (D) with excellent coverage over the several cm? substrate.

Figure 6.35: Seed layer produced from spin-coating a sol-gel solution.

The orientation of the seeded substrates in the bottles during growth of the
nanowire arrays was found to have an effect on the quality of the films. Initially the
substrates were placed in the bottom of the bottles, with the seeded layer upright.
However, this allowed precipitate to fall on the surface during deposition, which
was providing nucleation sites for the microrod and secondary nanowire growth, as
shown in Figure 6.36. Leaning the substrates against the side of the bottle or fixing
them to a support, to allow the seeded surface to face downwards, improved the
homogeneity of the films. In this position though, bubbles can collect underneath
the substrate which prevent nanowire growth (Figure 6.37). This effect was limited

by periodically tapping the bottles to remove the bubbles.

PEI addition

PEI was added to the growth solution in order to restrict the lateral growth of the
nanowires and allow the growth of high aspect ratio nanostructures. SEM images
of the optimised ZnO nanowire arrays grown with the addition of PEI from seeds

produced by the decomposition of zinc acetate are shown in Figure 6.38. A growth
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Figure 6.36: SEM micrographs of a ZnO nanowire array grown with the seed layer
facing upwards. The large nanorods form as a result of precipitate from the growth

solution falling on the substrate.

Figure 6.37: SEM micrographs of craters in the ZnO nanowire array caused by

bubbles preventing nanowire growth.
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Figure 6.38: SEM micrographs of optimised ZnO nanowire arrays (A) 18 hr deposi-
tion, and (B) and (C) 24 hr deposition, grown with the addition of PEI from seeds

produced by the decomposition of zinc acetate.

time of 18 hr (Figure 6.38 (A)) produced nanowires around 1.7 pm in length. Longer
growth times, up to 24 hr (Figure 6.38 (B)) produced 3-4 ym long nanowires. How-
ever, it can be seen that the longer nanowires begin to clump due to nanowires not
growing exactly perpendicular to the substrate.

Figure 6.39 shows histograms of the size distribution of (A) the nanowire diam-
eter and (B) inter-nanowire spacing of the optimised ZnO nanowire arrays shown in
Figure 6.38 (A). There is a wide distribution of inter-nanowire spacings, though 75%
of the nanowires are spaced a distance of 1-5 times the diameter from each other.
The average nanowire diameter and inter-nanowire spacing is 61 £ 23 nm, and 169
+ 106 nm respectively. The aspect ratio of these nanowires (assuming a length of

1.7 pm) is around 28, and the surface area per unit area is around 12.5.
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Figure 6.39: Histograms showing the size distribution of (A) the nanowire diameter
and (B) inter-nanowire spacing of the optimised ZnO nanowire arrays shown in

Figure 6.38.
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Aluminium doping

After the procedure for producing ZnO nanowire arrays was optimised, an alu-
minium precursor was introduced in the growth solution to produce AZO nanowire
arrays. Figure 6.40 shows SEM images of an Al-doped ZnO (AZO) nanowire ar-

ray compared to an undoped sample prepared under identical conditions. It can

Figure 6.40: SEM micrographs of (A) an Al-doped ZnO nanowire array, showing
poor alignment, packing density and uniformity, compared to (B) an undoped ZnO

nanowire array prepared under identical conditions.

be seen that the addition of the dopant has a detrimental effect on the alignment,
packing density and uniformity of the nanowires. This result has also been observed
by others (121). The presence of aluminum was confirmed using EDS, showing an
elemental doping level of 0.28 % =+ 0.11 % (normalised to the percentage of Zn). The
form of the Al-dopant and homogeneity of its distribution throughout the nanowires
is unknown.

The electrodeposition of doped ZnO was attempted following the procedure of
Cui and Gibson (121) who reported that the application of a voltage to the sub-
strate removed the need for seeding and assisted the introduction of dopants. Poor
quality nanowire arrays were formed using this process, as shown in Figure 6.41.
No improvement in the film quality was achieved using seeded substrates, and the

addition of Al further degraded the quality of the films.
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Figure 6.41: SEM micrographs of electrodeposited ZnO nanowire arrays: (A) top-

view and (B) imaged at an angle of 60°.

The aspect ratio and packing density of the Al-doped ZnO nanowires is low and
will not provide a high enough surface area for use as a substrate for the a-FesO3.
The undoped ZnO nanowires will be used for further investigation of the nanos-
tructured composite electrode concept. It is likely that electron transfer from the
hematite to the ZnO will be difficult due to the potential energy barrier arising
from the mismatch of conduction-band edges. The ZnO nanowire arrays do, how-
ever, provide a high surface-area nanostructured substrate, and can be used as the

substrate for the three-layer composite electrode (as described in Section 1.2).

Significant findings from the nanostructured substrate study

e The method to fabricate SnO9 nanorods was highly sensitive to the preparation

conditions and high aspect ration nanorods were not produced.

e The growth of dense, well-aligned, high aspect ratio ZnO nanowire arrays was

achieved by;

— the deposition of a seed layer, and

— the addition of a lateral growth restricting agent.
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e Al-doping had a detrimental effect on the alignment, packing density and

uniformity of the ZnO nanowires.

e The AZO nanostructures do not have high enough surface area for use as

substrates for a-FeoOg thin films

e The undoped ZnO nanowire arrays will be used as nanostructured substrates

for further investigation of the composite electrode concept.

6.3 Nanostructured composite electrodes

6.3.1 Design and modelling

The nanostructured composite electrode concept was devised as a method for com-
bating the short diffusion lengths of charge carriers in a-FeoOg3. Very short hole
diffusion lengths of 2 - 4 nm have been quoted in the literature (26). If this is the
case, then it is expected that the use of very thin a-FeqOs3 films, of a few diffu-
sion lengths in thickness, will reduce recombination by limiting the distance that
holes need to travel to reach the electrolyte. Such films would need to be 10 - 20
nm in thickness, much too thin to absorb a significant fraction of the incident so-
lar illumination. Hence it is hypothesised that coating thin films of a-FeoOs onto
nanostructured substrates will provide a long path length for absorption, while al-
lowing the a-FeoOg to be thin enough to efficiently extract the generated charge
carriers.

In order to maximise the amount of the incident radiation absorbed by the
electrode, a long path length in the a-FeyOg is necessary. This can be achieved by
multiple reflections/passes through the thin film. Therefore the nanostructured sub-
strate must provide a large surface area so that the a-FeoOg layer can be restricted
to a thin film. It should be noted that if the hole diffusion length in a-FeaO3 could
be increased (or is not actually as short as predicted), then thicker films could be

used. The thickness of a hematite film required to absorb all of the incident solar
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photons was calculated using Eq. 6.7 and Eq. 6.8.

Ia(A\) = Ig(\)(1 — e (6.7)
e 1, (0) dA

f= Af— (6.8)
Jxg oY) dA

The magnitude of the absorbed solar photon spectral flux (I,) as a function of
wavelength () is described by Eq. 6.7, where I is the incident solar photon spectral
flux (photons m_2s_1nm_1), « is the optical absorption coefficient (shown in Figure
6.19 (A) for our films) and t is the thickness of the film. This function can be
integrated over a range of wavelengths (in this case Ay is 280 nm and the A. is the
band-gap wavelength of a-FesOg of 564 nm) to give the total number of absorbed
photons. By dividing the number of absorbed photons by the total number of
photons available in this range of the solar spectrum a fraction f can be calculated
for a particular film thickness (Eq. 6.8).

Figure 6.42 shows a graph of the fraction of the available solar photons absorbed
by a hematite film as a function of film thickness. It can be seen that a film thick-
ness around 500 nm is required in order to absorb essentially all of the available
photons up to the band-gap wavelength. In the case of the nanostructured electrode
design a path length equivalent to a film thickness of 500 nm is required, rather
than a 500 nm thick film. These same data are presented in Figure 6.43 as the pro-
portion of the AM1.5 solar spectrum absorbed by films of various thicknesses as a
function of wavelength. A ray-tracing model was developed by I. Plumb in order to
calculate approximate path lengths in an array of coated nanowires, assuming ideal
2-D geometry. While the wavelengths of visible and near-ultraviolet radiation are
greater than the lateral dimensions of the nanowire arrays being considered, so that
use of geometrical optics is not justified, and the idealized geometries used by the
model will not be achievable in practice, such a model is expected to provide some
guidance for path lengths in proposed array structures, and should allow the main
design parameters to be identified to maximize path lengths in the photo-active

material. Calculations were made for a regular array of nanowires, of length 10 pm,
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Figure 6.42: Fraction of the available solar photons absorbed by a hematite film as

a function of film thickness.
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Figure 6.43: Proportion of AM1.5 solar spectrum absorbed by hematite films of

various thicknesses.
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diameter 100 nm, with a uniform coating of 10 nm thickness of photo-active material
on the rods. The refractive indices of the rods, coating and space between the rods
were assumed to be 2.0 (corresponding to ZnO), 3.0 (corresponding to a-FeaO3) and
1.33 (corresponding to HoO), respectively. Nanowire separations of 100 - 400 nm
and angles of incidence of 10°- 80° were considered. Absorption in the photo-active
material and in the nanowires were not considered; the model simply calculates the

path lengths through different components of the structure.

For a dense array of nanowires with an average separation of 100 nm (d = 200 nm
in Figure 6.44), calculated average path lengths in the photo-active material were
found to range from approximately 1 pm for a 10° angle of incidence (with respect
to the vertical axis of the wires) to almost 6 pum for an 80° angle of incidence. If the
volume of active material on the nanorods was distributed onto the substrate as a flat
film, the film thickness would be approximately 700 nm (depending on the packing
geometry of the nanowires). Because of the large refractive index of the hematite,
this would be close to the path length through the thin film for a range of incident
angles. Hence, the path lengths through the hematite deposited on the nanowires is
greater than that for a thin film containing the same volume of active material by
factors of 1.4 to 8. If the nanorod separation is increased from 100 nm to 400 nm
(d = 500 nm) , the calculated path lengths through the photo-active material range
from 220 nm for a 10° angle of incidence to 2.5 pum for an 80° angle of incidence.
In this case, the corresponding film thickness for a film containing the same volume
of photo-active material is 130 nm, so the path lengths in the nanowire structure
are greater by between factors of 1.7 and 19, although the overall path lengths are
reduced relative to the case with 100 nm wire separation. Not surprisingly, the
calculations show that dense, high aspect ratio nanowire arrays produce the longest
optical paths in the nanostructured arrays. For a sparsely spaced array, much of the
optical path is in the spacing between the nanowires.

Calculations were undertaken to determine the required geometry of the nanos-
tructure for a-FeoOg films of optimum thickness (5 - 10 nm). An array of cylindrical
nanowires was considered as the model geometry, as shown in Figure 6.44. (A) shows

a cross-sectional view of the coated nanowires with a radius r, length [, and spacing

160 Julie Anne Glasscock



6.3. NANOSTRUCTURED COMPOSITE ELECTRODES

between adjacent nanowires d. A hematite film of thickness t is deposited uniformly
over the surface of the nanostructure. Figure 6.44 (B) shows a top-view of the
nanowires where a “unit-cell” is indicated by a shaded region. The surface area (per

Cm2) is linearly dependent on the aspect ratio of the nanowires. From Figure 6.42,

@) (B) 4

A
Y

Figure 6.44: (A) cross section of nanowires and (B) top view of nanowire unit cell
where 1 is the radius of the nanowire, d is the spacing between adjacent nanowires,

1 is the length of the nanowires and t is the thickness of the a-FeoO3 film.

the film thickness required to absorb a certain fraction of the AM1.5 standard solar
flux can be determined. For example, to absorb 98 %, 87 %, 68 % or 40 % of the
solar flux up to 564 nm requires flat a-FeoOg films (or equivalent path lengths) of
250 nm, 100 nm, 50 nm or 20 nm respectively. For a given a-FeoOg coating thick-
ness, the required surface area and aspect ratio of the nanostructured substrate can
be determined (assuming a nanowire spacing of d = 4r), as shown in Table 6.5.
The data shown in Table 6.5 are presented graphically in Figure 6.45. It can be
seen that the thinner the hematite film, the higher the aspect ratio of the nanowires
need to be to provide a sufficient path length to absorb a significant proportion of
the incoming photons. The effect of nanowire packing density on the aspect ratio
as a function of a-FegOj3 film thickness is shown in Figure 6.46 for d = 2r, 4r and
8r. For a given a-FegOs film thickness, the aspect ratio (AR) is related to the
spacing d by a power law such AR = C'd?, where the coefficient C' is a constant in-
versely proportional to the film thickness. Hence a low packing density of nanowires

has the disadvantage of requiring much higher aspect ratio features. Modelling the
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Figure 6.45: Aspect ratio of nanostructure required to absorb certain fractions of
the incident solar spectrum as a function of hematite film thickness, assuming the

ideal geometry shown in Figure 6.44 with a spacing d = 4 x the nanowire radius.
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Figure 6.46: Aspect ratio of nanostructure of radius r, and inter-nanowire spacings
2r, 4r and 8r, required to absorb 98 % of the incident solar spectrum as a function

of hematite film thickness, assuming the ideal geometry shown in Figure 6.44.
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nanostructured electrodes showed that: close-packed, high aspect ratio nanowires
are required to provide a high surface area for hematite deposition; a higher aspect
ratio of nanowires is required for thinner hematite films; and a path length of over
500 nm is required to absorb essentially all of the incident solar photons. However,
100 nm will absorb 87 % of the incident photons. These conclusions raise issues re-
garding the process of fabricating the electrodes. It would be expected that, because
of shadowing, it would be difficult to coat densely-packed, high-aspect ratio arrays
with a uniform coating of a-FeoOg using vacuum deposition processes. Figure 6.47
shows schematic diagrams of some possible coating configurations. Figure 6.47 (A)
shows the ideal case where a thin, uniform a-FeoOg layer is deposited over the entire
nanostructured array. However, it is likely in practice that non-uniform coatings will
be formed. The a-FeoOs may simply cap the nanostructured array and not pene-
trate between the nanowires (Figure 6.47 (B)), or partially coat the bottom of the
array producing a non-uniform coating, Figure 6.47 (D). If the spacing between the
nanostructures is not significantly larger than the a-FegO3 film thickness, then it
is likely that the nanostructured array will be filled with a-FeoOs, Figure 6.47 (C).
The uniformity of the coating will depend on the aspect ratio and packing density
of the nanostructure array and the characteristics of the coating technique. Non-
uniform coatings would mean that the proposed advantages of the nanostructured
substrate would be reduced. For instance, if the full length of the nanowire was not
being utilised, then the increase in surface area would not be as great. There may
also be problems with charge transfer if the a-FeoOg films are significantly thicker

than the diffusion length of minority carriers.

In practice, the fabricated nanowire arrays are far from the ideal case assumed
for the modelling (as seen in Section 6.2.2). In the case of the ZnO nanowire arrays
the angle of nanowire growth will depend on the orientation of the seed particle.
Nanowires growing at a higher angle from the normal will terminate when they
reach another nanowire, allowing the more highly aligned nanowires to grow longer.
This non-uniformity may reduce the quality of the a-FeoOg coating. Disorder in
nanowire arrays has been shown to affect the light propagation (204). Disorder in

the placement of the nanowires enhances absorption, while randomly varying the
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101

Figure 6.47: Schematic diagrams of various possible configurations of the a-FeyOg

thin films coated onto the nanostructured substrate. (A) ideal coating of uniform
thickness, (B) capping of the nanostructures with a thicker than desired film, (C)
thick coating of a-FeyOsg filling in the nanostructure array, and (D) non-uniform

coating.
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nanowire diameters had a smaller effect.

6.3.2 Experimental results and discussion

Initially films of a-FeoOg > 100 nm in thickness were deposited onto ZnO nanowires,
in order to determine the feasibility of coating high aspect ratio structures with vac-
uum deposition techniques. Figure 6.48 shows scanning electron micrographs of the
ZnO nanowire arrays before (A) and after (B, C) being coated with a-FesOg using
FAD. Figure 6.48 (C) shows a sample that has been sectioned using a focused ion
beam mill. The sample was cross-sectioned at 52° to the vertical, hence the lower
part of the image is deeper within the array. The brighter areas on the images
(indicated by the arrows) are the a-FesOg film. The FAD deposition is quite di-
rectional, hence the uneven deposition of iron oxide. The substrates were scanned
back and forward across the plasma beam during deposition to minimise this dif-
ference. Samples that were not scanned had larger amount of a-FeoOg deposited
on the tips of the nanowires. The RMS samples were not moved during deposition.
Although not a uniform coating, these images indicate that reasonable coatings of
high aspect ratio nanostructured substrates are possible with vacuum deposition

techniques. The undoped ZnO nanowire arrays were the only available nanostruc-

Figure 6.48: SEM images of ZnO nanowire arrays. (A) uncoated nanowires ( 60
nm diameter), (B) coated with a-FegO3 using FAD and (C) cross-section of coated

nanowires.

tured substrate for this study, and the interface between ZnO and a-FeoOg is likely
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to produce a large potential barrier for electron flow. Therefore the three-layer com-
posite electrode design was employed in order to utilise the large surface area of the
ZnQ, while achieving electron conduction via a more suitable interlayer material. To

this end, ITO films were deposited onto ZnO nanowire arrays, before the deposition

of Ti-doped RMS a-FeoO3 films.

a-FeoO3 films were deposited onto nanostructured ZnO substrates as well as
blank conducting glass, to fabricate composite electrodes and planar control films
respectively. Control a-FeyOg films were fabricated with and without the ITO inter-
layer. The photoelectrochemical properties were measured throughout each stage of
the depositions (uncoated ZnO, ITO coated ZnO and final composite electrode) to
determine the contribution from each layer. a-FegOs film thicknesses of 5 nm and
20 nm were deposited; 5 nm was selected because of the diffusion length of 2-4 nm
quoted by Kennedy et al. (26), and 20 nm was selected because of the results of the
Schottky barrier modelling that suggested the dominant charge transfer parameter
could be around 30 nm. The surface area per cm? of the ZnO nanowire arrays
was around 12.5. Therefore the thicknesses of the planar control films (to give an
equivalent volume of absorbing material) for the 5 nm composite electrode and the
20 nm composite electrode are 62.5 nm and 250 nm respectively. The measured film
thicknesses (from step-edge profilometry) of the 5nm and 20 nm control a-FesOs

films were 65 & 5 nm and 270 4+ 5 nm respectively.

Figure 6.49 shows photocurrent density as a function of voltage (vs. SCE) curves
for the composite electrodes compared to the planar control a-FepOg films, for (A)
the 20 nm a-Fey O3 electrodes, and (B) the 5 nm a-Fes O3 electrodes. It can be seen
that the addition of an ITO layer between the planar a-FeoOg control film and the
FTO substrate substantially decreases the photocurrent. There is also a shift in the
onset potential to higher voltages (see Table 6.6) indicating that a potential energy
barrier to electron flow is present; perhaps resulting from an inadequate electron
conductivity of the ITO film, or from an inferior a-FeoO3 layer at the interface.
Two composite electrodes were fabricated for each a-FeyOg film thickness, where
the ZnO nanowire substrates were grown in different batches. The photocurrents of

the composite electrodes using ZnO nanowires from one batch are a lot higher than
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Sample Layers Vonset (V/SCE)
20 nm equivalent control a-FeoOs, FTO -0.15

20 nm equivalent control, ITO «a-FeqO3, ITO, FTO -0.1

20 nm composite a-FeoOg, ITO, ZnO, FTO -0.1

20 nm composite (no ITO) a-Fes O3, ZnO, FTO -0.25

5 nm equivalent control a-FeoOs, FTO -0.15

5 nm equivalent control, ITO  a-FegO3, ITO, FTO -0.05

5 nm composite a-FeoOg, ITO, ZnO, FTO -0.25

Table 6.6: Onset potentials from current-voltage curves of the composite electrodes

and control films shown in Figure 6.49.

that of those from the other batch. SEM imaging showed that the latter batch of
ZnO nanowires were less uniform and had more defects (due to bubbles collecting
on the surface) than the other batch. Hence it is clear that the photocurrent of
the composite electrode is highly dependent on the quality of the nanostructured
substrate. A 20 nm a-FegO3 film was also deposited directly onto ZnO, without an
ITO interlayer (Figure 6.49 (A)). This sample has a surprisingly high photocurrent
given the potential barrier to electron flow expected at the ZnO - a-FeyO3 interface.
However most of this photoactivity can be attributed to the ZnO (see Figure 6.51).

IPCE curves as functions of wavelength are shown in Figure 6.50 through to
Figure 6.53, where (A) in all cases is data measured with electrolyte-electrode (EE)
illumination, and (B) in all cases is data measured with substrate-electrode (SE)
illumination. All curves shown are raw data, with no corrections for reflection
undertaken. The drop in the IPCEgR values at short wavelengths is predominantly
due to the absorption of the conducting glass substrate.

Figure 6.50 shows the IPCE curves of the planar a-FegO3 control films, with and
without an ITO interlayer. As expected from the photocurrent-voltage curves, the
ITO interlayer causes a decrease in the IPCE values of the a-FeyOg films. Figure
6.51 shows the IPCE curves of ZnO nanowire substrates both uncoated and coated
with ITO. The uncoated ZnO exhibits good photoactivity up to its cut-off wave-

length around 400 nm. For the purposes of analysing the composite electrodes the
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Figure 6.49: Photocurrent vs. voltage (V/SCE) for (A) the 20 nm a-FesO3 elec-

trodes, and (B) the 5 nm «a-FesOg electrodes, compared to the planar control a-

FeoOg films.
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Figure 6.50: IPCE curves as functions of wavelength (0.5 V vs. SCE). (A)
Electrolyte-electrode illumination measurements, and (B) substrate-electrode illu-
mination measurements, for 270 nm thick (20 nm equivalent) and 65 nm thick (5
nm equivalent) planar a-FeoO3 films used as controls for the composite electrode

study.
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6.3. NANOSTRUCTURED COMPOSITE ELECTRODES

photoactivity of the ZnO is undesirable as it complicates the interpretation of the
photoelectrochemical measurements. When an I'TO layer is deposited onto the ZnO
nanowires, the IPCE decreases markedly, up to a factor of twenty at the shortest
wavelengths. The photocatalytic reaction from the ZnO is being impeded by the
presence of the I'TO (absorbing incoming radiation as well as providing a barrier for
the electrolyte). The characteristic peak of the ZnO at 380 nm is visible throughout
the IPCE measurements of the composite electrodes, indicating that some elec-
trolyte is penetrating the ITO film and reaching the ZnO. The IPCE values from
the substrate-electrode illumination measurements did not show as large a decrease
with the ITO film present as the light is absorbed in the ZnO film first.

The IPCE curves of the composite electrodes are compared to the a-FeoOs con-
trol films (with the ITO interlayer) and a ZnO nanowire substrate (with an ITO
coating) in Figure 6.52. The IPCE curves of the composite electrodes have a similar
shape to that of the control films (other than the ZnO peak at 380 nm), however
the magnitude is significantly less. The IPCE values of the composite electrodes
measured with SE illumination are very similar in shape to the ZnO control, but
with obvious contribution from the a-FeoOg at long wavelengths.

The IPCE curves of a 20 nm a-FesO3 film deposited onto a ZnO nanowire array
substrate (without an ITO interlayer), compared to a 20 nm a-FeoOg composite
electrode, the ZnO control (no coating) and 270 nm thick (20 nm equivalent) a-
FeoOg control film in Figure 6.53. Interestingly, the film deposited directly onto the
ZnO nanowires has a similar IPCEgg to the better 20 nm composite electrode. This
is suggesting that the addition of the ITO interlayer is not improving the electron
transfer as expected. The IPCEgg data, Figure 6.53 (B), shows that the a-FeoOs-
7m0 electrode is performing better than the composite electrode when illuminated
from the substrate side, particularly at long wavelengths where only the a-FesOg is
active. This is understandable as the ITO interlayer absorbs some of the incident
radiation, as well as impedes the flow of charge carrier.

The ratios of various IPCE curves are shown in Figure 6.54, where (A) are
IPCEgER and IPCEgp, ratios of the composite electrodes to their respective control
films. Figure 6.54 (B) is the ratio of the IPCEgg curves of the 20 nm composite
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Figure 6.51: IPCE curves as functions of wavelength (0.5 V vs. SCE). (A)
Electrolyte-electrode illumination measurements, and (B) substrate-electrode illu-
mination measurements, for the ZnO nanowire array substrate, with and without

an I'TO film deposited on the nanowires.
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Figure 6.52: IPCE curves as functions of wavelength (0.5 V vs. SCE). (A)
Electrolyte-electrode illumination measurements, and (B) substrate-electrode illumi-

nation measurements, for the composite electrodes and the planar a-FeoO3 control

films (deposited on ITO).
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Figure 6.53: IPCE curves as functions of wavelength (0.5 V vs. SCE). (A)
Electrolyte-electrode illumination measurements, and (B) substrate-electrode illu-
mination measurements, for a 20 nm a-FeoO3 film deposited onto a ZnO nanowire

array substrate, compared to a 20 nm a-FesO3 composite electrode, the ZnO control

(no coating) and 270 nm thick (20 nm equivalent) a-FepOg control film.
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to the 5 nm composite, where the IPCEgg ratio is very similar. These data are
shown for wavelengths beyond 450 nm where the ZnO is not contributing to the
photocurrent. The ratio of the 20 nm a-FeoOs composite and equivalent control
film is 0.25 up to around 550 nm, but increases to around 0.8 at the 650 nm. For
the 5 nm electrodes this ratio is relatively constant and around 0.5. Interestingly this
ratio for the IPCEgg of the 20 nm (and equivalent control) films is very similar to
the IPCEgR ratio. However in the case of the thinner film the ratio is significantly
higher for SE illumination than for EE illumination, with the ratio approaching
unity at long wavelengths. There is an obvious wavelength dependence of the IPCE
ratios, with the values increasing at long wavelengths. This is a very encouraging
result at is shows that the shape of the IPCE curve has been changed. The same
volume of absorbing material is present for the composite electrodes and the control
films, therefore the relative increase at longer wavelengths cannot be attributed to

optical absorption, but must be due to enhanced collection of charge carriers.

Figure 6.55 shows SEM images of the three-layer composite electrode at each
step of the coating the process. The upper row, (A) to (C), show edges of the
nanowire arrays, imaged at an angle of 60°. The lower row are top-views of the
electrodes. Figure 6.55 (A) and 6.55 (D) show the uncoated ZnO nanowire arrays.
Successive increases in the diameter of the nanowires are obvious after the deposition
of the ITO (Figure 6.55 (B)) and the a-FeaOg (Figure 6.55 (C)). The coating is not
uniform though, with a small amount of coating material penetrating the array and
reaching the base, leading to tapered nanowires. This effect is expected to be greater
in the middle of the array than at the edge, as these images show. There appears
to be preferential deposition onto the top of the nanowires, resulting in clumps
of ITO being formed (Figure 6.55 (E)); this effect is increased after the a-FeoOg
deposition (Figure 6.55 (F)). The development of these heads on the nanowires
would further decrease the amount of material penetrating the array. It can be
seen from Figure 6.55 that the parts of the nanowires down within the array have
very little coating. Magnetron sputtering is a line-of-sight deposition technique, and
shadowing is expected. A more uniform coating was achieved using the FAD system,

where the substrate was able to be moved during deposition. However, the a-FeqaO3
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Figure 6.54: IPCE ratios (0.5 V vs. SCE). (A) IPCEgg and IPCEgp, ratios of the
composite electrodes to their respective control films. (B) IPCEgg ratio of the 20

nm composite electrode to the 5 nm composite electrode.
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films deposited using FAD (Figure 6.48) were significantly thicker, so that it was

not possible to view down within the array.

Figure 6.55: SEM images of ZnO nanowire arrays. The images on the top row (A,
B, C) were collected at a angle of 60 ° (to the horizontal). The images on the
bottom row (D, E, F) are top views, looking down into the arrays. The uncoated,
ITO-coated and a-FeoO3-ITO-coated ZnO nanowire arrays are shown in images (A,

D), (B, E), and (C, F) respectively.

6.3.3 Discussion

The aim of the composite electrode design was to increase the quantum efficiency of
a-FeoOs, particularly in the long wavelength region where the IPCE curves usually
drop off rapidly (Figure 4.1), and where there are significant gains to be made in
terms of available photons (Figure 1.3). Although the overall IPCE values of the
composite electrode were lower than that of the control a-FeyOsg films, the relative

response from the long wavelength region was enhanced. The ITO interlayer did
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not improve the electron charge transfer as expected, in fact the quantum efficiency
decreases when the interlayer is introduced. It appears that the ITO interlayer is
producing a potential barrier to electron flow in a similar fashion to the ZnO. The
overall quantum efficiency of the composite electrodes may be poor for a number of
reasons, including the non-uniformity of the ITO and a-FeyOg films, the formation
of potential barriers at material interfaces, and the possibility that the very thin
films are not representative of the bulk material. When semiconductor films are
very thin it is expected that the properties of the film will be different from that
of bulk material. Band-bending, depletion widths and diffusion lengths may no
longer hold for very thin films, as evidenced by the poor fit of our data to the
Schottky barrier model based on these concepts. To complicate matters further,
it is extremely difficult to characterise very thin films by such techniques as were
used to investigate the a-FeoOg thin films in this study. Ideally a substrate that
allowed epitaxial growth of the a-FeaO3 would be used. The deposition of a film
on a substrate with vastly different crystal structure will result in an interlayer that
may consist of a different iron oxide phase, amorphous material or a-FesO3 with
very different properties to the hematite we have characterised. This material may
be photocatalytically inactive and of no use for water splitting. This may explain
the poorer performance of the a-FegOgs films with the ITO interlayer. When the
a-FeoOg is restricted to a very thin film, there is the risk that the majority of the
film will be an intermediate, inferior material.

The fact that the shape of the IPCE curve of a-FeoOs was changed at long
wavelengths by introducing a nanostructured substrate, suggests that the composite

electrode concept is plausible and worthy of further study.
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Significant findings from the nanostructured composite elec-

trode study

e Modelling of nanostructured electrode showed that,

— close-packed, high aspect ratio nanostructures are required to provide a

high surface area for hematite deposition,
— higher aspect ratios are required for thinner hematite films, and

— a path length of over 500 nm is required to absorb all of the incident solar

photons.

e The quantum efficiency of composite electrodes was lower than that of control
films with an equivalent volume of absorbing material, most likely as a result
of potential barriers to electron flow formed at the interfaces with the I'TO

interlayer/ZnO.

e A relative enhancement of the IPCE values at long wavelengths was observed
for the composite electrodes, indicating a relative improvement in the collec-

tion of long wavelength carriers.

e The nanostructured composite electrode concept is plausible and worthy of

further investigation.
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Chapter 7

Conclusions and recommendations

“Great is the art of beginning, but greater is

the art of ending”

L. Long Nano-acorns

The objective of this study was to determine whether the water splitting effi-
ciency of a-FepOg could be improved by fabricating a nanostructured composite
electrode to combat the reported short diffusion length of holes in this material.
A thorough review of the literature indicated that the rate-limiting step for a-
FeyOg is not yet well understood, in particular the relative effects of doping and
(nano)structure. An extensive analysis of the photoelectrochemical, electrical, struc-
tural and optical properties of doped and undoped a-FegO3 films was undertaken
in order to elucidate the role of the dopants and the predominant factor limiting
the photoelectrochemical performance of a-FeaO3. It was observed that doping was

necessary to achieve significant photoelectrochemical activity. The crystallographic
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orientation of the films does not appear to be a dominant factor affecting the pho-
tocurrent and also the reduced ohmic drop due to the change in conductivity with
doping is insufficient to explain the observed changes in the photoelectrochemical
activity. The undoped hematite is thought to have poor performance due to short
diffusion lengths of charge carriers and/or poor surface charge transfer. The pro-
posed mechanism for the enhanced photocurrent with doping is an improvement of
the transfer rate coefficient at the surface and possibly also passivation of the grain
boundaries by the dopants. The Si-doped hematite is thought to work less well than
the Ti-doped material as the Si impurity appears to promote smaller grains and
have a high level of surface states, enhancing recombination at the surface and at
grain boundaries. Schottky barrier modelling of IPCE measurements showed that
either the depletion layer width or the diffusion length is the dominant parameter,
with a value around 30 nm. These results could not clearly distinguish between
the diffusion length and the depletion layer width as the dominant factor. Calcu-
lated values of the surface transfer coefficient were similar to measured IPCE values,
confirming that surface charge transfer is a major limitation for a-FeoO3. Further
surface modification experiments would be worthwhile.

SnO9 and ZnO nanostructures were fabricated for use as nanostructured sub-
strates for the a-FeoOg3 thin films. The growth of densely packed, well-aligned, high
aspect ratio ZnO nanowire arrays was achieved by the deposition of seed layers, and
the addition of a lateral growth restricting agent. The nanostructured arrays had a
surface area per area of 12.5. Al-doping to improve the electrical properties of the
Zn0 had a detrimental effect on the geometry of the ZnO nanowires and hence the

undoped material was used for the composite electrode study.

The composite electrode concept was investigated theoretically and experimen-
tally. Modeling of nanostructured electrodes showed that: close-packed, high aspect
ratio nanostructures are required to provide a high surface area for hematite deposi-
tion; higher aspect ratios are required for thinner hematite films; and a path length
of over 500 nm is required to absorb all of the incident solar photons. The three-layer
composite electrode concept was employed as is was thought that the ZnO - a-FeyOg

interface would provide a large potential energy barrier to electron flow. Hence an
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ITO interlayer was deposited between the ZnO and the a-FepOs3. The quantum
efficiency of the composite electrodes was lower than that of control films with an
equivalent volume of absorbing material. However, a relative enhancement of the
IPCE values at long wavelengths was observed for the composite electrodes, indi-
cating a relative improvement in the collection of long wavelength carriers. These
preliminary results are very encouraging as they indicate that the nanostructured
composite electrode concept is a plausible route to improving the quantum effiency
of a-FeoOg3 (and other low mobility materials).

The nanostructured composite electrode concept was based on the assumption
that the diffusion length of carriers in a-FeyOg is short, and this is likely to be the
case. However, despite decades of studying a-FeoOg for water splitting, the rate-
limiting step in this material has not been satisfactorily explained. Hematite is a
complex and interesting material, and further fundamental studies are required in or-
der to design an electrode to overcome the shortcomings of the material. This study
demonstrated that nanostructuring hematite has potential to increase the quantum
efficiency of hematite and there is plenty of scope for exploring other substrate and
interlayer materials. Also, hydrogen evolution and other photoelectrochemical stud-
ies would complement photocurrent and IPCE measurements. Lifetime and stability
testing of the hematite electrodes would also need to be undertaken when an efficient
material is developed. Further modelling of the charge transfer would be beneficial,
particularly the investigation of models more suitable for thin films (e.g. diffusion

models).
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Appendix A

Crystal structure of a-FeyOj5

A brief description of the crystal structure of hematite is presented here as the
electrical, magnetic and photoelectrochemical properties of a-FeaO3 are determined
by the crystal structure. Hematite has a corundum crystal type (isostructural to
AlyO3, Cro0O3, VO3 and TisO3) which forms a (slightly distorted) hexagonal close-
packed (hep) crystal structure. The hep unit cell is shown in Figure A.1, where the
balls represent the oxygen sites. The horizontal and vertical planes are referred to as
basal planes and prism planes respectively. The distance between successive basal
planes (length of the prism plane) is denoted by “c” where the c-axis intersects the
basal planes orthogonally. The width of the prism planes (distance between adjacent
vertical oxygen planes) is denoted by “a” and has the same magnitude for all planes

due to the hexagonal symmetry.

Figure A.1: Axes of the the hexagonal close-packed unit cell, showing the oxygen

sites.
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The Miller-Bravais index system is often used for describing hexagonal structures
to account for the fourth lattice vector (three a axes and one ¢ axis). A fourth
index, i, is added to the general Miller index (hkl), to produce the Miller-Bravais
general index (hkil) where i = -h-k. Directions in the crystal lattice can also be
designated indices (enclosed in square brackets), where the direction [hkl] (or [hkil])
is orthogonal to the plane (hkl) (or (hkil)). A negative index is denoted by a bar
above the value, for example (010). Both Miller and Miller-Bravais notation are
used throughout the text.

The unit-cell of hematite is shown in Figure A.2, viewed in the [001] direction
(looking down the c-axis, with the basal plane in the plane of the page), and in the
[110] direction (looking at the prism planes). Note that the definition of the unit
cell of a-FegOj3 is different to that of the general hexagonal close-packed structure
shown in Figure A.1. Since the hematite structure is a non-ideal version of the hep
structure, the unit cell of hematite is different to that shown in Figure A.1. In the
hematite unit cell, the Fe ions lie in the basal planes, with only two of three sites
intersecting the c-axis being occupied. These c-axis pairs form iron bilayers within
the crystal and have the smallest cation-cation separation (205). The oxygen ions
form distorted octahedra around the Fe ions. The deviation from the ideal hexagonal
structure is visible when the unit cell is viewed in the [001] direction as in Figure
A.2. The thermal,mechanical and charge transport properties of hcp structures can

vary greatly in the ¢ and a directions (40, 206).

The magnetic structure of hematite is linked to the crystal structure and is
linked to the anisotropic conductivity of this material (43, 44, 205). Hematite can
exhibit both ferromagnetic and antiferromagnetic behaviour. A ferromagnetic ma-
terial has a spontaneous magnetic moment, with electron spins aligned in a regular
fashion with neighbouring spins in one direction. In the case of antiferromagnetism,
the electron spins are regularly aligned, but neighbouring spins point in opposite
directions (3). The iron atoms in the (001) basal planes of hematite are coupled
ferromagnetically, and iron atoms in successive planes in the [001] direction are cou-
pled antiferromagnetically (43, 97, 205, 207). Between 260 K and 950 K, hematite

exhibits weak ferromagnetism due to slight spin canting (spins nearly in the basal
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Figure A.2: Unit cell of hematite viewed in the [001] and [110] directions.

plane) (43, 205). Below 260 K hematite is antiferromagnetic with the spins parallel
to the c-axis (42, 205). The Néel temperature (point at which the thermal energy
is large enough to destroy the magnetic ordering of an antiferromagnetic material)
is around 950 K for hematite (42, 89, 205). The Néel temperature is analogous
to the Curie point, the temperature above which a ferromagnetic material loses its

magnetic ordering (208).
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Appendix B

Conductivity mechanisms in

&-Feg 03

This appendix provides further discussion of the conduction properties of a-FeyOs,
including the anisotropic nature and temeperature dependence of the conductivity
and discussion of the intrinsic conduction mechanisms. Tables summarising experi-
mental results from the conductivity measurments of doped and undoped a-FeqOs3

presented in the literature are also presented.

B.1 Anisotropic conductivity

The electrical conductivity of hematite is highly anisotropic, which can be explained
by its antiferromagnetic structure. The low conductivity along the [001] direction
has been attributed to spin-restricted transfer of electrons from one iron layer to
another across an oxygen plane (43, 44, 205). Hematite has five 3d electrons per
Fe3t ion (one in each d orbital), with spins coupled ferromagnetically in the basal
plane (001). Due to Pauli’s exclusion principle, an extra electron (e.g. from a donor
centre) would need to have a spin antiparallel to this plane. This electron can move
easily along the basal plane in an environment of parallel spins. However, because
successive basal planes are coupled antiferromagnetically, the donor electron will
have the same spin as electrons already occupying d orbitals in adjacent iron layers,
and hence electron transfer is restricted in the [001] direction. Conductivity along
[001] is dominated by the movement of Fe*T holes, which are thought to have a

lower mobility than electrons in hematite (43).
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B.1. ANISOTROPIC CONDUCTIVITY

The anistropy of the electrical conductivity has been observed experimentally
(100, 201) and confirmed theoretically (43, 44, 202). Studies of single crystal
hematite have shown anisotropic conductivity and activation energies for conduc-
tion. Nakau observed anistropy of the conductivity that was very dependent on the
impurities (100). A sample containing 5.4 at.% Mg and 2.4 at.% Ca (both group
IT elements) showed less than an order of magnitude difference in conductivities
between the [0001] and [1010] directions, with similar activation energies (0.25 and
0.22 eV respectively). However, in the case of material containing 3.3 at.% Mg (II
A) and 1.0 at.% Sn (IV B), the conductivity in the [0001] direction was five orders of
magnitude lower than that measured in the [1010] direction (at room temperature)
where the activation energies were 0.74 eV and 0.17 eV respectively. Benjelloun
et al. (201) measured the conductivity in the (001) plane and along the [001] axis
and observed anisotropic behaviour up to around 1100 K (for undoped a-FeoOg with
5 ppm Pb and B and 3 ppm Sn impurities). The maximum difference in conductivity
between the two crystallographic directions was around one order of magnitude (at
500 K). The hematite used in this study contained the following major impurities:

5 ppm Pb, 5 ppm B, and 3 ppm Sn.

Theoretical models have also shown anisotropic conduction in hematite (43, 44,
202). These authors often cite the experimental work of Nakau (100) and Benjelloun
et al. (201), to which they compare their conductivity values. This may not be
a meaningful comparison given that the experimental material was impure, and
that the conductivity and degree of anisotropy was highly dependent on the doping
(100, 201). Iordanova et al. (44) calculated mobilities that were approximately
three orders of magnitude higher in the basal plane (001) than along the c-axis
direction [001], due to an electronic coupling value five times larger in the basal
plane compared to the [001] direction. The electron coupling value « is a measure of
the strength of the electron-lattice interaction, as shown by Eq. B.1, where wy is the
longitudinal optical phonon frequency and %04 is the number of phonons surrounding

a slow-moving electron in a lattice (3).

1
§a:Ed/th (B.l)
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B.2. CONDUCTIVITY MEASUREMENTS

The larger Fe-Fe distance in the c¢ direction is partly responsible for the smaller
electronic coupling, however there exists three bridging oxygen atoms (compared to
two in the basal plane) which should facilitate better coupling. The hole transfer
rate was found to be around three times smaller than that of the electrons (for the
(001) plane compared to along the [110] direction), which was attributed to the

larger reorganisation energy for holes.

B.2 Conductivity measurements

The difficulties of making good conductivity measurements, summarised in Section
4.1.2, are discussed here in further detail.

Stoichiometric metal oxides are nearly always insulators. However, most metal
oxides are non-stoichiometric, due to, deficiency or excess of cations or oxygen.
Hematite is a metal-excess semiconductor with a small deviation from stoichiometry
(39, 40, 98). Oxygen stoichiometry can be manipulated via oxidation or reduction
reactions under controlled temperature and atmospheric conditions. The electrical
conductivity and thermopower are often measured as functions of oxygen partial
pressure. The conductivity of hematite has been shown to be independent of oxygen
pressure at temperatures above 650 °C (38, 80, 98). The change in the sign of the
thermopower (indicating p-type properties) is often observed at high temperatures
(> 800 °C) (38, 39, 80, 89) and has been shown to be dependent on the orientation
of the sample (201).

During the heating of ceramic samples, such as hematite, oxygen vacancies can
be formed. The level of reoxidation and defects frozen into the bulk upon cooling will
depend on the defect structure, the microstructure of the sample, and the treatment
conditions (such as heating and cooling rates and the atmosphere) (41, 80, 87).
Reoxidation initially occurs at grain boundaries, producing high-resistivity grain
boundary layers (41, 42). Even in single crystal material, stoichiometry and dopant
concentrations of a surface layer can differ from the bulk (39, 42, 98). The effect
of such layers can lead to the misinterpretation of the results of electrical measure-

ments. Gleitzer et al. (39) present a temperature-composition phase diagram (as a
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function of weight % oxygen) which shows that there is a very narrow region where
bulk hematite is non-stoichiometric. Non-stoichiometry of the near-surface layer
occurs over a wider region, however. Non-stoichiometry in the bulk was observed
above 1400 K, and in the surface layer above around 900 K. Bevan et al. (209)
commented that changes in the stoichiometry of the surface layer were sufficient to
account for observed changes in conductivity, without changes to the bulk material.
Grain boundary effects can be avoided by controlling the quench process. Cooling
hematite in a nitrogen atmosphere with low oxygen partial pressure can suppress
the formation of high-resistivity grain boundaries (42).

Gharibi et al. (98) have observed unusual behaviour of the conductivity at low
temperatures. They attribute this effect to surface limitations, suggesting mecha-
nisms such as non-stoichiometry (adsorbed oxygen), segregation of some impurities,
and imperfect electrode contact.

Bosman et al. (42) provide an interesting example of the large effect of grain
boundaries on d.c. resistivity measurements of Ti-doped polycrystalline ceramic
samples. A sample in which grain boundary layers had an effect showed a resistivity
up to several orders of magnitude higher than a sample with no contribution from
grain boundaries. The temperature dependence of the resistivity is also different. In
contrast, Tanner et al. (210) observed only a small difference between the conductiv-
ity of single crystal and polycrystalline samples. The samples used were impure but
not intentionally doped. The synthetic and natural single crystals had large amounts
of various impurities. The polycrystalline material had smaller amounts of impuri-
ties. de Wit et al. (211) have shown that the conductivity is not only dependent
on high-resistivity grain boundaries, but also on inhomogeneous/non-stoichiometric
grain structure.

When hematite is heated to high temperatures (under certain atmospheric con-
ditions), other iron oxide phases can be formed. The ~-FesO3 (maghemite) to a-
FeoOgz (hematite) transition occurs around 600 °C. Any 7-FeoOs inclusions should
be converted to hematite via heat treatment (e.g. annealing). Samples prepared and
treated at temperatures below 600 °C could have residual maghemite present. The

formation of magnetite has been observed at temperatures above 720 °C (209, 211),
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consistent with the phase diagram presented by Gleitzer et al. (39). Small inclusions
of the magnetite phase in hematite can have a large effect on the electrical prop-
erties (88, 95). Merchant et al. (88) introduced magnetite into hematite crystals
by reduction and observed an increase in conductivity of four orders of magnitude.
Magnetite is highly conductive, with conduction occuring via electron transfer from
Fet to Fe3* sites. Only a surface layer of magnetite could be formed and when this
layer was removed the conductivity of the samples decreased to that of the unre-
duced samples. The corundum crystal structure of the hematite has low tolerance
for large inclusions of the magnetite spinel structure (88, 95, 106). Given the large
effect of small inclusions of magnetite in hematite, electrical measurements need to
be undertaken on doped samples that do not contain spinel phases. Sieber et al.
(106) and Sanchez et al. (95) used magnetic susceptibility measurements to confirm
that the samples (Ge-doped FeoOs3 and Ni-doped FesOg respectively) were free of
spinel inclusions.

The preparation of appropriate samples for conductivity measurements is impor-
tant, so that the results are not dominated by the morphology or crystal structure of
the material. Poor samples for conductivity measurements may be impure, porous,
non-stoichiometric or inhomogeneous (4). There is a broad range of temperature and
oxygen pressure regions over which equilibrium occurs; therefore the preparation of
samples with a high level of stoichiometry should be achievable (4). However the
bulk and gas phase equilibrate at a significant rate only at very high temperatures.
If material prepared at lower temperatures equilibrium will not occur.

The conductivity of hematite is highly moisture-dependent,and hence the use
of this material for humidity sensing applications (188, 212). This property may
also be a source of measurement error for experiments performed under ambient
conditions.

The low concentration of intrinsic defects in hematite means that the electrical
properties of the material can be dependent on small concentrations of impurities.
As a result, conclusions regarding the the conduction mechanisms of hematite from
experiments involving low-purity samples have been questioned (38). The produc-

tion of non-stoichiometric material by the introduction of vacancies or interstitials
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(via reduction or oxidation) can give unreliable conductivity results. Hence most
samples are deliberately doped (4). Undoped samples are rarely of high enough

purity, and may be “self-doped” via impurities or defects.

B.2.1 Temperature dependence

Measurements of the conductivity of hematite as a function of temperature often
exhibit a number of distinct conduction regions. These are shown by regions of

1 curves with different gradients (and hence activation energies)

the log o vs. T
(38, 41, 80, 87, 98, 201, 210). The temperature regions and corresponding electrical
properties such as activation energy and carrier mobility are shown in Table B.1 for
selected studies of undoped FepOs.

The transition temperatures appear to be dependent on the sample type, the
crystallographic orientation (201) and the atmosphere under which the conductivity
measurement is performed (38, 98). The high-temperature region is often attributed
to intrinsic conduction. The transition temperature for this region varies from 650
°C to 800 °C in the examples shown. The regions at lower temperature are controlled
by extrinsic processes (dependent on dopants, or impurities in undoped samples).
Often a third temperature region is present, which has been attributed to the effects
of grain boundaries (41).

Gardner et al. (41, 80) describe three temperature regimes of 99.99 % hematite
(as shown in Table B.1), with approximate temperature limits : (A) < 450 °C, (B)
450 °C- 800 °C and (C) > 800 °C, with activation energy values of 0.7 eV, 0.1 eV and
1.0 eV respectively. The conduction in region (A) was attributed to grain boundary
effects (in the case of the undoped sample). When the FeaO3 was doped, the conduc-
tivity was most affected in this region and the effects of the grain boundaries were
over-ridden by that of the dopants (80). In region (B) it was postulated that during
heating oxygen vacancies are formed and when the sample is cooled these donor
centres are frozen into the lattice (due to the slow equilibrium with oxygen at these
lower temperatures). Hence the carrier concentration (number of donor centres) in

this region is constant and the change in conductivity is thought to be related to
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the change in carrier mobility. Gardner et al. showed that their sintered powder
samples were oxygen-deficient (excess metal) and observed an increase in oxygen
loss with increasing firing temperature. Table B.1 shows the carrier concentration
values at a number of different firing temperatures in region (B). It can be seen
that the donor density values increase and activation energy values decrease with
increasing firing temperature. Above 800 °C (region (C)), conduction is thought to
be due to both oxygen vacancies and intrinsic processes. Both Gardner and Morin
(89) concluded that at lower temperatures conduction is attributed to charge carrier
mobility, whereas at higher temperatures the charge carrier concentration is more
important than mobility. It must be stressed that the samples used by Gardner et al.
were sintered polycrystalline powders, and the conductivity will depend on how well
the particles are fused during sintering. These types of materials may behave very
differently to polycrystalline thin films for example.

As discussed on Section 2.2, there is a high temperature region where intrinsic
behaviour is observed for both doped and undoped hematite (38, 41, 80, 89, 96, 98,
201, 210) (as the intrinsic charge carrier concentration exceeds that of the extrinsic
charge carriers). The transition temperature is the temperature at which the in-
trinsic region begins, and the slope of the log o curve (activation energy) varies (as
shown in Table B.1). The activation energy of the intrinsic region is often found to
be around 1 eV. Theoretically the intrinsic activation energy should be equal to half
of the band-gap (from the exponential term in Eq. 2.12).

It has been observed that the electrical conductivity of hematite is independent
of oxygen partial pressure at high temperatures (38, 80, 89, 98) and has been used
as an indicator of intrinsic behaviour. Dieckmann (40) suggests that this may be
due to large thermal electronic disorder and/or impurity levels that are significantly
larger than the defect concentration. This is only valid for samples with impurity
levels below the deviation from stoichiometry due to the large effect of small levels
of impurities on the conductivity of hematite (4, 38). Gardner et al. (41) predicted
a small change ( 8 %) in conductivity with oxygen partial pressure above 1000 °C
and a larger effect (20 %) at 700 °C.

The conduction mechanisms of hematite and the nature of the defects in the
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high temperature regions are not yet well understood (40). The only experimental
investigation of the conductivity of very high purity hematite was undertaken by
Warnes et al. using 99.9997 % a-FeoO3 (38). They concluded that a-FeoO3 is an
intrinsic semiconductor above 650 °C, with both electrons and holes contributing to
intrinsic conductivity. The concentration of electrons is greater than that of holes
above 650 °C, supporting previous conclusions (80, 98, 213) that hematite contains
oxygen vacancies and iron interstitials. Dieckmann (40) similarly concluded that
charge carriers are the majority defects, and oxygen vacancies the major ionic defect
at high temperatures (99.998 % FesO3).

Gardner et al. (41, 80) presented extensive discussion of the possible conduction
mechanisms (origin of charge carriers) of hematite at high temperatures using data
from both pure (99.99 %) and doped material. At temperatures above 800 °C (region
(C)) extrinsic effects were discounted due to the high purity of the material and the
fact that the presence of dopant impurities had little effect at high temperatures.
Gardner et al. postulate that negative charge carriers are generated by oxygen
vacancies (Og loss during heating) as well as intrinsic transitions (leaving a hole in
the O 2p band). In oxygen-deficient hematite the negative carriers are thought to
be electrons on ferric ions. Generally holes in the O 2p band would be expected to
have high mobility, whereas the the positive charge carriers in hematite have low
mobility (80). Spectral data suggested that the width of the O 2p band is narrow (1
- 2 eV) and hence the low mobility for holes is reasonable. It was concluded that the

electronic transition to produce a hole occurred by the process shown in Eq. B.2.
Fe3t + 0% — Fe?t + 0~ (B.2)

B.2.2 Tables of experimental conductivity results

Table B.1 sumarises the experimental results from electrical measurements of un-
doped presented in the literature. Table B.2 and Table B.3 show selected electrical
properties of, Ti-doped and Ge-doped hematite respectively, as presented in the

literature.
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Author Ge level Resistivity E, (eV)
(2 cm) at 25 °C

H.L. Sanchez et al., 1982 2 mole % 300 -

(105)
Undoped 109

Patterson, 1975 (107) 2 mole % 25 -
Undoped 3.5 x 104

Sieber et al., 1985 (106) 2 mole % b+4 0.12
Undoped > 106

Table B.3: Electrical properties of Ge-doped hematite samples. Selected experimen-

tal results from the literature.
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Abbreviations and symbols

ACG
AFM
AML.5
FAD
FTIR
FTO
FWHM
IPCE
IPCEgg
IPCEgg
IR

ITO
NHE
PEC
RHE
RMS
SCE
SEM
0AY
XRD

Aqueous chemical growth

Atomic force microscopy

Air-mass 1.5, solar radiation standard

Filtered arc deposition

Fourier-transform infra-red spectroscopy

Fluorine-doped tin oxide

Full-width-half-maximum

Incident photon-to-current conversion efficiency

IPCE measured using illumination from the electrolyte-electrode side
IPCE measured using illumination from the substrate-electrode side
Infrared

Indium-tin-oxide (tin-doped indium oxide)

Normal hydrogen electrode

Photoelectrochemical cell

Reversible hydrogen electrode

Reactive magnetron sputtering

Standard calomel (reference) electrode

Scanning electron microscopy

Ultraviolet

X-ray diffraction

Speed of light in a vacuum (2.99793 x 10% m s~1)
Capacitance (F)

Diffusion coefficient

Activation energy for conductivity (eV)
Potential energy related to the bias (eV)
Conduction band energy (eV)

Donor energy level (eV)

Fermi energy (eV)

Band-gap energy (eV)

Total incident solar irradiance

Valence band energy (eV)

Gibbs free energy (kJmol 1)

Surface transfer coefficient

Planck’s constant (6.626 x 10734 Js)
Current (A)
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Ly Photocurrent

Jp Photocurrent density (mAcm™2)

k Boltzmann’s constant (1.381 x 10723 m? kg s72 K~1 or 8.617 x 107° eV K~1)
K Extinction coefficient

L Charge carrier diffusion length (nm)

n Electron concentration

n Refractive index

N¢ Number of charge carriers in the conduction band

Np Carrier density

n; Intrinsic carrier concentration

Ngg Surface state concentration

Ny, Number of charge carriers in the valence band

P Hole concentration

R Resistance

Vi Band bending (V)

Viias Bias voltage (V)

Vip Flat-band potential (V)

VHelmholt» Potential drop across Helmholtz layer

Vphoto Photo-voltage

Vive Potential of working electrode relative to counter electrode (V)
Viwr Potential of working electrode relative to reference electrode (V)
Vivs Water splitting potential (V)

wy Width of the depletion layer (nm)

a Absorption coefficient, (m™1)

n Overpotential (V)

Ne Photoconversion efficiency (%)

€0 Permittivity in a vacuum

€r Relative permittivity

A Wavelength (nm)

Ag Wavelength corresponding to the energy gap (nm)
AD Debye length (nm)

Ln, Mobility of electrons (cm?V~—1s™1)

L Mobility of holes (cm?V~1s~1)

w Frequency (Hz)

p Resistivity (2m)

o Electrical conductivity (=1 cm™1)

T Time constant (s)
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